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Abstract

It is challenging to study regulatory genetic variants as gene expression is affected by both
genetic polymorphisms and non-genetic regulators. The mRNA allele-specific expression
(ASE) assay has been increasingly used for the study of cis-acting regulatory variants
because cis-acting variants affect gene expression in an allele-specific manner. However,
poor correlations between mRNA and protein expressions were observed for many genes,
highlighting the importance of studying gene expression regulation at the protein level. In the
present study, we conducted a proof-of-concept study to utilize a recently developed allele-
specific protein expression (ASPE) assay to identify the cis-acting regulatory variants of
CESI1 using a large set of human liver samples. The CES1 gene encodes for carboxylesterase
1 (CES1), the most abundant hepatic hydrolase in humans. Two cis-acting regulatory variants
were found to be significantly associated with CES1 ASPE, CESI protein expression, and its
catalytic activity on enalapril hydrolysis in human livers. Compared to conventional gene
expression-based approaches, ASPE demonstrated an improved statistical power to detect
regulatory variants with small effect sizes since allelic protein expression ratios are less prone
to the influence of non-genetic regulators (e.g., diseases and inducers). This study suggests

that the ASPE approach is a powerful tool for identifying cis-regulatory variants.
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Significance of the study

Targeted proteomics methods have been established to measure allele-specific protein
expression (ASPE) by our group and others. This study was the first to utilize the ASPE
assay to identify cis-acting regulatory variants. Unlike previous protein expression-based
association study methods, the ASPE assay reduces the confounding effects caused by non-
genetic factors, resulting in improved statistical power. We demonstrated its utility by
identifying two cis-acting regulatory variants of the CES1 gene, suggesting that the method

could be widely used to study cis-regulatory variants.
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1. Introduction

Regulatory genetic variants can be classified into cis- and trans-acting variants. A cis-acting
regulatory variant is located in the proximity of the gene being regulated, such as the
promoter of the gene, while a trans-acting variant and the gene being regulated are usually
located on different chromosomes . Consequently, cis-variants affect gene expression in
an allele-specific manner, whereas trans-variants regulate gene expression in both alleles.
Trans-variants typically have weaker effects on gene expression than cis-variants . Gene
expression can also be heavily influenced by non-genetic factors (e.g., diseases and inducers),
resulting in impaired statistical power when the gene expression level is used as a phenotype
for regulatory genetic variant identification. Accordingly, measuring gene allele-specific
expression (ASE) has been increasingly used as a powerful means to identify cis-acting
polymorphisms because allelic expression ratios are less prone to the influence of non-genetic

regulators 7.

ASE was traditionally studied at the mRNA level. A study simultaneously quantified mRNA
and protein expressions of many drug-metabolizing enzymes (DMEs) and transporters in
human livers and revealed that, while there was a strong correlation between mRNA and
protein levels for CYP3A4, CYP2B6, CYP2C8, and OATP1B1, mRNA expression was
either moderately or poorly correlated with protein levels for the most tested DMEs and
transporters ). Moreover, a study of transcriptomics and proteomics in a large set of human
cell lines identified a class of cis-acting variants that affected protein expression without
significantly altering mRNA or ribosome levels ). The discordant mRNA and protein
expressions are likely caused by post-transcriptional processes, such as protein translation,
post-translational modification, and degradation !"%!. Genetic variants affecting such post-

transcriptional processes could not be identified by conventional mRNA expression and ASE
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approaches. Thus, a protein expression-based strategy is needed to comprehend all regulatory

genetic variants, including those affecting gene expression at the post-transcriptional level.

A targeted proteomics method was developed by our laboratory and others to quantify allele-
specific protein expression (ASPE) of a gene using heavy stable isotope-labeled QconCAT
internal standards [''""*), We expect that this ASPE approach is superior to the conventional
ASE method because it has the potential to detect genetic variants that regulate gene
expression at the post-transcriptional level. The ASPE assay could also be advantageous over
conventional protein expression-based assays because allelic protein expression ratios are less

likely affected by non-genetic regulators.

The expression of a DME can vary markedly between individuals, which is a major
contributing factor to the interindividual variability in the pharmacokinetics (PK) and
pharmacodynamics (PD) of its substrate drugs. Genetic polymorphisms have been well
established as a determinant of varied DME expressions and can affect the therapeutic
outcomes of many medications. Despite extensive research in the past several decades,
regulatory genetic variants identified to date can only explain a small portion of inheritable
variability in DME expression. The inability to identify regulatory variants is a major
obstacle hindering the full potential of DME pharmacogenetics in optimizing
pharmacotherapy. Thus, identifying and characterizing hidden genetic variants capable of
regulating DME expression is essential for advancing DME pharmacogenetics-based

precision pharmacotherapy.

In this proof-of-concept study, we applied this ASPE assay to identify cis-acting variants of
the CES1 gene. CES1 encodes for the carboxylesterase 1 (CES1) protein, the most abundant
hepatic hydrolase in humans. CES1 is responsible for the metabolism of many drugs,

endogenous substances, and environmental toxins 'Y, CES1 expression and activity differ
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significantly among individuals, which is associated with the interindividual variability in
response to drugs metabolized by the enzyme ') The CES1 gene is highly polymorphic
with numerous genetic variants in both regulatory and coding regions. CES1 nonsynonymous
variants have been extensively studied in the past decade. Among those identified CES1
nonsynonymous variants, the loss-of-function variant G143E (rs71647871) markedly altered
the PK and clinical outcomes of several CES1 substrates, such as methylphenidate and
clopidogrel !'*'”). However, these nonsynonymous variants can only explain a small portion
of CES1 interindividual variability because of their low frequencies and not accounting for
the expression variation. Given the marked interindividual variability in CES1 protein
expression in human livers, much effort has been devoted to identifying CES1 regulatory
variants 231, However, none of the studied variants showed consistent effects on CES1
expression or clinical outcomes across different studies. Therefore, in the present study,
instead of using conventional pharmacogenetic approaches, we measured the ASPE ratios of
CES1 in normal human livers using the CES1 nonsynonymous variant S75N (rs2307240) as
the marker for CES1 allelic expression (Figure 1). S75N marker was used because the variant
does not affect CES1 protein expression but allows us to distinguish the protein expressed
from each allele ', We further performed whole-genome genotyping of these samples and
conducted an association analysis using the ASPE ratios as the phenotype. The study
discovered two novel cis-acting variants that were significantly associated with CES1 protein
expression and activity in human livers. This investigation was the first to use this novel

ASPE assay to identify regulatory genetic polymorphisms of a gene.
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2. Materials and Methods
2.1 Materials

Amino acids, acetonitrile, benzonase nuclease, calcium chloride hexahydrate, formic acid,
glucose, M9 salts, magnesium sulfate, imidazole, isopropyl-D-1-thiogalactopyranoside
disodium phosphate, sodium chloride, thiamine, and trifluoroacetic acid were purchased from
Sigma-Aldrich (Saint Louis, MO). '*Cy arginine and "*C¢ and '°N, lysine were products from
Cambridge Isotope Laboratories (Tewksbury, MA). Lysyl endopeptidase was purchased from
Wako Chemicals (Richmond, VA). Tosyl phenylalanyl chloromethyl ketone (TPCK)-treated
trypsin was purchased from Worthington Biochemical Corporation (Freehold, NJ). Lysozyme
solution (50 mg/mL), slide-A-Lyzer G2 dialysis cassettes (3.5K MWCO), Pierce™ BCA
protein assay kit, urea, and dithiothreitol were purchased from Fisher Scientific Co.
(Pittsburgh, PA). lodoacetamide and ammonium bicarbonate were purchased from Acros
Organics (Morris Plains, NJ). Water Oasis HLB columns were from Waters Corporation
(Milford, MA). Synthetic iRT standards were purchased from Biognosys AG (Cambridge,
MA). Escherichia coli strain BL21(DE3) and BugBuster protein extraction reagent were
products of EMD Millipore (Burlington, MA). HisTrap HP histidine-tagged protein
purification columns were from GE Healthcare (Pittsburgh, PA). Two hundred eighty-seven
normal human liver samples were obtained from XenoTech LLC (Lenexa, KS, USA), the
University of Minnesota Liver Tissue Cell Distribution System, and the Cooperative Human
Tissue Network (CHTN), and the demographic information was reported in our previously
published studies !''**. The gender and ethnicity of the human liver samples are included in

Table S1.
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2.2 Human liver microsome and S9 fraction preparation

Human liver microsomes (HLM) and human liver S9 fractions (HLS9) were prepared using

(15331 Briefly, a 200 mg human liver tissue was cut into

previously published methods
approximately one by one mm pieces and homogenized in 600 pL PBS buffer (pH 7.4) using
a tissue grinder. The sample was centrifuged at 10,000 g for 30 min, and the supernatant (i.e.,
HLS9) was collected. To prepare HLM, the supernatant was transferred to Beckman
ultracentrifuge tubes and centrifuged at 300,000 g for 20 min. The pellets were resuspended
in PBS using a tissue grinder and collected (i.e., HLM). Protein concentrations were
determined using a Pierce™ BCA protein assay kit. Both HLS9 and HLM samples were
stored at —80 °C until use. Of note, the same set of liver samples was used for the preparation
of both HLM and HLS9 samples; however, different proteomics methods were used for

CESI1 protein quantifications (i.e., heavy stable isotype internal standard-based assay for

HLM vs. label-free quantification method for HLS9) B4,
2.3 QconCAT internal standard preparation

A QconCAT DNA construct was synthesized de novo to generate the heavy stable isotope-
labeled QconCAT internal standard for the CES1 ASPE analysis using a method similar to
that we previously reported '), The construct contains the DNA sequences encoding for both
the wild-type CESI tryptic peptide FTPPQPAEPWSFVK and the S75N variant
FTPPQPAEPWNFVK. The S75N is a benign nonsynonymous variant without significant

(27.29) and was chosen as a biomarker to differentiate

effects on CES1 expression and activity
CESI1 allelic expression. The minor allele frequency (MAF) S75N is around 5% across
different populations '*!. Both peptides are flanked by 15 native amino acids to ensure the

same trypsin digestion efficiency !''). The DNA construct also includes three CES1 surrogate

peptides (AISESGVALTSVLVK, TAMSLLWK, and ELIPEATEK) for total CES1 protein
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quantification. The amino acid sequences of the CES1 QconCAT construct can be found in

Supplemental Figure S1.

The QconCAT DNA construct was transformed to Escherichia coli strain BL2L and cultured
in the medium supplemented with °Cg arginine, '*Cq, and '°N; lysine. QconCAT protein

expression was induced by adding 1 mM isopropyl-D-1-thiogalactopyranoside. After 5 hours
of growth at 37°C, the cells were lysed, and QconCAT proteins were extracted using affinity
chromatography, followed by three rounds of dialysis against 50 mM ammonium bicarbonate

containing 1 mM dithiothreitol.
2.4 Proteomic sample preparation

HLS9 and HLM samples were prepared for proteomics analysis using the method we
previously published ). Briefly, 80 pg HLS9 or HLM proteins were mixed with 0.2 pug
bovine serum albumin. For the HLM samples, the QconCAT internal standard (172 ng) was
also added. The sample was mixed with one ml of pre-cooled acetone, and the mixture was
briefly vortexed and stored at —20°C for at least 2 hours to precipitate proteins. The mixture
was then centrifuged at 17,000g for 15 min at 4°C, and the supernatant was removed. The
pellet (i.e., precipitated proteins) was air-dried and then resuspended in 100 pl of 4 mM
dithiothreitol/8 M urea/100 mM NH4HCO; solution for reduction at 37°C for 45 min. A
100 pl of 20 mM 1odoacetamide/8 M urea/100 mM NH4sHCOj solution was added, and the
mixture was incubated at room temperature in the dark for 30 min for alkylation. Following
the incubation, 56.6 ul of 50 mM NH4HCO; was added to reduce the urea concentration to 6

M.

A two-step protease digestion protocol was used to digest the proteins. The first digestion
was with lysyl endopeptidase (protein: lysyl endopeptidase = 100:1) in an orbital incubator

shaker at 220 rpm and 37°C for 6 hours. Then, 733 ul of 50 mM NH4HCO; was added to
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further reduce the urea concentration to 1.6 M. The second digestion was carried out with
TPCK-treated trypsin (protein: trypsin = 50:1) in an orbital incubator shaker at 220 rpm and
37°C for overnight. One pl trifluoroacetic acid was added to terminate the digestion. Waters
Oasis HLB columns were utilized to clean and extract the digested peptides. The eluted
peptides were dried in a SpeedVac SPD1010 vacuum concentrator and resuspended in 3%
acetonitrile solution containing 0.1% formic acid. The eluted peptides were then centrifuged,
and half of the supernatant was transferred to an autosampler vial and mixed with 1 pl of the

synthetic iRT standard solution prior to LC-MS/MS analysis.
2.5 LC-MS/MS-based proteomics analysis

The proteomic analysis was conducted using the previously published method ** on a
TripleTOF 5600+ mass spectrometer (AB Sciex, Framingham, MA) coupled with an
Eksigent 2D plus LC system (Eksigent Technologies, Dublin, CA). A trap-elute configuration
was adopted for the analysis, which included a trapping column (ChromXP C18-CL, 120 A,
5 um, 0.3 mm cartridge, Eksigent Technologies, Dublin, CA) and an analytical column
(ChromXP C18-CL, 120 A, 150 x 0.3 mm, 5 um, Eksigent Technologies, Dublin, CA). Six
ug of digested proteins were injected, and peptides were trapped and cleaned on the trapping
column with the mobile phase A (water with 0.1% formic acid) at a flow rate of 10 pl/min for
3 min before being separated on the analytical column with gradient elution at a flow rate of
5 wl/min. The gradient time program was set as follows for the phase B (acetonitrile
containing 0.1% formic acid): 0—-68 min: 3%—-30%, 68—73 min: 30%—40%, 73—75 min: 40%—
80%, 75-78 min: 80%, 78—79 min: 80%—3%, and finally 79-90 min at 3% for column
equilibration. A blank sample was injected between each analysis to prevent carryover. The
mass spectrometer was operated in a positive ion mode with an ion spray voltage floating at
5500 v, ion source gas one at 28 psi, ion source gas two at 16 psi, curtain gas at 25 psi, and

ion source temperature at 280 °C.

This article is protected by copyright. All rights reserved.



AUTNOor IVianuscript

Both HLS9 and HLM samples were analyzed using a data-independent acquisition (DIA)
method we previously reported, which included a 250-ms TOF-MS scan from 400 to 1250 Da
and MS/MS scans from 100 to 1500 Da % The MS/MS scans of all precursors were
performed in a cyclic manner using a 100-variable isolation window scheme. The

accumulation time was 25 ms per isolation window, resulting in a total cycle time of 2.8 s.

For the S75N heterozygous HLM samples, the expression levels of each of two CES1 alleles
(i.e., ASPE) were determined based on the peak ratios of the light peptides
FTPPQPAEPWNFVK (S75N mutant peptide) and FTPPQPAEPWSFVK (S75N wild-type
peptide) to the corresponding heavy internal standards. Total CES1 protein expression levels
in the HLM were determined based on the ratios of the peak areas of the CES1 signature
peptides AISESGVALTSVLVK, TAMSLLWK, and ELIPEATEK to their heavy isotope-
labeled internal standard counterparts. The Skyline software (University of Washington,
Seattle, WA) was used for the HLM proteomics data analysis. The HLS9 DIA data were
analyzed using the Spectronaut™ Pulsar software (version 11.0; Biognosys AG, Schlieren,
Switzerland) with default settings (precursor Q value <0.01, protein Q value <0.01) and its
internal reference spectral library “Human — Liver (fractionated)”. Absolute CES1 protein

levels in the HLS9 samples were estimated using the DIA-TPA algorithm %,

2.6 CES1 activity measurements

Enalapril is a selective substrate of CES1, and enalapril hydrolysis was determined in the
HLS9 samples as a surrogate maker for CES1 activity ["°. Briefly, 100 pl of enalapril
solution (500 uM-in PBS) was mixed with 100 pl of 0.2 mg/ml of HLS9. After incubation at
37°C for 10 min, the reactions were terminated by adding a 4-fold volume of methanol
containing the analytical internal standard 5-hydroxyomeprazole (10 ng/ml). Then, the

samples were vortexed and centrifuged at 13,200 rpm at 4°C for 20 min to remove the
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precipitated proteins. The supernatant was collected and analyzed for the concentrations of

the hydrolytic metabolite enalaprilat utilizing an established LC-MS/MS method .

2.7 Data Analysis and Statistics

The genotype data of the human liver samples (n=287) were retrieved from a study recently
published by our group ®%, which contained 1,779,819 genetic markers. Thirty out of the 287
subjects were identified as S75N heterozygotes. The subsequent quality control (QC) analysis
was performed to remove single nucleotide polymorphisms (SNPs) with MAF < 0.01 or
deviating from Hardy-Weinberg equilibrium (p < 0.0001) ®?. The genotype data were phased

32 to detect the allele-specific effects of cis-regulatory variants.

during genotype imputation
Previous literature suggested that cis-acting regulatory variants are usually located
approximately 5,000 base pairs (bp) upstream and downstream of the gene P7**). Thus, a total
of 856 SNPs located 5,000 bp upstream and downstream of the CES1 gene were included in
this study. SNPs were removed if their MAFs were less than 10% in the 30 S75N
heterozygous liver samples. Moreover, when several SNPs were in complete linkage

disequilibrium, only one SNP was used as the tag SNP for data analysis to alleviate the

multiple testing burden. Overall, 72 SNPs were retained for data analysis.

The CES1 ASPE ratios of 75S to 75N were log2 transformed to normalize the effect size of
regulatory SNPs, given that the SNPs can reside on either the S or the N allele. For each of
the 72 SNPs, two linear regression models were created to identify CES1 cis-regulatory
variants. The first model used the S75N ASPE ratios as the phenotype to test the associations
between the genotypes and the ASPE ratios in the S75N heterozygous samples (n=30). The
second model used the total CES1 protein expression (i.e., the CES1 expression from both
alleles) to test the associations between the genotypes and the CES1 expression in all 287

liver samples. P-values from the two linear models were then combined using a Fisher’s
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combined probability test, and the Benjamini-Hochberg method was used for the multiple

testing correction.

A conventional genome-wide association study (GWAS) was performed to detect genetic
variants associated with hepatic CES1 protein expression using the previously published
method *?!. The HLM and HLS9 expression data and the genotype dataset from the same
human liver samples were used for the GWAS analysis. The P-value threshold was set at 5

10" to account for multiple comparisons.
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3. Results

We successfully measured CES1 ASPE and protein expression levels in a large set of human
liver samples. We also genotyped the whole genomes and determined CES1 catalytic activity
in the liver samples. The study revealed two novel cis-acting variants associated with CES1
expression and catalytic activity in the liver, demonstrating that ASPE could be a powerful

approach to identify cis-regulatory genetic variants.
3.1 CES1 ASPE and CESI1 protein expression in HLM and HLS9

We measured the CES1 ASPE in 30 S75N heterozygous liver samples using a QconCAT
internal standard. The ASPE ratios of 75S to 75N ranged from 0.80 to 1.47 (log2 transformed
values: -0.3 to 0.5) (Figure 2), indicating the presence of cis-regulatory genetic variants of the
CESI1 gene. Relative CES1 expression levels in HLM were determined using a heavy
isotype-labeled QconCAT standard, and absolute CES1 protein levels in HLS9 were
estimated using the DIA-TPA algorithm we previously established . CES1 expressions
varied markedly in both HLM and HLS9 samples. Neither HLM nor HLS9 CESI1 levels were

significantly correlated with the ASPE ratios in the 30 S75N heterozygous samples.
3.2 GWAS Result

We conducted a GWAS in both HLM and HLS9 samples with a total of 1,671,387 genotyped
and imputed SNPs. The Manhattan plot showed the P-value of the association of each SNP
with CES1 protein expression in HLS9 (Figure 3A) and HLM (Figure 3B). The GWAS
significant P-value threshold was set at 5 x 10 to account for multiple comparisons. No
genetic variants were found to be significantly associated with CES1 protein expression at the

genome-wide significant level (Figure 3).
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3.3 Identification of cis-acting CES1 regulatory variants

The ASPE-based statistical model revealed that two CES1 regulatory variants, rs6499788 and
rs35918553, were significantly associated with CES1 ASPE in the HLM samples (Figure 4).
Moreover, the rs6499788 A allele and the rs35918553 G allele were associated with 15.9% (P
=0.01) and 14.9% (P = 0.01) reductions of total CES1 protein expression in HLM,
respectively (Figure 4). The effect of the two variants on CES1 protein expression was also
evaluated in HLS9 prepared from the same human liver samples. Consistent with the findings
from HLM, the rs6499788 A allele and the rs35918553 G allele were associated with 10.3%

and 11.8% reductions, respectively, in CES1 protein expression in HLS9 (Figure 5).

The activity study confirmed that the rs6499788 A allele and the rs35918553 G allele reduced
CESI1 activity on hydrolyzing the CES1 selective substrate enalapril by 27.9% (P = 0.04) and
26.6% (P = 0.08), respectively, in the HLS9 samples (Figure 5). The associations of the two

SNP with CES1 protein expression and activity in human livers were summarized in Table 1.
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4. Discussion

For the first time, we used an ASPE approach to identify cis-regulatory genetic variants and
revealed two cis-acting genetic variants (rs6499788 and rs35918553) associated with CES1
ASPE and protein expression in HLM. The findings were further validated with the CES1
protein expression and CES1 activity data obtained from HLS9 prepared from the same set of
liver samples. Rs6499788 and rs35918553 are located within 5000 bp upstream of the CES1
gene. Both SNPs are common variants (MAF: rs6499788: 27.7% and rs35918553: 27.2%)
and are in high linkage disequilibrium (D = 1, Ensembl genome database). We performed an
in-silico analysis to evaluate the potential function of the two SNPs using the online

3% The results indicate that the variant rs35918553 is located in a

annotation tool HaploReg
region with the enhancer histone marks BLD, LIV, and LNG. Moreover, the SNP
rs35918553 region binds to the transcription factor MafK. Thus, it is plausible that the
observed association between the two variants and the CES1 ASPE is due to that rs35918553

regulates the CES1 enhancer activity. Further experiments are needed to validate this

speculation.

Importance of studying CES1 regulatory variants

CESI is an important DME responsible for 80-95% of total hydrolytic activity in the liver 1*".

CESI1 plays a key role in metabolizing endogenous compounds, environmental toxins, and
numerous therapeutic agents ''>*!1. CES1 expression and activity vary significantly among
individuals, which is a major factor contributing to interindividual variability in response to
medications metabolized by CES1. Though considerable efforts have been devoted to the
study of functional CES1 genetic variants, to date, the nonsynonymous variant G143E is the

| (2031

only clinically significant loss-of-function variant identified for CES I However,
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considering the MAF of G143E is 2-4% ">, G143E can only explain a small portion of the

interindividual variability of the CES1 function.

While nonsynonymous polymorphisms can directly affect the catalytic function of an enzyme
by altering amino acid sequences in regions critical to the protein function, regulatory
variants can affect the function of an enzyme by regulating gene expression . Similar to
many other DMEs, CESI protein expression correlates poorly to its mRNA expression in the
liver ). For example, Sanford et al. reported that a translocation CES1 variant reduced
mRNA expression of CES1 by 30% using a conventional mRNA ASE method. However, this
regulatory variant was not associated with CES1 protein expression or CES1 activity in
human livers ). Thus, it is essential to study CES1 expression regulation at the protein level.
To the best of our knowledge, the two CES1 regulatory variants identified in the present
study are the first found to be associated with both CES1 protein expression level and CES1
activity in the human liver. Identification of CES1 regulatory genetic variants will lead to a
better understanding of hepatic CES1 expression variability and allow for a better prediction

of the PK/PD of CES1 substrate drugs.
Novelty and significance of the ASPE assay

Relative to conventional protein expression-based association analysis (e.g., GWAS), the
main advantage of the ASPE assay is its improved statistical power, enabling the detection of
small effect size variants by filtering out confounding effects caused by non-genetic
regulators. In addition, the ASPE method could detect genetic variants regulating gene
expression at the post-transcription level. To date, the most common method to identify
regulatory genetic variants is to determine the association between the mRNA expression
level and genetic variations. Unfortunately, many genes, especially those encoding for

DMEs, have a poor correlation between mRNA and protein expression levels, which is likely
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due to the presence of various regulatory elements that affect post-transcriptional processing,
such as protein translation and degradation'®*!'***). Recently, protein expression level has

[9’44]; however,

been increasingly used as the phenotype to identify regulatory genetic variants
the statistical power of this approach is compromised by the fact that, in addition to genetic
variants, non-genetic factors (e.g., diseases and inducers) can also affect protein expression.
Unlike conventional protein expression methods that measure total protein expression from
both alleles of a gene, the ASPE assay enables accurate quantification of protein expression
from each allele of the gene. Since cis-regulatory variants influence gene expression in an
allele-specific manner while trans-acting regulatory elements and non-genetic factors affect
gene expression on both alleles, the observation of an allelic expression imbalance would
suggest the existence of cis-acting regulatory elements. Thus, ASPE is more accurate,
sensitive, and robust than conventional approaches (e.g., GWAS) for the discovery of
regulatory variants, given that the expression of each of the two alleles is measured
simultaneously in the same individual under the same experimental conditions, and each
allele can serve as a control for the other. Although the present study focused on CES1

genetic variants, we expect that this ASPE assay could be widely used to identify regulatory

variants of other genes.

Some limitations of the study include a small sample size of the heterozygous S75N samples
(n=30) and a lack of true biological replicates for the validation study as both HLS9 and

HLM were prepared from the same liver samples.

In summary, the ASPE approach enabled the detection of regulatory variants with a small
effect size (R*=0.01 ~ 0.03, Table 1) that the conventional GWAS was not able to detect
(Figure 3), which is likely due to the fact that GWAS is more prone to the influence of the
expression variability caused by non-genetic regulators. The two small effect size yet

common variants (MAF = 0.277) could play an important role in building a comprehensive
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model to better predict the PK and PD of CES1 substrate drugs. Future clinical studies are
warranted to examine the effect of rs6499788 and rs35918553 on the PK and PD of drugs
metabolized by CES1. In addition, future investigations involving more S75N heterozygous
liver samples might allow researchers to detect additional cis-acting CES1 regulatory

variants.
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Figure legends

Figure 1. Concept of Allele-Specific Protein Expression (ASPE). The ASPE assay
measures protein expression from each allele, and the ratios of protein expression from
two alleles are used as a phenotype for the identification of cis-acting regulatory
variants. One of the major advantages of the ASPE assay is that the ASPE ratios are not
affected by non-genetic regulatory factors. The expression from one allele would serve
as the control for another allele to filter out the background noise caused by non-genetic
regulators. In this schematic, there is a genetic variant impairing transcriptional factor
binding, resulting in reduced CES1 protein expression from Allele 2. By using the ASPE
ratio as a phenotype, this genetic variant can be detected with higher statistical power.
We used a benign nonsynonymous SNP (a genetic variant that does not affect the
expression level and activity) S7T5N (rs2307240) as a marker to differentiate CES1

protein expression from each allele.
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Figure 2. Distribution of CES1 ASPE ratios (A), CES1 protein expression levels in HLM
(B), and HL'S9 (C) in human liver samples. The ASPE ratios of 75S to 75N were
determined in 30 S75N heterozygous HLM samples using a heavy stable isotype-labeled
QconCAT internal standard (Figure 2A). Relative CES1 expression levels in HLM were
determined using the same QconCAT standard, and the values in the Y-axis are the
ratios of the light-to-heavy CESI1 peptides (Figure 2B). CES1 in the HLS9 samples was
measured using a label-free DIA method, and the absolute CES1 protein levels were

estimated using an established DIA-TPA algorithm (Figure 2C).
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Figure 3. Manhattan plots of the genome-wide association study (GWAS) of CES1
protein expression in HLS9 (A) and HLM (B). The Y-axis represents the P values of the
association between the SNPs and CES1 protein levels, and the X-axis represents the
genomic coordinates of the tested SNPs. No SNP was found to reach the statistically

significant threshold (2.99 x 107, the red horizontal line).
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Figure 4. Two regulatory variants (rs6499788, rs35918553) showed a significant
association with CES1 ASPE (upper panels) and protein expression in HLM (lower
panels). A linear regression t-test was performed for the ASPE and CES1 expression
models. The tests of the ASPE and CES1 expression models were performed
independently, and P-values from the two models were combined using Fisher’s
combined probability test for each SNP (i.e., Joint P-Value). Joint P-value was corrected
for multiple comparisons using the Benjamini-Hochberg method (i.e., adjusted P-value).

The adjusted P-Value at the bottom represents the final P-value for each SNP.
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Figure 5. Association of the identified regulatory variants (rs6499788, rs35918553) with
CESI1 protein expression and catalytic activity in HLS9. To validate the association of
the two identified SNP, the associations of the two variants with CES1 protein
expression and activity on enalapril hydrolysis were determined in HLS9. The same set
of liver samples was used for the preparation of HLM and HLS9 samples; however,
different proteomics methods were used for CES1 protein quantification (i.e., heavy
stable isotype internal standard-based targeted assay for HLM vs. label-free
quantification method for HLS9).

Figure 5

rs6499788 rs35918553

CES1 protein expression in HLS9

2
g

CES1 protein expression in HLS9
(ng/ug protein)
-|I )
-l
1
o
o
n}
CES1 protein expression in HLS9
(nglug prolein)
3 =
po— r.‘.. ..
bl
1
o
(=]
@

i [

Haterazygoies Heterazygoles
156499768 genotypes r$35918553 genotypes.

CES1 activity on enalapril hydrolysis in HLS9

.
'
100 - l
50
(SR
T

{pmel/min/mg protein)

{pmalimin/mg pretein)

Enalapril Hydrolysis Rate
Enalapril Hydrolysis Rate

| p-00s

Heterozygates AR Heterozygates
rS6499788 genolypes 1535818553 genotypes

This article is protected by copyright. All rights reserved.



AUTNOor IVianuscript

References

[1] Wong, E. S., Schmitt, B. M., Kazachenka, A., Thybert, D., Redmond, A., Connor, F., . .. Flicek, P.
(2017). Interplay of cis and trans mechanisms driving transcription factor binding and gene
expression evolution. Nat Commun, 8(1), 1092. doi: 10.1038/s41467-017-01037-x

[2] Van Dyke, K., Lutz, S., Mekonnen, G., Myers, C. L., & Albert, F. W. (2021). Trans-acting genetic
variation affects the expression of adjacent genes. Genetics, 217(3). doi:
10.1093/genetics/iyaa051

[3] Montgomery, S. B., & Dermitzakis, E. T. (2011). From expression QTLs to personalized
transcriptomics. Nature Reviews Genetics, 12(4), 277-282. doi: 10.1038/nrg2969

[4] Meiklejohn, C. D., Coolon, J. D., Hartl, D. L., & Wittkopp, P. J. (2014). The roles of cis- and trans-
regulation in the evolution of regulatory incompatibilities and sexually dimorphic gene
expression. Genome Res, 24(1), 84-95. doi: 10.1101/gr.156414.113

[5] Rao, X., Thapa, K. S., Chen, A. B,, Lin, H., Gao, H., Reiter, J. L., . .. Liu, Y. (2021). Allele-specific
expression and high-throughput reporter assay reveal functional genetic variants associated
with alcohol use disorders. Mol Psychiatry, 26(4), 1142-1151. doi: 10.1038/s41380-019-
0508-z

[6] Shao, L., Xing, F., Xu, C., Zhang, Q., Che, J.,, Wang, X., ... Zhang, Q. (2019). Patterns of genome-
wide allele-specific expression in hybrid rice and the implications on the genetic basis of
heterosis. Proc Natl Acad Sci U S A, 116(12), 5653-5658. doi: 10.1073/pnas.1820513116

[7] Liu, Z., Dong, X., & Li, Y. (2018). A Genome-Wide Study of Allele-Specific Expression in Colorectal
Cancer. Front Genet, 9, 570. doi: 10.3389/fgene.2018.00570

[8] Ohtsuki, S., Schaefer, O., Kawakami, H., Inoue, T., Liehner, S., Saito, A., . . . Terasaki, T. (2012).
Simultaneous absolute protein quantification of transporters, cytochromes P450, and UDP-
glucuronosyltransferases as a novel approach for the characterization of individual human
liver: comparison with mRNA levels and activities. Drug Metab Dispos, 40(1), 83-92. doi:
10.1124/dmd.111.042259

[9] Battle, A., Khan, Z., Wang, S. H., Mitrano, A., Ford, M. J., Pritchard, J. K., & Gilad, Y. (2015).
Genomic variation. Impact of regulatory variation from RNA to protein. Science, 347(6222),
664-667. doi: 10.1126/science.1260793

[10] Koussounadis, A., Langdon, S. P., Um, . H., Harrison, D. J., & Smith, V. A. (2015). Relationship
between differentially expressed mRNA and mRNA-protein correlations in a xenograft model
system. Sci Rep, 5, 10775. doi: 10.1038/srep10775

[11] Shi, J., Wang, X., Zhu, H., Jiang, H., Wang, D., Nesvizhskii, A., & Zhu, H. J. (2018). Determining
Allele-Specific Protein Expression (ASPE) Using a Novel Quantitative Concatamer Based
Proteomics Method. J Proteome Res, 17(10), 3606-3612. doi:
10.1021/acs.jproteome.8b00620

[12] Russell, M. R., Achour, B., McKenzie, E. A., Lopez, R., Harwood, M. D., Rostami-Hodjegan, A., &
Barber, J. (2013). Alternative Fusion Protein Strategies to Express Recalcitrant QconCAT
Proteins for Quantitative Proteomics of Human Drug Metabolizing Enzymes and
Transporters. Journal of Proteome Research, 12(12), 5934-5942. doi: 10.1021/pr400279u

[13] Barber, J., Russell, M. R., Rostami-Hodjegan, A., & Achour, B. (2020). Characterization of CYP2B6
K262R allelic variants by quantitative allele-specific proteomics using a QconCAT standard. J
Pharm Biomed Anal, 178, 112901. doi: 10.1016/j.jpba.2019.112901

[14] Her, L., & Zhu, H. J. (2020). Carboxylesterase 1 and Precision Pharmacotherapy:
Pharmacogenetics and Nongenetic Regulators. Drug Metab Dispos, 48(3), 230-244. doi:
10.1124/dmd.119.089680

[15] Wang, X., Wang, G., Shi, J., Aa, J., Comas, R., Liang, Y., & Zhu, H. J. (2016). CES1 genetic variation
affects the activation of angiotensin-converting enzyme inhibitors. Pharmacogenomics J,
16(3), 220-230. doi: 10.1038/tpj.2015.42

This article is protected by copyright. All rights reserved.



AUTNOor IVianuscript

[16] Wang, X., Rida, N., Shi, J., Wu, A. H., Bleske, B. E., & Zhu, H. J. (2017). A Comprehensive
Functional Assessment of Carboxylesterase 1 Nonsynonymous Polymorphisms. Drug Metab
Dispos, 45(11), 1149-1155. doi: 10.1124/dmd.117.077669

[17] Wang, D., Zou, L., Jin, Q., Hou, J., Ge, G., & Yang, L. (2018). Human carboxylesterases: a
comprehensive review. Acta Pharm Sin B, 8(5), 699-712. doi: 10.1016/j.apsb.2018.05.005

[18] Zhu, H. J., Patrick, K. S., Yuan, H. J., Wang, J. S., Donovan, J. L., DeVane, C. L., ... Markowitz, J. S.
(2008). Two CES1 gene mutations lead to dysfunctional carboxylesterase 1 activity in man:
clinical significance and molecular basis. Am J Hum Genet, 82(6), 1241-1248. doi:
10.1016/j.ajhg.2008.04.015

[19] Lewis, J. P., Horenstein, R. B., Ryan, K., O'Connell, J. R., Gibson, Q., Mitchell, B. D, . . . Shuldiner,
A. R. (2013). The functional G143E variant of carboxylesterase 1 is associated with increased
clopidogrel active metabolite levels and greater clopidogrel response. Pharmacogenet
Genomics, 23(1), 1-8. doi: 10.1097/FPC.0b013e32835aa8a2

[20] Hosokawa, M., Furihata, T., Yaginuma, Y., Yamamoto, N., Watanabe, N., Tsukada, E., . . . Chiba,
K. (2008). Structural organization and characterization of the regulatory element of the
human carboxylesterase (CES1A1 and CES1A2) genes. Drug Metabolism and
Pharmacokinetics, 23(1), 73-84. doi: DOI 10.2133/dmpk.23.73

[21] Tanimoto, K., Kaneyasu, M., Shimokuni, T., Hiyama, K., & Nishiyama, M. (2007). Human
carboxylesterase 1A2 expressed from carboxylesterase 1A1 and 1A2 genes is a potent
predictor of CPT-11 cytotoxicity in vitro. Pharmacogenetics and Genomics, 17(1), 1-10. doi:
DOI 10.1097/01.fpc.0000230110.18957.50

[22] Zou, J.-)., Chen, S.-L., Fan, H.-W., Tan, J., He, B.-S., & Xie, H.-G. (2014). The CES1A -816C as a
genetic marker to predict greater platelet clopidogrel response in patients with
percutaneous coronary intervention. Journal of Cardiovascular Pharmacology, 63(2), 178-
183.

[23] Xie, C., Ding, X., Gao, J., Wang, H., Hang, Y., Zhang, H., . . . Miao, L. (2014). The effects of CES1A2
A(-816)C and CYP2C19 loss-of-function polymorphisms on clopidogrel response variability
among Chinese patients with coronary heart disease. Pharmacogenet Genomics, 24(4), 204-
210. doi: 10.1097/fpc.0000000000000035

[24] Geshi, E., Kimura, T., Yoshimura, M., Suzuki, H., Koba, S., Sakai, T., . . . Katagiri, T. (2005). A single
nucleotide polymorphism in the carboxylesterase gene is associated with the responsiveness
to imidapril medication and the promoter activity. Hypertension Research, 28(9), 719-725.
doi: DOI 10.1291/hypres.28.719

[25] Yoshimura, M., Kimura, T., Ishii, M., Ishii, K., Matsuura, T., Geshi, E., . . . Muramatsu, M. (2008).
Functional polymorphisms in carboxylesterase1A2 (CES1A2) gene involves specific protein 1
(Sp1) binding sites. Biochem Biophys Res Commun, 369(3), 939-942.

[26] Xiao, F. Y., Luo, J. Q,, Liu, M., Chen, B. L., Cao, S., Liu, Z. Q., . . . Zhang, W. (2017). Effect of
carboxylesterase 1 S75N on clopidogrel therapy among acute coronary syndrome patients.
Scientific Reports, 7. doi: ARTN 7244

10.1038/s41598-017-07736-1

[27] Johnson, K. A., Barry, E., Lambert, D., Fitzgerald, M., McNicholas, F., Kirley, A., . . . Hawi, Z.
(2013). Methylphenidate Side Effect Profile Is Influenced by Genetic Variation in the
Attention-Deficit/Hyperactivity Disorder-Associated CES1 Gene. Journal of Child and
Adolescent Psychopharmacology, 23(10), 655-664. doi: 10.1089/cap.2013.0032

[28] Oh, J., Lee, S., Lee, H., Cho, J. Y., Yoon, S. H,, Jang, I. J., . .. Lim, K. S. (2017). The novel
carboxylesterase 1 variant c.662A>G may decrease the bioactivation of oseltamivir in
humans. PLoS One, 12(4). doi: ARTN e0176320

10.1371/journal.pone.0176320

This article is protected by copyright. All rights reserved.



AUTNOor IVianuscript

[29] Wang, X., Rida, N., Shi, J., Wu, A,, Bleske, B., & Zhu, H. J. (2017). A comprehensive functional
assessment of carboxylesterase 1 nonsynonymous polymorphisms. Drug Metab Dispos. doi:
10.1124/dmd.117.077669

[30] Sai, K., Saito, Y., Tatewaki, N., Hosokawa, M., Kaniwa, N., Nishimaki-Mogami, T., . . . Okuda, H.
(2010). Association of carboxylesterase 1A genotypes with irinotecan pharmacokinetics in
Japanese cancer patients. Br J Clin Pharmacol, 70(2), 222-233. doi: 10.1111/j.1365-
2125.2010.03695.x

[31] Yamada, S., Richardson, K., Tang, M., Halaschek-Wiener, J., Cook, V. J., Fitzgerald, J. M., . ..
Brooks-Wilson, A. (2010). Genetic variation in carboxylesterase genes and susceptibility to
isoniazid-induced hepatotoxicity. Pharmacogenomics J, 10(6), 524-536. doi: tpj20105 [pii]

10.1038/tpj.2010.5

[32] He, B., Shi, J., Wang, X., Jiang, H., & Zhu, H. J. (2020). Genome-wide pQTL analysis of protein
expression regulatory networks in the human liver. BMC Biol, 18(1), 97. doi:
10.1186/s12915-020-00830-3

[33] Shi, J., Wang, X. W., Lyu, L. Y., Jiang, H., & Zhu, H. J. (2018). Comparison of protein expression
between human livers and the hepatic cell lines HepG2, Hep3B, and Huh7 using SWATH and
MRM-HR proteomics: Focusing on drug-metabolizing enzymes. Drug Metabolism and
Pharmacokinetics, 33(2), 133-140. doi: 10.1016/j.dmpk.2018.03.003

[34] He, B., Shi, J., Wang, X., Jiang, H., & Zhu, H. J. (2019). Label-free absolute protein quantification
with data-independent acquisition. J Proteomics, 200, 51-59. doi:
10.1016/j.jprot.2019.03.005

[35] Wang, X., He, B., Shi, J., Li, Q., & Zhu, H. J. (2020). Comparative Proteomics Analysis of Human
Liver Microsomes and S9 Fractions. Drug Metab Dispos, 48(1), 31-40. doi:
10.1124/dmd.119.089235

[36] Shi, J., Wang, X., Lyu, L., Jiang, H., & Zhu, H. J. (2018). Comparison of protein expression
between human livers and the hepatic cell lines HepG2, Hep3B, and Huh7 using SWATH and
MRM-HR proteomics: Focusing on drug-metabolizing enzymes. Drug Metab Pharmacokinet,
33(2), 133-140. doi: 10.1016/j.dmpk.2018.03.003

[37] van Heyningen, V., & Bickmore, W. (2013). Regulation from a distance: long-range control of
gene expression in development and disease. Philos Trans R Soc Lond B Biol Sci, 368(1620),
20120372. doi: 10.1098/rstb.2012.0372

[38] Griffiths AJF, M. J., Suzuki DT, et al. An Introduction to Genetic Analysis. 7th edition. New York:
W. H. Freeman; 2000. Transcription: an overview of gene regulation in eukaryotes. Available
from: https://www.ncbi.nlm.nih.gov/books/NBK21780/.

[39] Ward, L. D., & Kellis, M. (2012). HaploReg: a resource for exploring chromatin states,
conservation, and regulatory motif alterations within sets of genetically linked variants.
Nucleic Acids Res, 40(Database issue), D930-934. doi: 10.1093/nar/gkr917

[40] Imai, T., Taketani, M., Shii, M., Hosokawa, M., & Chiba, K. (2006). Substrate specificity of
carboxylesterase isozymes and their contribution to hydrolase activity in human liver and
small intestine. Drug Metabolism and Disposition, 34(10), 1734-1741. doi:
10.1124/dmd.106.009381

[41] Laizure, S. C., Herring, V., Hu, Z., Witbrodt, K., & Parker, R. B. (2013). The role of human
carboxylesterases in drug metabolism: have we overlooked their importance?
Pharmacotherapy, 33(2), 210-222. doi: 10.1002/phar.1194

[42] Adams, J. U. (2014). Essentials of Cell Biology. Nature Education.

[43] Sanford, J. C., Wang, X., Shi, J., Barrie, E. S., Wang, D., Zhu, H. J., & Sadee, W. (2016). Regulatory
effects of genomic translocations at the human carboxylesterase-1 (CES1) gene locus.
Pharmacogenet Genomics, 26(5), 197-207. doi: 10.1097/FPC.0000000000000206

[44] Chaudhry, A. S., Prasad, B., Shirasaka, Y., Fohner, A., Finkelstein, D., Fan, Y. P., ... Schuetz, E. G.
(2015). The CYP2C19 Intron 2 Branch Point SNP is the Ancestral Polymorphism Contributing

This article is protected by copyright. All rights reserved.


https://www.ncbi.nlm.nih.gov/books/NBK21780/

AUTNOor IVianuscript

to the Poor Metabolizer Phenotype in Livers with CYP2C19(star)35 and CYP2C19(star)2
Alleles. Drug Metabolism and Disposition, 43(8), 1226-1235. doi: 10.1124/dmd.115.064428

Table 1. Impact of rs6499788 and rs35918553 on CESI1 protein expression and catalytic
activity on enalapril hydrolysis in human livers
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Relative CES1 expression in HLM was quantified using a heavy stable isotope-labeled
QconCAT internal standard, and the quantification values are the ratios of the light-to-heavy
CESI1 peptides.

Absolute CES1 expression in HLS9 was quantified using a label-free quantification method.

[34]

Enalapril hydrolysis rate was used as a surrogate marker for CES1 activity. Enalapril is a

selective substrate of CES1. [15]
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