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Abstract

Introduction Polymorphisms in the Thiopurine S-Methyltransferase (TPMT) gene are associated with decreased TPMT
activity, but little is known about their impact on TPMT protein expression in the liver. This project is to conduct a genome-
wide association study (GWAS) to identify single nucleotide polymorphisms (SNPs) associated with altered TPMT protein
expression in human livers and to determine if demographics affect hepatic TPMT protein expression.

Methods Human liver samples (n=287) were genotyped using a whole genome genotyping panel and quantified for TPMT
protein expression using a Data-Independent Acquisition proteomics approach.

Results and Discussion Thirty-one SNPs were found to be associated with differential expression of TPMT protein in
the human livers. Subsequent analysis, conditioning on rs1142345, a SNP associated with the TPMT*3A and TPMT*3C
alleles, showed no additional independent signals. Mean TPMT expression is significantly higher in wildtype donors com-
pared to those carrying the known TPMT alleles, including TPMT*3A, TPMT*3C, and TPMT*24 (0.107 £0.028 vs.
0.052 +0.014 pmol/mg total protein, P=2.2x 107'%). After removing samples carrying the known TPMT variants, European
ancestry donors exhibited significantly higher expression than African ancestry donors (0.109 +0.026 vs. 0.090+0.041 pmol/
mg total protein, P=0.020).

Conclusion The GWAS identified 31 SNPs associated with TPMT protein expression in human livers. Hepatic TPMT
protein expression was significantly lower in subjects carrying the TPMT*3A, TPMT*3C, and TPMT*24 alleles compared
to non-carriers. European ancestry was associated with significantly higher hepatic TPMT protein expression than African
ancestry, independent of known TPMT variants.
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Introduction

Thiopurines are used to treat hematologic malignancies and
immune-mediated diseases by inhibiting DNA replication.
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Current clinical guidelines support the use of preemptive
genotyping prior to the initiation of thiopurine treatment [5,
6]. Clinical studies have shown that patients with two loss-of-
function alleles of the TPMT gene are at extremely high risk
for hematologic toxicities, and patients carrying one loss-of-
function allele are classified as the intermediate risk group,
having a 30-60% chance of developing toxicity at standard
doses [7, 8]. Although genotypes contribute to the interindi-
vidual variability in TPMT activity and the toxicity of thiopu-
rines, genotypes do not fully explain observed TPMT activity
as some patients carrying wildtype TPMT alleles are classi-
fied as having intermediate TPMT activity [9].

Thiopurines are primarily metabolized in the liver. How-
ever, few studies have investigated the relationship between
the expression of TPMT protein in the liver and genetic
polymorphisms at the whole genome level. A meta-analysis
conducted by Tamm et al. reported that TPMT activity in the
liver was significantly correlated with hepatic TPMT pro-
tein levels, while mRNA from whole blood samples did not
correlate with TPMT activity or protein expression in the
liver [10]. As a result, our study aims to investigate the rela-
tionship between the whole genome genotypes and TPMT
protein expression in human livers through a genome-wide
association study (GWAS) of TPMT protein expression in a
large set of human liver samples. Moreover, we determined
the effect of the known TPMT alleles TPMT*3A, TPMT*3C,
and TPMT#24 and patients’ demographics, including ances-
try, sex, and age, on hepatic TPMT protein expression.

Materials and Methods
Materials

A total of 287 human liver samples were obtained from
three different sources, including 47 from XenoTech LLC
(Lenexa, KS, USA), 79 from the University of Minnesota
Liver Tissue Cell Distribution System, and 161 from the
Cooperative Human Tissue Network. To reduce confound-
ing factors, all tissue samples were deemed to be healthy.
Demographics for these patients are summarized in Table I.
Age was reported in 270 of the 287 donors. The sex of the
donor was confirmed during the quality control of the whole
genome genotyping data.

TPMT Protein Quantification and GWAS

Human liver microsomes were prepared and subjected to a
liquid chromatography-mass spectrometry-based proteomics
analysis using a previously published label-free Data-Inde-
pendent Acquisition (DIA) method [11]. Absolute expression
levels of TPMT were calculated using the DIA-based total
protein approach (DIA-TPA) algorithm that we developed [12].
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Table | Demographics for Liver Samples. Ancestry was Imputed from
the Genotyping Data Instead of the Patient Self-reported Races

Sex
Male 162 (56.4%)
Female 125 (43.6%)
Ancestry
European 229 (79.8%)
African 34 (11.8%)
Asian 4 (1.4%)
Unknown 20 (7.0%)
Age
Reported 270 (94.1%)
Average 54.4 years (+ 19.1 years)
Range 0.75-90 years

DNA was extracted from the human liver samples and
genotyped using the [llumina Multi-Ethnic Global Array
(Illumina, Miami, USA) platform, which contains 1,779,819
single nucleotide polymorphisms (SNPs). The genotype
imputation was conducted using the Michigan Imputation
Server (https://imputationserver.sph.umich.edu). Specific
thresholds for quality control and genotype imputation were
previously reported by Bing ez al. [13]

Association of hepatic TPMT protein expression with
genome-wide SNPs was performed with PLINK 1.9 [14].
Prior to analysis, quality control was performed on the
genomic data as previously outlined [15]. We applied a
threshold of 0.02 to remove SNPs and patient samples that
had a missing rate higher than 2%. We removed SNPs with a
minor allele frequency of less than 0.01. Next, we analyzed
the genotyping data for Hardy-Weinberg Equilibrium and
removed genetic variants that did not pass the threshold of
107%. The data was also checked for any individuals who
had a heterozygosity rate greater than three standard devia-
tions from the mean and any patients with a PIHAT value
greater than 0.2. We performed multidimensional scaling
on our dataset and overlayed it with the genotype data from
the 1000 genomes database to visually identify and remove
ethnic outliers, resulting in a genomic inflation factor of
1, indicating no evidence of inflation. To reduce the effect
of population stratification on GWAS analysis, ancestry
was imputed using the genotyping data instead of relying
on patient self-reported race using a previously published
method by Marees et al. [15] We set the GWAS statisti-
cally significant P value threshold at 5x 107® to account for
multiple comparisons. After quality control and removing
ethnic outliers within the dataset, we conducted the GWAS
of TPMT protein expression on 243 of the 287 liver sam-
ples using 1,685,470 genotyped and imputed markers. Con-
ditional analysis was conducted on SNPs with the lowest
P values to determine if there were any other independent
signals in the GWAS.
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Results
GWAS of TPMT Protein Expression in the Liver

Expression of TPMT protein was quantified in all 287
patient liver samples using the DIA-TPA method. The range
of absolute TPMT protein expression levels in the human
liver microsomes was between 0.0039-0.1762 pmol/mg
total protein, approximately a 45-fold difference between
the maximum and minimum quantities. Thirty one SNPs, all
located on chromosome 6, passed our genome-wide thresh-
old (P<5.0x 107%) (Fig. 1) (Table II). Further analysis was
conducted conditioning on the strongest signal rs1142345,
which is associated with the TPMT#*3A and TPMT*3C
alleles, and no other independent signal was identified.

Effect of TPMT Polymorphisms on Hepatic TPMT
Protein Expression

Within the dataset, there were 22 liver sample donors
who were heterozygous carriers of one of documented
TPMT alleles, including 18 donors with the TPMT*3A
allele, 3 donors with the TPMT#*3C allele, and 1 donor
with the TPMT*24 allele. Using the Welch two-sample
t-test, there was a significant difference (P=6.7x 107'%)
in the mean expression of TPMT protein between the
wildtype group (n=265) and heterozygous carriers of
TPMT*3A (n=18). The mean expression in the wildtype
group, 0.107 +0.028 pmol/mg total protein, was 1.99-fold
higher than the mean expression in the TPMT*3A group,
0.054 +£0.014 pmol/mg total protein. When combining
TPMT*3A, TPMT*3C, and TPMT#*24 donors into one group
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(n=22), the mean expression was 0.052+0.014 pmol/mg
total protein. The mean expression in the wildtype group was
2.07-fold higher than the mean expression in the TPMT vari-
ant group (P=2.2x 107!, Welch two-sample t-test) (Fig. 2).

TPMT Expression by Ancestry, Age, and Sex

Exploratory analysis for differential expression of TPMT
between demographic groups was conducted by remov-
ing all patients who carried a TPMT polymorphism that
was known to be associated with TPMT expression (e.g.,
TPMT*3A, TPMT*3C, TPMT#*24). This was done to
eliminate the potential confounding effect of those SNPs
on the relationship. Of the 34 liver donors of African
ancestry, two were removed for being heterozygous car-
riers of TPMT*3C, and one was removed for being a het-
erozygous carrier of TPMT*24. Of the 229 liver donors of
European ancestry, 15 were removed for being heterozy-
gous carriers of TPMT*3A, and one was removed for
being a heterozygous carrier of TPMT*3C. After removal
of these donors, the assumed wildtype liver donors of
European ancestry exhibited a significantly higher aver-
age TPMT expression, 0.109 +0.026 pmol/mg total pro-
tein, than those of African ancestry, 0.090 +0.041 pmol/
mg total protein, P=0.020 (Fig. 3). This difference in
expression was maintained when comparing males of
European ancestry versus males of African ancestry,
0.111+£0.027 (n=118) vs. 0.092 + 0.040 (n=21) pmol/
mg total protein, P =0.046. There was not a significant
difference in TPMT expression in females of European
ancestry (n=95) versus females of African ancestry,
0.106 +0.024 (n=95) vs. 0.087 +0.046 (n=10) pmol/
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Fig. 1 Manhattan and QQ plots of the GWAS of TPMT protein expression in human liver microsomes. Manhattan plot (1A, left): The y-axis
represents the unadjusted p value, while the x-axis represents the genomic coordinates of genotyped and imputed SNPs. QQ plot (1B, right)
shows the expected -log,,(P) vs. observed -log,,(P) for the association of a specific genome location with TPMT expression.
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Table Il Chromosomal Locations and rsID numbers of the 31 SNPs
that Passed the GWAS P value Threshold (5 X 107%). Highlighted
SNPs are Assigned for TPMT*3A (rs1142345 and rs1800460) and
TPMT*3C (rs1142345) alleles, and rs1142345 was used for Condi-
tional Analysis. NA: rsID Number is not Available

Chromosomal Location rsID number P value

6:18120554 1s55738521 4.106x 10716
6:18121024 rs10949480 4.106x 10716
6:18121029 rs10949481 4.106x 10716
6:18125603 rs4348322 4.106x 10716
6:18126938 1s115306927 4.106x 10716
6:18128201 1s78631584 4.106x 10716
6:18128481 1575379431 4.106x 10716
6:18130918 rs1142345% 4.106x 10716
6:18132495 1578846846 4.106x 10716
6:18134687 1s574488518 4.106x 10716
6:18135341 1577134359 4.106x 10716
6:18135520 1577339739 4.106x 10716
6:18140563 1576244256 4.106x 10716
6:18144098 NA 4.106x 10710
6:18144521 57775626 4.106x 10716
6:18144905 157760301 4.106x 1071
6:18145733 rs11966998 4.106x 1071
6:18145750 1511967496 4.106x 1071
6:18145891 1511969221 4.106x 1071
6:18145907 rs11964408 4.106x 1071
6:18146411 rs115368110 4.106x 1071
6:18147958 rs17839845 4.106x 1071
6:18148665 1s75221067 4.106x 1071
6:18149105 1s3931660 4.106x 1071
6:18151571 rs145835309 4.106x 1071
6:18152190 1579050301 4.106x 1071
6:18152293 1577032929 4.106x 1071
6:18152540 1576574179 4.106x 1071
6:18152819 rs1444541079 4.106%x 10716
6:18139228 rs1800460* 8.522x 1071
6:18144100 1573724425 1.565x 1071

mg total protein, P=0.219. Additional summary statistics
are found on Supplementary Table 1. Comparison of other
ancestry populations was not possible due to the small
sample size. There was no significant association between
TPMT expression and age.

Discussion

In the present study, we conducted a GWAS to identify
genetic variants associated with TPMT protein expression
in the liver. The study revealed that 31 SNPs were signifi-
cantly associated with differential TPMT expression at
the genome-wide level. Further analysis conditioning on
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rs1142345, a SNP with the lowest P value and associated
with the TPMT#*3A and TPMT#*3C alleles, showed no
additional independent signals. TPMT*3A contains two
nonsynonymous SNPs, rs1142345 and rs1800460, and is
the most common loss-of-function haplotype in our GWAS
dataset. The minor allele frequency of TPMT#*3A in the
Caucasian population is about 5%, [16] which is consistent
with the frequency found in our study. TPMT*3A has been
characterized by causing rapid TPMT protein degradation
by ATP-dependent proteasomes. Tai et al. transfected sev-
eral mutant TMPT alleles into COS-1 cells and showed that
homozygous carriers of TPMT*3A had a 200-fold decrease
in TPMT protein expression in comparison to wildtype
expressors through Western Blot [17]. These findings have
been replicated in COS-1 and COS-7 cell lines, reporting
that TPMT*3A homozygotes had no detectable protein lev-
els and enzyme activity [18, 19]. In our dataset, the aver-
age TPMT protein levels in TPMT*3A heterozygotes was
approximately 50% of that in samples with wildtype TPMT,
indicating that the TPMT*3A polymorphism results in
almost no detectable protein expression in the human liver.

In addition to TPMT#*3A, two other TPMT alleles,
TPMT*3C (rs1142345) and TPMT*24 (rs6921269), were
also identified in the liver samples. TPMT#*3C is a loss-of-
function allele that has a low minor allele frequency in the
Caucasian population, around 0.2%, but is the most preva-
lent TPMT polymorphism in Asian and African popula-
tions at 2.5% - 5% [19-22]. TPMT*24 has a minor allele
frequency of 2% in Africans and African Americans but
is rare in other populations. TPMT#*24 is assigned as an
uncertain function allele by the Clinical Pharmacogenet-
ics Implementation Consortium (CPIC), although an in
vitro study showed that the variant significantly decreased
TMPT activity [23]. One TPMT*24 heterozygote with
African ancestry was identified in our liver samples.
TPMT protein expression in this TPMT#*24 heterozygous
carrier is 0.043 pmol/mg of total protein versus the mean
level of 0.109 +0.026 pmol/mg total protein in wildtype
subjects, suggesting that, similar to TPMT*3A and *3C,
TPMT*24 is also a loss-of-function allele. Of note, there
were only three carriers of TPMT*3C and one carrier of
TPMT#*24 in the study because our samples were primarily
of European ancestry. The average TPMT protein expres-
sion level in the group of TPMT*3A/*3C/*24 carriers was
approximately 50% of the wildtype group.

Differences in TPMT activity and expression between
races are typically attributed to the racial differences in the
minor allele frequencies of TPMT genetic variants. Few
studies have reported a potential difference in TPMT activity
in erythrocytes between racial groups. Mcleod et al. reported
a significantly lower median erythrocyte TPMT activity in
self-reported American black subjects than American white
subjects (14.4 versus 16.8 units/ml packed erythrocytes;
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Fig.2 Comparison of TMPT protein expression in human liver microsomes between wildtype TPMT donors and those with the heterozygous
TPMT *3A, *3C, and *24 genotypes. Histogram (2A) shows the distribution of TPMT expression within the 287 HLM 287 samples. The
wildtype group is represented in red, with the red dotted line representing the mean expression for this population. Alternatively, the blue bars
represent the TPMT*3A/*3C/*24 heterozygous carriers, with the blue dotted line representing the mean expression for this population. The box-
plots (2B) visually compare TPMT protein expression between the TPMT*3A/*3C/*24 heterozygous group and the wildtype group. **P <0.01.

P <0.001) [24]. Genetic data was unavailable for this study,
but the distribution of participants into normal, intermedi-
ate, and poor TPMT activity was similar between the racial
groups. Cooper et al. reported that Afro-Caribbean patients
had a significantly lower median erythrocyte TPMT activity
in comparison to Caucasian and South Asian populations
[25]. Similarly, this study did not include genetics analy-
sis but rather used self-reported race. Our study is the first
to report a difference in TPMT expression in human liv-
ers between European and African ancestry while account-
ing for TPMT polymorphisms associated with TPMT

Fig.3 Comparison of TPMT

protein expression in human

liver microsomes between

African and European ancestry.

Samples carrying TPMT*3A,

TPMT*3C, or TPMT*24 were

excluded from the analysis. 0.15-
*P<0.05.

expression. We found that the average expression of TPMT
protein in wildtype samples from European ancestry donors
was 1.2-fold of that in wildtype samples from African ances-
try donors. This relationship was maintained when compar-
ing male African and European ancestry donors. The racial
difference was not statistically significant in female donors,
although the average expression for female European ances-
try donors was 1.2-fold that of the female African donors.
We expect that with a larger sample size, similar to that of
the male donors, the difference in TPMT expression would
be statistically significant. Since the TPMT polymorphisms

* p=0.020

0.10-

TPMT (pmol/mg total protein)

0.05-
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known to affect TPMT expression have been removed from
the two populations prior to the analysis, it is likely that this
difference is due to environmental factors or rare genetic pol-
ymorphisms that are not part of the whole genome genotyp-
ing panel. Of note, physiologically based pharmacokinetic
(PBPK) models have been developed to simulate the concen-
trations of thiopurines and their metabolites in plasma and
tissue based on data from Caucasian populations [26]. Our
racial-specific TPMT protein expression data can be used to
modify existing PBPK models and more accurately simulate
the pharmacokinetics of thiopurines and their metabolites in
patients of African ancestry.

A potential limitation of this study is that we did not
measure TPMT activity in the liver and, thus, were unable
to match the activity data with TPMT expression, genotypes,
sex, and age. However, previous studies have shown a strong
correlation between hepatic TPMT activity and protein
expression and a strong correlation between TPMT activity
in erythrocytes and its expression in erythrocyte lysates [10,
17]. Notably, our study showed that some wildtype donors
had lower TPMT expression than the TPMT*3A carriers,
suggesting that hepatic TPMT expression can also be regu-
lated by other factors in addition to the TPMT*3A allele.
Future studies are warranted to determine the genetic and
non-genetic factors regulating hepatic TPMT expression in
subjects with the wildtype TPMT genotype. Furthermore,
future GWAS focusing on other ethnic populations (e.g.,
African) where TPMT*3A is not the most prevalent loss-
of-function allele may identify other genetic polymorphisms
affecting TPMT expression within the liver.

Conclusion

For the first time, we quantified absolute TPMT protein
expression in the liver using a DIA-TPA approach and
conducted a GWAS to identify genetic variants associated
with hepatic TPMT protein expression levels. The analysis
identified 31 SNPs that were significantly associated with
hepatic TPMT protein expression at the genome-wide level.
Further analysis conditioning on rs1142345, a SNP associ-
ated with the TPMT#*3A and *3C haplotypes, did not reveal
additional independent signals. Expression of TPMT protein
in wildtype donors was 2.07-fold higher than expression in
the group of TPMT*3A, TPMT*3C, and TPMT*24 het-
erozygous carriers. Additionally, liver samples from Euro-
pean ancestry donors had a 1.2-fold higher expression of
TPMT protein than the liver samples from African ancestry
donors after the exclusion of samples carrying known TPMT
variants.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11095-023-03558-1.
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