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Abstract

Individuals with type 2 diabetes (T2D) and dyslipidemia are at an increased risk of cardiovascular
disease. Fibrates are a class of drugs prescribed to treat dyslipidemia, but variation in response has
been observed. To evaluate common and rare genetic variants that impact lipid responses to
fenofibrate in statin-treated patients with T2D, we examined lipid changes in response to
fenofibrate therapy using a genomewide association study (GWAS). Associations were followed-
up using gene expression studies in mice. Common variants in SMAD3and /PO11 were
marginally associated with lipid changes in black subjects (P< 5 x 1075). Rare variant and gene
expression changes were assessed using a false discovery rate approach. AKR7A3and HSD17B13
were associated with lipid changes in white subjects (g < 0.2). Mice fed fenofibrate displayed
reductions in Hsd17b13gene expression (g < 0.1). Associations of variants in SMADS3, IPO11,
and HSD17B13, with gene expression changes in mice indicate that transforming growth factor-
beta (TGF-B) and NRF2 signaling pathways may influence fenofibrate effects on dyslipidemia in
patients with T2D.

Dyslipidemia is a significant risk factor for cardiovascular disease (CVD), which is the
leading cause of death worldwide.! In the United States, it is estimated that 33.5% of adults
have high low-density lipoprotein (LDL), and only 48.1% of those individuals are currently
being treated.? Individuals with type 2 diabetes (T2D) commonly express a dyslipidemia,
characterized by high triglycerides, low high-density lipoprotein (HDL), and an increase in
cholesterol poor, small LDL, and are 2—4 times more likely to develop heart disease than
nondiabetic individuals.?

Fibrates, a class of medications used to treat individuals with dyslipidemia by activating the
peroxisome proliferator-activated receptor-alpha (PPARa), increases HDL and lowers
triglycerides and LDL. Meta-analyses of several large clinical trials indicated that treatment
with fibrates decrease the number of nonfatal myocardial infarctions, although they did not
decrease all-cause mortality.3 Statins are the first-line treatment to lower LDL to prevent
CVD.® Fibrates are generally not recommended to reduce CVD because of a lack of
demonstrated benefit, although they are recommended for the management of
hypertriglyceridemia.6 Specifically, fenofibrate is recommended in the context of statin
therapy because of lower risk of interference with statin metabolism and myopathy.>-

One goal of the Action to Control Cardiovascular Risk in Diabetes (ACCORD) clinical trial
was to compare the benefits and risks of treatment strategies for intensively managing
dyslipidemia with a combined statin and fenofibrate therapy vs. treatment with statin alone,
whereas simultaneously targeting normal glycemia and blood pressure vs. standard targets in
individuals with T2D at high risk for CVD.”® The ACCORD trial followed 10,251
participants for up to 8 years at 77 clinical centers in the United States and Canada. Overall,
no statistically significant benefits were observed for patients on the combined CVD
endpoint of time to first heart attack, stroke, or CVD mortality. In addition, there was an
increase in mortality in participants receiving intensive glycemia control.®-12 Despite the
lack of overall positive findings, interindividual variation in response to the different
treatments in ACCORD was observed. Such variation to fibrate lipid response has been
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observed in a number of studies3-1° and suggests that genetic markers of drug response
may be important biomarkers for more targeted and personalized treatment strategies.

Previous studies have also investigated the role of genetic variation in fibrate lipid response
with the majority of studies focused on candidate gene approaches to identify common or
rare variants associated with differential responses.16-19 Here, we performed genomewide
and exome-wide genotyping on all consenting individuals in the ACCORD study prescribed
fenofibrate (7= 1,264). We previously reported a genomewide association study (GWAS) of
fenofibrate drug response from a meta-analysis of subjects of European ancestry in
ACCORD and the Genetics of Lipid Lowering Drugs and Diet Network (GOLDN) study.14
Here, we expand the analysis of ACCORD participants to include other ethnicities, using
combined data from a genomewide single nucleotide polymorphism (SNP) array, and an
exome chip array with >1.2 million combined genotyped SNPs and rare variant analysis for
SNPs with minor allele frequencies (MAFs) <3% for changes in LDL, HDL, triglycerides
(TGs), and total cholesterol (TC). Our results indicate interesting and potentially impactful
associations, and we use mouse studies to test the hypotheses generated by the gene-
mapping analysis. To our knowledge, this is the first GWAS of fenofibrate lipid response in
multiple ethnicities, and the first exome-wide interrogation of fibrate drug response.

Although the results of the association mapping experiment can point to interesting biology,
functional follow-up is a crucial step to support association analyses. In the current study, we
considered the GWAS to be a hypothesis generating exercise to prioritize genes for further
functional interrogation. We subsequently evaluated the genes identified through association
analysis in two mouse gene expression studies, and demonstrate that many of the genes
discovered in the association analysis play a significant role in fibrate drug response.

RESULTS

A total of 1,264, 781, and 138 subjects were included in the common and rare variant
analyses for all races combined, white, and black cohorts, respectively. Variation in response
was observed for all phenotypes: HDL, LDL, TC, and TG (Figure 1). Distributions of
response variation for white and black cohorts individually can be found in Supplementary
Figures S1 and S2. The mean change in HDL was 3.16 mg/dL (95% confidence interval [CI]
= 2.78-3.53) for all races combined, 3.11 mg/dL (95% CI = 2.62-3.60) for white subjects
only, and 2.80 mg/dL (95% CI = 1.73-3.86) for black subjects only. The mean change in
LDL was -10.64 mg/dL (95% CI = —-12.48 to —8.79) for all races combined, —9.31 mg/dL
(95% CI = -11.68 to —6.95) for white subjects only, and —10.83 mg/dL (95% CI = -16.73 to
-4.94) for black subjects only. The mean change in TG was —45.23 mg/dL (95% CI =
-50.27 to —40.28) for all races combined, -52.04 mg/dL (95% CI = -58.31 to —45.78) for
white subjects only, and —34.43 mg/dL (95% CI = —46.96 to —21.91) for black subjects only.
The mean change in TC was —16.10 mg/dL (95% CI = —18.27 to —13.92) for all races
combined, —16.14 mg/dL (95% CI = —-18.93 to —13.35) for white subjects only, and -14.51
mg/dL (95% CI = —-21.13 to —7.88) for black subjects only.

Clin Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.
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Common variant analysis

A total of 852,426 genotyped and 7,277,412 imputed variants had MAFs >3% and were
included in the common variant analysis. When all races were combined or white subjects
were analyzed, no SNPs met the threshold for genomewide significance (P< 5 x 1078).
When all races were combined, 8 SNPs associated with TG (genes: BESTS3,
LOC105371270, and RPGRIPIL; Supplementary Figure S3), 34 SNPs associated with TC
(genes: FGF14, PRRX1, MRPL12, ZNF775, and FBXL 7, Supplementary Figure S4), 1 SNP
associated with HDL (no known genes; Supplementary Figure S5), and 2 SNP associated
with LDL (genes: FGFI4and MRPL 12, Supplementary Figure S6) reached the threshold for
suggestive significance (P< 1 x 1076). For white subjects only, 11 SNPs associated with TG
(genes: LOCI105371270and RPGRIPIL; Supplementary Figure S7), 11 SNPs associated
with TC (genes: MAUZand PBX4; Supplementary Figure S8), 0 SNPs associated with HDL
(Supplementary Figure S9), and 8 SNP associated with LDL (genes: PBX4, SNX7, and
MAUZ: Figure 2) reached the threshold for suggestive significance (P< 1 x 1076). When
black subjects were analyzed separately, 6 SNPs were significantly associated (P< 5 x 1078)
with TG (genes: LRFNZ, LINC00333, and BCL9), and 55 SNPs reached suggestive
significance (P< 1 x 1078) with TG (genes: GL/S3, CCDC149, LINGO2, SNHG17,
LOC105370782, TTLL8, RHOBTBI, and LOC101927866; Supplementary Figure S10).
Seven SNPs were significantly associated (P< 5 x 1078) with TC (genes: CLN8and
BICCI), and 108 SNPs reached suggestive significance (P< 1 x 1076) with TC (genes:
ST6GALNACS3, LOC105372744, SCGN, LOC102724378, NRXN1, LCT, LOC102724680,
RBM19, MCM6, DARS, TRIOBP, DARS-ASI, PEX5L, LOC102724680, and NLGN/I,
Supplementary Figure S11). One SNP was significantly associated (P< 5 x 1078) with HDL
(gene: MSH3), and 8 SNPs reached suggestive significance (P< 1 x 1076) with HDL (genes:
TGFBR3, L OC105373670, STX8, and CELSRI; Supplementary Figure S12). Last, 5 SNPs
associated with LDL (genes: B/ICCI1, FOXP1, and PEX5L; Supplementary Figure S13)
reached the threshold for suggestive significance (P< 1 x 1076). Lead SNPs associated with
HDL, LDL, TC, and TG (P< 1 x 1075) are presented in Tables 1 and 2 and Supplementary
Tables S14 and S15. None of the associations reported above were associated with placebo
treatment.

Rare variant analysis

A total of 17,081 genes were tested for association with TG, TC, HDL, or LDL in all races
combined, white subjects only and black subjects only with rare variants (MAF <0.03).
When all races were combined, DCUN1D4 and DUSP3were significantly associated (g <
0.2) with TG. Additionally, when only white subjects were included, HARSZ was
significantly associated with TG and HDL, HSD17B13was significantly associated with TG
and HDL, AKR7A3was significantly associated with LDL and TC, and MARCH3 was
significantly associated with TG (¢ < 0.2). Last, POGZ was significantly associated with TG
in black subjects only (¢ < 0.2; Table 3). None of the genes reported above were associated
with subjects treated with placebo (g = 1; Table 3).

Clin Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.
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Functional validation

SNPs in genes in the common variant analysis with <1 x 107 or g < 0.2 in the rare
variant analysis were compared to gene expression results in wild-type C57BL/6J mice fed
vehicle control or fenofibrate for replication?0 (REP1). Fifty-seven genes overlapped
between the two studies, and 10 were significant in REP1 (¢ < 0.3; Mcmé6, Smad3,
Dcunld4, Hecw2, Mipep, lpoll, R3hdml, Foxpl, Stx8, and Mapkl10, Table 4). These genes
and 3 additional genes that met our threshold for inclusion in the replication study but were
not available in the previously published REP1 study (Hsd17b13, Pbx4, and Cyp4f39) were
subsequently tested in REP2, a follow-up gene expression study in mice to confirm the
changes in response to fenofibrate vs. vehicle control in liver, adipose, and skeletal muscle.
Cyp4f39 was tested in REP2 because it is the murine homologue of CYP4F22in humans,
which was marginally significant for change in HDL in ACCORD (P< 1 x 107°). All genes,
except Mipep and Cyp4139, were significantly changed in liver tissue in REP2 (¢ < 0.3),
however, the direction of the effect was not always consistent with REP1 (Table 4). Genes
Smad3, lpoll, and Foxpl were significantly decreased in both REP1 and REP2 and were
considered to have successfully replicated the GWAS findings. Hsd17b13and Pbx4 were
significantly decreased in liver tissue in REP2 (g < 0.3; Table 4). REP1 was published
previously and did not include Hsd17b13or Pbx4, so these genes were not available for
replication in REP1. However, both of these genes were tested in REP2. There were no
significant results for gene expression tested in adipose or skeletal muscle (Supplementary
Table S16).

DISCUSSION

Dyslipidemia continues to be a widespread disorder with significant health impacts
worldwide. Although recent studies, including ACCORD, have raised questions concerning
the role of additional lipid-lowering therapy in the context of statin to reduce cardiovascular
events,21 dyslipidemia remains a significant risk factor for CVD and fibrates are commonly
prescribed.22 In addition, it is important to understand the variation in response to
fenofibrate in people with T2D who are at an especially high risk of developing an adverse
cardiovascular event (e.g., stroke and myocardial infarction). We previously published a
meta-analysis combining the results of the fenofibrate lipid response in the GOLDN cohort
with white subjects in ACCORD, and found significant associations with SNPs in PBX4 and
change in LDL in response to fenofibrate treatment.1* Here, we expand the previous study to
include all races in ACCORD and black subjects only. In addition, we conduct a rare variant
analysis for changes in HDL, LDL, TC, and TG and follow-up both common and rare
variant GWAS findings in two studies of mice exposed to fenofibrate. Importantly, these
functional validation studies highlight novel common and rare variants that contribute to
variation in fenofibrate lipid response in individuals with T2D.

Combining all subjects that met our inclusion criteria in ACCORD resulted in 1,264 subjects
available for analysis. Cytochrome P450 family 4 subfamily F member 22 (CYP4F22), was
marginally associated with changes in HDL (P=2.50 x 1076, B = -0.023). CYP4F22 is part
of the 12(R)-lipoxygenase pathway, and has been shown to produce potent PPARa agonists,
23.24 \which makes SNPs in CYP4F22biologically plausible for causing variation in HDL,

Clin Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.
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because PPARa is the therapeutic target of fenofibrate. Although the biological role of
CYP4F22is a compelling candidate for fibrate drug response, Cyp4f39, the murine
homologue of CYP4F22, did not replicate in REP2, suggesting that the GWAS finding may
be a false-positive, the replication may have failed due to species differences or gene
expression may not be the appropriate test for CYP4F22 response to fenofibrate exposure.

In black subjects only, lead SNP rs142923802, located in importin 11 (/PO11) was also
marginally associated with change in LDL (P=1.52 x 1076, B = 0.095). Gene expression of
Ipo11 was significantly decreased in both REP1 (¢ = 0.24) and in the liver in REP2 (g =
0.15). /PO11 codes the nuclear import receptor, importin 11, and in conjunction with
ubiquitin-conjugating enzyme, UBE2ES3, restricts KEAP1, which is a major suppressor of
Nrf2.25 Notably, Nrf2 in mice has been shown to interact with lipogenic genes and to
regulate hepatic lipid homeostasis.28 Moreover, Nrf2-uf/ mice displayed reduced liver
weight, decreased fatty acid content of hepatic triacylglycerol, and increases in serum HDL,
and very low-density lipoprotein triglyceride. Finally, PPARy and other genes were found to
be direct targets of Nrf2 activation, demonstrating that Nrf2, regulated by KEAP1 and
IPO11 in humans, modulate lipid homeostasis. Rare variants in Aldo-keto reductase 7A3,
AKR7A3, were significantly associated with LDL in white subjects only (¢= 0.08). The
AKR family of enzymes catalyze a wide range of endogenous and exogenous chemicals,
including glucose, steroid hormones, and lipids. Akr7a3is transcriptionally regulated by
Nrf2 in mice, which, in addition to IPO11 results discussed above, further supports the
implication of Nrf2 signaling in regulating fenofibrate drug response.27:28 Previous studies
have demonstrated that Nrf2 signaling is activated by fenofibrate through KegpZ in mice,
and may be responsible for the protective effect of fenofibrate for oxidative stress.2® Here,
we present evidence that SNPs located in genes in the Nrf2 signaling pathway may play an
important role in regulating the change in LDL upon fenofibrate treatment.

In black subjects, rs12912310, located in the gene, mothers against decapentaplegic-3
(SMAD3), was marginally associated with LDL (P=5.75 x 1075) and TC (P=1.88 x 1076).
Smad3 expression was significantly decreased in response to fenofibrate in both REP1 (g =
0.09) and REP2 (¢=0.19). SMAD3 is a member of the SMAD family of genes and is an
intracellular signal transducer and transcriptional modulator activated by transforming
growth factor-beta (TGF-B), and binds to the promoter region of many genes regulated by
TGF-B and activates them by forming a SMAD3/SMAD4 complex.39-32 In a study by Tan
et al 31 SMAD3 knockout mice had lower plasma free fatty acid and glycerol, and reduced
adiposity. The same study demonstrated that SMAD3 knockout mice had altered regulation
of PPARy and PPAR. Furthermore, PPARa, the therapeutic target of fenofibrate, has been
shown to inhibit TGF-B, which regulates SMAD2, SMAD3, and SMADA4 transcription
factors.33 Pathways involving PPARa, TGF-B, and SMAD transcription factors are clearly
convoluted and more research is needed to elucidate these relationships, and these results
suggest that SMAD3 may play a role in fenofibrate lipid response. Furthermore, in black
subjects, SNP rs1653969 located in FOXP1, was associated with a poorer LDL response to
fenofibrate (P=9.18 x 10~7). FOXP1 is a member of the forkhead box class of genes, which
is a large family of transcription factors. Little is known about the role of FOXP1, but other
FOX transcription factors (e.g., FOX03a) have been shown to be impacted by fenofibrate
treatment.3* Importantly, expression of Foxp1 was significantly decreased in both REP1 and

Clin Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.
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REP2 analysis, and additional research is needed to further elucidate the role of FOXPIin
fenofibrate lipid response.

When the cohort was limited to white subjects only, there was a significant association
between LDL and the lead SNP, rs140229040, which is located in the PBX homeobox 4
(PBX4) gene (P=3.66 x 1077). SNPs in this gene are part of a large region in linkage
disequilibrium, and this region has been previously identified as being associated with LDL
cholesterol.35-37 We reported this finding previously with a meta-analysis using the GOLDN
cohort.}2 This gene was not available for follow-up in REP1 but was significantly decreased
in liver tissue of mice exposed to fenofibrate in REP2 (g = 0.12). Interestingly, functional
validation in the study by Holmen et a/38 identified TM6SF2, which is in high linkage
disequilibrium with PBX4, as being the gene functionally responsible for regulating LDL.

We also tested rare variants for associations with LDL, HDL, TG, and TC. Six unique genes
(POGZ, HSD17B13, HARSZ, DCUN1D4, DUSP3, and MARCHS3) were significantly
associated with TG. Gene expression changes for DCUN1D4 was significantly altered in
both REP1 and REP2, but with opposing directions (g < 0.3). Very little is known about the
function of DCUN1D4, with studies mostly conducted in C. elegansand S. cerevisiae3° In
addition to TG, HSD17B13was also associated with change in HDL in white subjects only
(9<0.2). Importantly, rare genetic variants in hydroxysteroid 17-beta dehydrogenase 3
(HSD17B13) were significantly associated with TG and HDL in white subjects (¢ < 0.05)
and mice fed fenofibrate displayed a significant reduction in HsdZ7b13 gene expression
when administered fenofibrate vs. vehicle control in REP2 (g = 5.93 x 1074; Supplementary
Table S6). H5D17B13, an isoform of 17 beta-hydroxysteroid dehydrogenase (17HSD), is
highly expressed in the testis, and is also expressed in the liver.2? However, other isoforms of
17BHSD are expressed in many tissues. Unlike many of the other isoforms of 17gHSD, only
recently has the role of 17BHSD13 become clear. Human fatty liver samples have shown that
17BHSD13 is upregulated in lipid droplet fractions.*! Furthermore, 17BHSD13 was
significantly upregulated in the livers of both diabetic mice and mice fed high-fat diets,
suggesting that 17HSD13 may play an important role in the pathogenesis of fatty liver in
both mice and in humans and may also be relevant in diabetes. In the same study,
overexpression of Hsd17b13in C57BL/6 mouse livers increased lipogenesis and lipid
accumulation and overexpression of Z78HSD13increased lipid droplet formation in human
cell lines.*! Interestingly, in the mouse model, overexpression of Hsd7b13did not increase
plasma TG or TC levels.#! Although the results presented by Su et a/#! demonstrate a clear
role of 178HSD13 in nonalcoholic fatty liver disease, the results presented here mark the
first time that rare variant SNPs in 17BHSD13 have been shown to impact the lipid lowering
effects of fenofibrate.#? Additional research is needed to fully elucidate the relationship
between 17BHSD13 and fenofibrate lipid response. It is possible that Z278HSD13may
become an important biomarker in precision medicine initiatives for more targeted treatment
of fenofibrate.

These findings occurred in subjects with T2D treated with statins, which is more clinically
representative than fenofibrate monotherapy, because fibrates are commonly prescribed with
statin therapy.#2 Furthermore, these associations were not observed in subjects treated with
placebo and statin, lending support for these associations with fenofibrate drug response.

Clin Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.
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Although several GWAS findings were replicated in two functional studies, those studies
were conducted using a mouse model that may not be applicable to human subjects, and not
all genes with GWAS associations here were available for gene expression follow-up.
Additionally, gene expression may not be the most relevant mechanism, as numerous ways
exist for SNPs to impact drug response. Future studies will require larger cohorts and further
functional work in relevant tissues to elucidate the pathways in which fenofibrate and
PPARa alter lipid concentrations.

We have identified novel common variants in black subjects located in several genes (e.g.,
SMADZ3and /PO11) and rare variants (e.g., HSD17B13) that explain lipid variation in
response to fenofibrate treatment in individuals with T2D treated with statins. These findings
were further supported by changes in gene expression in mice and provide novel findings
that explain variation in fenofibrate lipid response in individuals with T2D.

MATERIALS AND METHODS

Study participants

The ACCORD trial (clinicaltrials.gov-NCT00000620) was a double 2 x 2 factorial design,
consisting of 10,251 recruited subjects with T2D and either a history of CVD or at least two
known risk factors for CVD, such as documented atherosclerosis, albuminuria, dyslipidemia,
hypertension, smoking, or obesity.” Subjects were randomized to either intensive or standard
glycemia treatment strategies (targeting HbA1c <6.0 vs. HbAlc between 7.0 and 7.9). Over
80% of subjects in the ACCORD study consented to being genotyped. There were 5,518
subjects who were further randomized to intensive vs. standard lipid management
(fenofibrate vs. placebo, with all subjects on simvastatin). Each ACCORD participant
provided written informed consent using procedures reviewed and approved by each clinical
site’s local institutional review board and based on a template provided by the study group
that was approved and subsequently centrally monitored by the Coordinating Center and the
National Heart, Lung, and Blood Institute (IRB: FWAQ00003429). Entry criteria and
additional information about the lipid subtrial and patient selection are described in the
Supplementary Material online. As in the prior ACCORD and GOLDN meta-analyses,
fenofibrate lipid response was calculated as:

phenotype=logy (%)

where ais the pretreatment measurement of HDL, LDL, TC, or TG, and bis the on-
treatment measurement of HDL, LDL, TC, or TG. After subsetting patients from the lipid
subtrial based on consent, genotyping, drug response criteria, and quality control (see below)
of DNAs extracted from these samples, the population for the current study included 1,264
subjects. These subjects included individuals that self-identified as white, black, Hispanic,
Asian, and other.
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Genotyping and quality control

Genomic DNA extraction and cell preparations are described in the Supplementary Material.
Genomewide genotyping was performed in two independent laboratories on different
platforms: 6,085 unique samples, composed of those ACCORD participants who consented
to genetic studies conducted by any investigator, were genotyped at the University of
Virginia on Illumina HumanOmniExpressExome-8 version 1.0 chips (set 1)43; 8,174 unique
samples, including the above 6,085 samples plus 2,089 samples from ACCORD participants
who consented to genetic studies only if conducted by ACCORD investigators were
genotyped at the University of North Carolina on Affymetrix Axiom Biobank1 chips (set 2).
Additional information regarding the merging of set 1 and set 2, imputation, and quality
control can be found in the Supplementary Material.

Covariate selection

Here, we take a combined approach to variable selection to address potential confounding
variables. A substantial proportion of the cohort was taking lipid-lowering medications at the
time baseline lipid measurements were taken (e.g., 63% were on a statin prior to entering the
trial). Statin, additional concomitant medications, and nondrug covariates (e.g., age, gender,
body mass index, and smoking status) were incorporated into the model, as previously
described in Graham & Rotroff er a/** and is described in the Supplementary Material. A
full list of covariate names and descriptions can be found in Supplementary Table S1.

Common variant analysis

Association between a phenotype, selected, and forced covariates, and a single common
variant (MAF >3%) was tested with an additive genetic model using linear regression in the
PLINK software for genotyped variants.*> Imputed variants were tested using a linear
regression model in the statistical programming language, R, where g=p{Aa) + 2p[ad) is
the dosage score computed from the posterior probabilities for genotypes Aa and aa.>4¢ For
SNPs that were only genotyped in set 1 subjects and were imputed in set 2 subjects,
association tests results were combined by meta-analysis using PLINK.4> Tables and figures
specify whether each SNP association was genotyped, imputed, or meta-analyzed. The
results from the common variant tests were considered statistically significant based on a P<
5x 1078 and P< 1 x 1075 was considered the threshold for suggestive significance. To
maximize the likelihood of finding genes expression altered by fenofibrate exposure, a more
liberal threshold of £< 1 x 107 was used only for functional validation, as described below.
Additional information regarding the common variant analysis can be found in the
Supplementary Material.

Rare variant analysis

We implemented a suite of five rare variant tests that can be divided into two classes, burden
and nonburden approaches, as previously described.?” Burden tests collapse a set of rare
variants from a gene into a single variable, which is then tested for association with a
phenotype. However, simple burden tests do not account for the direction (positive or
negative association) of a rare variant effect.*8 One nonburden rare variant test that allows
for different directions and magnitudes of effects for each variant is the sequence kernel
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association test (SKAT).#8 The balance between SKAT and burden tests was addressed using
the optimal test, SKAT-O, which aims to optimize the combination of the two approaches.
Gene annotations were performed using Ensemble (GRCh37.p13), which mapped the
232,678 rare variants (MAF <3%) genotyped in set 1 subjects to 17,081 total genes.
Subsequently, the combined P value was corrected for multiple comparisons with an false
discovery rate (FDR) approach using the R package, gvalue (version 1.36.0) and g < 0.2 was
considered to be statistically significant.*? Additional details regarding the rare variant
analysis implemented here can be found in Marvel & Rotroff et a/4’ and the Supplementary
Material.

Placebo analysis

Study protocols for those receiving placebo in the lipid subtrial of ACCORD were the same
as the fibrate arm of the trial, except that placebo was administered instead of fenofibrate. To
confirm that the results were associated with fibrate and not placebo or statin, we conducted
common and rare variant associations using the same analysis workflow, covariates, and
models as described above for all races combined (7= 1,336), white (n7=908), and black
subjects (7= 186). The results from the placebo analysis are included along with the
fenofibrate results in Tables (1-3) and Supplementary Tables S14 and S15.

Mouse gene expression validation

We investigated gene expression changes in wild-type C57BL/6J mice administered
fenofibrate compared with mice administered vehicle control, as described by Liu et a/2% to
provide additional validation for common and rare variant associations with fenofibrate lipid
response identified (REP1). To maximize the likelihood of finding genes with expression
changes due to fenofibrate exposure, we expanded the genes chosen for evaluation to include
those with common variant associations A< 1 x 1072, where the variants were annotated as
being in genes according to the National Center for Biotechnology Information database
using the rsnps package,>9 and genes with g < 0.2 in the rare variant tests. An additional
follow-up replication study was conducted at the University of Kentucky (REP2) to try and
further validate the findings in REP1 and include additional genes identified in the
ACCORD analysis that were not available in the previously published data in REP1.
Additional details regarding the mouse gene expression methods can be found in the
Supplementary Material. Furthermore, the gene expression results of Rab27b, a gene
identified in an interim analysis of only set 2 data, and was not significant after merging set
1 and set 2 data (¢ > 0.2) is presented in the Supplementary Material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This research was supported by a National Heart, Lung, and Blood Institute grant to the University of North
Carolina at Chapel Hill (5R01HL110380-04) and RO1 HL110400 to the Joslin Diabetes Center and the University
of Virginia. Dr Ginsberg received support from National Heart, Lung, and Blood Institute R01 HL110418.

Clin Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rotroff et al.

References
1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Page 11

. WHO; World Heart Federation; World Stroke Organization. , editor. Global atlas on cardiovascular

disease prevention and control Policies, strategies and interventions. World Health Organization;
2011. 2011<http://www.who.int/cardiovascular_diseases/publications/atlas_cvd/en/>

. Writing Group Members. et al. Heart Disease and Stroke Statistics-2016 update: a report from the

American Heart Association. Circulation. 2016; 133:e38—e360. [PubMed: 26673558]

. Saha SA, Kizhakepunnur LG, Bahekar A, Arora RR. The role of fibrates in the prevention of

cardiovascular disease—a pooled meta-analysis of long-term randomized placebo-controlled clinical
trials. Am Heart J. 2007; 154:943-953. [PubMed: 17967602]

.Jun M, et al. Effects of fibrates on cardiovascular outcomes: a systematic review and meta-analysis.

Lancet. 2010; 375:1875-1884. [PubMed: 20462635]

. Stone NJ, et al. 2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce

atherosclerotic cardiovascular risk in adults: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines. J Am Coll Cardiol. 2014; 63(25 Pt
B):2889-2934. [PubMed: 24239923]

. Berglund L, et al. Evaluation and treatment of hypertriglyceridemia: an Endocrine Society clinical

practice guideline. J Clin Endocrinol Metab. 2012; 97:2969-2989. [PubMed: 22962670]

. ACCORD Study Group. et al. Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial:

design and methods. Am J Cardiol. 2007; 99:27i-33i.

. Goff DC Jr, et al. Prevention of cardiovascular disease in persons with type 2 diabetes mellitus:

current knowledge and rationale for the Action to Control Cardiovascular Risk in Diabetes
(ACCORD) trial. Am J Cardiol. 2007; 99:4i-20i.

. ACCORD Study Group. et al. Effects of intensive blood-pressure control in type 2 diabetes mellitus.

N Engl J Med. 2010; 362:1575-1585. [PubMed: 20228401]
Gerstein HC, et al. Glycemia treatment strategies in the Action to Control Cardiovascular Risk in
Diabetes (ACCORD) trial. Am J Cardiol. 2007; 99:34i-43i.
Ginsherg HN, et al. Evolution of the lipid trial protocol of the Action to Control Cardiovascular
Risk in Diabetes (ACCORD) trial. Am J Cardiol. 2007; 99:56i-67i.
Willer CJ, et al. Discovery and refinement of loci associated with lipid levels. Nat Genet. 2013;
45:1274-1283. [PubMed: 24097068]

ACCORD Study Group. et al. Effects of combination lipid therapy in type 2 diabetes mellitus. N
Engl J Med. 2010; 362:1563-1574. [PubMed: 20228404]

Irvin MR, et al. A genome-wide study of lipid response to fenofibrate in Caucasians: a combined
analysis of the GOLDN and ACCORD studies. Pharmacogenet Genomics. 2016; 26:324-333.
[PubMed: 27002377]

Keech A, et al. Effects of long-term fenofibrate therapy on cardiovascular events in 9795 people
with type 2 diabetes mellitus (the FIELD study): randomised controlled trial. Lancet. 2005;
366:1849-1861. [PubMed: 16310551]

Aslibekyan S, et al. Variants identified in a GWAS meta-analysis for blood lipids are associated
with the lipid response to fenofibrate. PLoS One. 2012; 7:e48663. [PubMed: 23119086]

Irvin MR, et al. Rare PPARA variants and extreme response to fenofibrate in the Genetics of Lipid-
Lowering Drugs and Diet Network Study. Pharmacogenet Genomics. 2012; 22:367-372.
[PubMed: 22336959]

Smith JA, et al. The genetic architecture of fasting plasma triglyceride response to fenofibrate
treatment. Eur J Hum Genet. 2008; 16:603-613. [PubMed: 18212815]

Gao F, Ballantyne C, Ma L, Virani SS, Keinan A, Brautbar A. Rare LPL gene variants attenuate
triglyceride reduction and HDL cholesterol increase in response to fenofibric acid therapy in
individuals with mixed dyslipidemia. Atherosclerosis. 2014; 234:249-253.

Liu X, et al. ABCD?2 alters peroxisome proliferator-activated receptor a signaling in vitro, but does
not impair responses to fenofibrate therapy in a mouse model of diet-induced obesity. Mol
Pharmacol. 2014; 86:505-513. [PubMed: 25123288]

Clin Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.


http://www.who.int/cardiovascular_diseases/publications/atlas_cvd/en/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rotroff et al.

Page 12

21. HPS2-THRIVE Collaborative Group. et al. Effects of extended-release niacin with laropiprant in
high-risk patients. N Engl J Med. 2014; 371:203-212. [PubMed: 25014686]

22. Taylor, F,, et al. Statins for the primary prevention of cardiovascular disease. Cochrane Library.
2013. <http://onlinelibrary.wiley.com/doi/10.1002/14651858.CD004816.pub5/pdf>

23. Elias PM, Williams ML, Holleran WM, Jiang YJ, Schmuth M. Thematic review series: skin lipids.
Pathogenesis of permeability barrier abnormalities in the ichthyoses: inherited disorders of lipid
metabolism. J Lipid Res. 2008; 49:697-714. [PubMed: 18245815]

24. Cowart LA, et al. The CYP4A isoforms hydroxylate epoxyeicosatrienoic acids to form high
affinity peroxisome proliferator-activated receptor ligands. J Biol Chem. 2002; 277:35105-35112.
[PubMed: 12124379]

25. Plafker KS, Plafker SM. The ubiquitin-conjugating enzyme UBE2E3 and its import receptor
importin-11 regulate the localization and activity of the antioxidant transcription factor NRF2. Mol
Biol Cell. 2015; 26:327-338. [PubMed: 25378586]

26. Huang J, Tabbi-Anneni I, Gunda V, Wang L. Transcription factor Nrf2 regulates SHP and lipogenic
gene expression in hepatic lipid metabolism. Am J Physiol Gastrointest Liver Physiol. 2010;
299:G1211-G1221. [PubMed: 20930048]

27. Chen WD, Zhang Y. Regulation of aldo-keto reductases in human diseases. Front Pharmacol. 2012;
3:35. [PubMed: 22408622]

28. Ahmed MM, et al. Aldo-keto reductase-7A protects liver cells and tissues from acetaminophen-
induced oxidative stress and hepatotoxicity. Hepatology. 2011; 54:1322-1332. [PubMed:
21688283]

29. Park JS, Kang DH, Lee DH, Bae SH. Fenofibrate activates Nrf2 through p62-dependent Keapl
degradation. Biochem Biophys Res Commun. 2015; 465:542-547. [PubMed: 26282199]

30. Tan CK, Chong HC, Tan EH, Tan NS. Getting ‘Smad’ about obesity and diabetes. Nutr Diabetes.
2012; 2:e29. [PubMed: 23449528]

31. Tan CK, et al. Smad3 deficiency in mice protects against insulin resistance and obesity induced by
a high-fat diet. Diabetes. 2011; 60:464-476. [PubMed: 21270259]

32. Zhu B, Zhai J, Zhu H, Kyprianou N. Prohibitin regulates TGF-beta induced apoptosis as a
downstream effector of Smad-dependent and -independent signaling. Prostate. 2010; 70:17-26.
[PubMed: 19725029]

33. Kintscher U, et al. PPARalpha inhibits TGF-beta-induced beta5 integrin transcription in vascular
smooth muscle cells by interacting with Smad4. Circ Res. 2002; 91:e35-e44. [PubMed:
12456495]

34. Hong YA, et al. Fenofibrate improves renal lipotoxicity through activation of AMPK-PGC-1a in
db/db mice. PLoS One. 2014; 9:e96147. [PubMed: 24801481]

35. Yan TT, et al. Sex-specific association of rs16996148 SNP in the NCAN/CILP2/PBX4 and serum
lipid levels in the Mulao and Han populations. Lipids Health Dis. 2011; 10:248. [PubMed:
22208664]

36. Lusis AJ, Pajukanta P. A treasure trove for lipoprotein biology. Nat Genet. 2008; 40:129-130.
[PubMed: 18227868]

37. Kathiresan S, et al. Six new loci associated with blood low-density lipoprotein cholesterol, high-
density lipoprotein cholesterol or triglycerides in humans. Nat Genet. 2008; 40:189-197.
[PubMed: 18193044]

38. Holmen OL, et al. Systematic evaluation of coding variation identifies a candidate causal variant in
TMB6SF2 influencing total cholesterol and myocardial infarction risk. Nat Genet. 2014; 46:345—
351. [PubMed: 24633158]

39. Kurz T, et al. The conserved protein DCN-1/Dcnlp is required for cullin neddylation in C. elegans
and S. cerevisiae. Nature. 2005; 435:1257-1261. [PubMed: 15988528]

40. Uhlén M, et al. Proteomics. Tissue-based map of the human proteome. Science. 2015;
347:1260419. [PubMed: 25613900]

41. Su'W, et al. Comparative proteomic study reveals 17p-HSD13 as a pathogenic protein in
nonalcoholic fatty liver disease. Proc Natl Acad Sci USA. 2014; 111:11437-11442. [PubMed:
25028495]

Clin Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.


http://onlinelibrary.wiley.com/doi/10.1002/14651858.CD004816.pub5/pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Rotroff et al.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 13

American Diabetes Association. Cardiovascular disease and risk management. Diabetes Care.
2017; 40(suppl 1):S75-S87. [PubMed: 27979896]

Shah HS, et al. Genetic predictors of cardiovascular mortality during intensive glycemic control in
type 2 diabetes: findings from the ACCORD Clinical Trial. Diabetes Care. 2016; 39:1915-1924.
[PubMed: 27527847]

Graham HT, et al. Incorporating concomitant medications into genome-wide analyses for the study
of complex disease and drug response. Front Genet. 2016; 7:138. [PubMed: 27775101]

Shaun Purcell PLINK version 1.07. 2009. <http://pngu.mgh.harvard.edu/>

R Development Core Team. Team R: a language and environment for statistical computing. R
Foundation for Statistical Computing; Vienna, Austria: 2014. URL http://www.R-project.org/.
<http://lwww.R-project.org>

Marvel SW, et al. Common and rare genetic markers of lipid variation in subjects with type 2
diabetes from the ACCORD clinical trial. PeerJ. 2017; 5:e3187. [PubMed: 28480134]

Wu MC, Lee S, Cai T, Li Y, Boehnke M, Lin X. Rare-variant association testing for sequencing
data with the sequence kernel association test. Am J Hum Genet. 2011; 89:82-93. [PubMed:
21737059]

Storey JD. A direct approach to false discovery rates. J R Stat Soc Ser B Stat Methodol. 2002;
64(Pt 3):479-498.

Chamberlain, S., Ushey, K. rsnps: Get SNP (Single-Nucleotide Polymorphism) Data on the Web.
2015. <https://CRAN.R-project.org/package=rsnps>

Clin Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.


http://pngu.mgh.harvard.edu/
http://www.R-project.org/
http://www.R-project.org
https://CRAN.R-project.org/package=rsnps

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rotroff et al.

Page 14

Study Highlights
WHAT ISTHE CURRENT KNOWLEDGE ON THE TOPIC?

Fibrates are a class of drugs commonly prescribed to lower serum lipid levels;
however, individual variation in response to fenofibrates has been observed and
drivers of this variation are not well understood.

WHAT QUESTION DID THISSTUDY ADDRESS?

Here, we evaluate the association of common and rare genetic variants with
variation in response to fenofibrate treatment in individuals with T2D.

WHAT THISSTUDY ADDSTO OUR KNOWLEDGE

We demonstrate novel associations of common genetic variants in SMAD3and
/PO11 genes in black subjects, and rare variants in AKR7A3and HSD17B13in
white subjects were associated with variation in fibrate lipid response. We then
support these findings using gene expression in a mouse model.

HOW THISMIGHT CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE

Our findings highlight genetic variants in TGF-p and NRF2 signaling pathways
that may influence fenofibrate effects on dyslipidemia in individuals with T2D.
This insight could help to identify patients for more targeted treatment strategies
or elucidate novel therapeutic targets.
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Figure 1.
Distributions of fenofibrate response on lipid measurements in subjects of all combined

races (V= 1264). (a) Log-ratio of the change in high-density lipoprotein (HDL; mg/dL). (b)
Log-ratio of the change in low-density lipoprotein (LDL; mg/dL). (c) Log-ratio of the
change in triglycerides (mg/dL). (d) Log-ratio of the change in total cholesterol (mg/dL).
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Figure2.
Manhattan plot of single-nucleotide polymorphism associations with change in low-density

lipoprotein in white subjects only. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 3.
Gene expression in mice exposed to fenofibrate vs. vehicle control in (a) adipose tissue, (b)

skeletal muscle, and (c) liver tissue. ***False discovery rate (FDR) Pvalue < 0.01; **FDR P
value < 0.1; *FDR Pvalue < 0.2. [Color figure can be viewed at wileyonlinelibrary.com]
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