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Analyzing the potential for incorrect
haplotype calls with different
pharmacogenomic assays in different
populations: a simulation based on 1000
Genomes data

Aim: Many currently available pharmacogenomic assays and algorithms interrogate a
set of ‘tag’ polymorphisms for inferring haplotypes. We wanted to test the accuracy
of such haplotype inferences across different populations. Materials & methods:
We simulated haplotype inferences made by existing pharmacogenomic assays for
seven important pharmacogenes based on full genome data of 2504 persons in
the 1000 Genomes dataset. Results: A sizable fraction of samples did not match
any of the haplotypes in the star allele nomenclature systems. We found no clear
population bias in the accuracy of results of simulated assays. Conclusion: Haplotype
nomenclatures and inference algorithms need to be improved to adequately capture

pharmacogenomic diversity in human populations.
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e pharmacogenomics

Pharmacogenomics can potentially improve
the safety and effectiveness of medications
in individual patients [1-3]. While data from
functional and association studies can be
compelling, large-scale trials on representative
patient populations have not been published
for all pharmacogenomic tests, and in some
cases studies have found conflicting results.
For example, the results of a randomized con-
trolled trial on utilizing pharmacogenomic
data for optimizing warfarin dosing recently
published by Kimmel ¢z /. [4] indicated that
the incorporation of pharmacogenomic data
worsened, rather than improved, treatment
outcomes for the subgroup of patients self-
identifying as ‘black’. These findings are
contrasted by another recent study reporting
positive effects of genotype-based warfarin
dosing in a cohort of European patients [1].
The authors of this study reported that the
vast majority of participants were of ‘white
European ethnic origin’.

Many currently available genetic tests, as
well as algorithms for inferring haplotypes
and subsequent treatment recommendations,
interrogate genetic variants that ‘tag’ haplo-

types, in other words, the data they generate
only offer a constrained view on a defined
set of polymorphisms that are tested. Due to
population-specific allele frequency, it is pos-
sible that some tests might perform very well
for some populations but poorly in popula-
tions that have significant genetic variability
outside these constrained views.

In this study we analyzed how the design
of different pharmacogenomic assays could
affect the haplotypes called by those assays,
and whether some populations were more
prone to be affected by potential errors in
haplotype calls than other populations. To
this end, we analyzed the 1000 Genomes
Phase 3 dataset, which contains full genome
data of 2504 persons from diverse popula-
tions [s]. We simulated the inferences that
would be made on these data using dif-
ferent constrained views that were derived
from existing pharmacogenomic assays, and
compared the results of the haplotype calls
among different constrained views and dif-
ferent populations. At the outset of our study,
we hypothesized that assays that test a larger
number of polymorphisms would yield more
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accurate results than assays that test a smaller num-
ber of polymorphisms. We also hypothesized that we
may observe a difference in the accuracy of haplotype
calls among populations due to differences in allele fre-
quency among populations and representation of dif-
ferent populations in the definition of the haplotype
tables.

Materials & methods

Gene selection & haplotype definitions

We included genes for which clinical pharmacoge-
nomic guidelines backed by good evidence were avail-
able [3.6], and for which haplotype definitions had
been published. The following genes were included
in our final analysis: CYP2C19, CYP2C9, CYP3A5,
DPYD, SLCO1B1, TPMT and VKORCI. We excluded
CYP2DG6 from our final analysis because of uncertain-
ties about the effects of copy-number variations on
the data reported in the 1000 Genomes datasets and
concerns about the accuracy of haplotype assignment
based on data from that gene.

Haplotype definitions were downloaded from the
Pharmacogenomics Knowledge Base (PharmGKB) [7]
in February 2014 and subjected to additional manual
curation and automated mapping to achieve a consis-
tent representation across all genes. The resulting hap-
lotype definitions contained all 163 polymorphisms
in the PharmGKB tables of the selected genes that
could be mapped to dbSNP reference SNP identifiers
and that were validated by the 1000 Genomes proj-
ect, as well as an unfiltered list of 295 haplotypes of
the selected genes described in the PharmGKB tables.
We refer to these definitions as the FULL view, as they
were not constrained by the limitations of any particu-
lar assay and acted as a gold standard for judging the
performance of the other constrained views.

Assay selection & constrained haplotype
definitions

We selected four pharmacogenomic assays which test for
a broad panel of important pharmacogenes and which
were previously used in pilot projects geared toward the
implementation of clinical pharmacogenomic testing:

e Affymetrix DMET™ Plus assay [s];
¢ llumina VeraCode® ADME Core Panel [9];
e TagMan® OpenArray® PGx Panel [10];

e University of Florida and Stanford University
Personalized Medicine Program Custom Array [11].

Since each platform interrogates a different sub-
set of variant sites, we created several different con-
strained views for each gene, based on the polymor-

phisms tested by these assays and the haplotypes that
are claimed to be covered by the assay in its docu-
mentation. The concept of constrained views and its
implications are illustrated in Figure 1 and described in
more detail below. We created four constrained views
for our analysis: DMET (derived from the Affymetrix
DMET™ Plus assay), VERA (Illumina VeraCode®
ADME Core Panel), TAQM (TagMan® OpenAr-
ray® PGx Panel) and FLOR (University of Florida and
Stanford University Personalized Medicine Program
Custom Array).

Genetic dataset

We retrieved 1000 Genomes data by downloading VCF
files covering polymorphisms for the selected pharma-
cogenes from all patients in the dataset through the
Genome Browser web interface [12].

Haplotype analysis

We automatically processed the 1000 Genomes dataset
by inferring matching haplotypes based on the 7AQM,
VERA, DMET, FLOR and FULL views. A haplotype
from one of these views was assigned if all the SNPs
available in a view matched all the SNPs in the 1000
Genomes sample (as illustrated in Figure 1). If using
the TAQM, VERA, DMET or FLOR view would lead
to calling a haplotype that was not called when using
the gold standard (i.e., the FULL view), this was an
indicator that the haplotype might be inferred in error
because additional constraints imposed by the assay
led to loss of relevant genetic data. In this paper, we
refer to such cases as ‘problematic’ haplotype calls.
Figure 2 provides an outline of the processing steps for
individual samples.

Examples of problematic and nonproblematic haplo-
type calls based on a constrained view are provided at
the bottom of Figure 1. Example 1 in Figure 1 leads to
the inference of a nonproblematic *2 call, because both
the constrained view and the full haplotype definition
table lead to a *2 call. In example 2, the constrained
view leads to a no-call (i.e., no haplotype in the assay’s
constrained view matches the available data), while the
FULL view would lead to a *5 call. Example 3 leads to
a problematic *2 call, because the FULL view would
lead to a *4 call instead. Finally, example 4 leads to
a problematic *3 call, because the FULL view would
lead to a no-call instead. The possible outcomes of the
analysis, comparing gold-standard results (FULL view)
and the results of other constrained views of assays,
are further outlined in Table 1. Based on the inferred
haplotypes, we calculated statistics on nonproblematic
calls, problematic calls and ‘no calls’ for all possible
combinations of constrained views, genes and 1000
Genomes populations.
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Incorrect haplotype calls with different pharmacogenomic assays in different populations

Polymorphism constraint

rsi rs2 rs3 rs4
GENE*1 A A A A
Haplotype
constraint GENE*2 C A A A
GENE*3 A c A A
GENE*4 C A A C
GENE*5 A c c c
Example 1 — nonproblematic *2 call C A A A
Example 2 — no-call A C C C
Example 3 — problematic *2 call c A A c
Example 4 — problematic *3 call A C A C

Figure 1. lllustration of the concept of ‘constrained views’ based on restricted sets of polymorphisms and
haplotypes (top); examples of haplotype calls produced by the constrained view (bottom). The constrained
view only takes the highlighted variants into account for haplotype calling, excluding other polymorphisms and
haplotypes in the full haplotype definition table. In this example, the assay tests three (rs1, rs2 and rs3) of the
four variant sites and reports three (GENE*1, GENE*2 and GENE*3) of the five defined haplotypes. Therefore,
while the hypothetical dataset contains results for all four variant sites (examples 1-4 at bottom), only three of
them are used in haplotype assignment. In example 1, the assigned haplotype (GENE*2) is correct. A haplotype
cannot be assigned for example 2 because the genotype patterns at rs1, rs2 and rs3 do not match any of the
reported haplotype alleles (*1-*3). The assigned haplotypes for examples 3 and 4 are incorrect due to the assay’s
constrained view regarding variant sites and/or defined haplotypes, and they are therefore categorized as
‘problematic calls’. Problematic calls are those in which a constrained view leads to calling a haplotype that is not

called with the FULL view.

Code availability

The curated resources, the IPython notebook for
conducting the processing described above and
detailed results were made publicly available on the
web at [13].

Results

Our analysis included data from all 2504 samples in
the 1000 Genomes final release, so 2504 * 2 = 5008
gene copies were included. The data included samples
from persons of African ancestry (AFR, 1322 gene cop-
ies), American ancestry (694 gene copies), south Asian
ancestry (978 gene copies), European ancestry (EUR,
1006 gene copies) and east Asian ancestry (ASN, 1008
gene copies).

A sizable fraction of polymorphisms used in the
definition of rare haplotypes were not observed in the
1000 Genomes samples (Table 2). On the other hand,
the total number of polymorphisms observed in the

1000 Genome samples far exceeded the number of
polymorphisms in haplotype definitions.

Basic statistics on the polymorphisms and haplo-
types included in the constrained views derived from
assays are listed in Table 3; overlaps in the polymor-
phisms covered by different constrained views are
displayed in Figure 3. It is noteworthy that for each
constrained view the number of polymorphisms con-
sidered is smaller than the number of haplotypes con-
sidered. There are two reasons for this: first, some of
the haplotypes are defined not only through a single
tagging polymorphism, but through distinct combi-
nations of several polymorphisms that differ from the
reference haplotype, allowing for a greater number of
haplotypes being defined through a smaller number
of polymorphisms. Second, some of the haplotypes
formed sets that were mutually indistinguishable in
some of the views because one or more variant sites that
distinguish between the haplotypes were not interro-
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Genetic data from a sample in the
1000 Genomes data set
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Haplotype calling with
platform-specific definition
table
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Haplotype calling with
FULL definition table
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Figure 2. Flow diagram outlining data processing of
individual samples from the 1000 Genomes dataset.

gated by the assay. For example, a specific view might
be able to infer that *3A or *3B are present, without
being able to distinguish between these haplotypes.

Figure 4 shows the fractions of samples with prob-
lematic calls and ‘no calls’ for all possible combinations
of constrained views, genes and populations, as well
as averaged data across all genes (detailed numerical
results are available in Supplementary Material). Our
analysis led to several unanticipated results.

We observed that the FULL view, which is based on
the maximum of information in the haplotype defini-
tion tables, resulted in a large fraction of no-calls for
some of the genes, in other words, none of the known
haplotypes in the allele definition tables matched the
patient data. This observation was especially striking
for CYP2C19, SLCOIBI and TPMT. For CYP2CI9
and TPMT, the fraction of no-calls was highest for the
AFR populations (74.6 and 72.6%, respectively). Sur-
prisingly, however, the AFR population had the lowest
fraction of no-calls with the FULL view for SLCOI1BI
(19.9%), while the EUR population had the largest
fraction of no-calls for this gene (76.7%), suggesting
that the haplotype tables for these genes do not con-
tain alleles that are common in those respective popu-

lations. We observed that the reason for many no-calls
was the combination of nonreference sequence nucleo-
tides at three or more variant sites that did not match
any haplotype in the definition table. Examples are the
combination of rs17885098:T and rs3758581:G with
one or more additional variant(s) in CYP2C19, and the
combination of rs12529220:A and rs2518463:G with
one or more additional variant(s) in 7PMT.

For those genes that resulted in large fractions of no-
calls for the FULL view, we observed a large fraction
of problematic calls in the constrained views derived
from pharmacogenomic assays, in other words, these
views did not utilize some of the genetic data and
inferred haplotypes that are likely to be incorrect
(i.e., problematic calls). The fractions of the samples
with problematic calls were >49% for CYP2CI9,
TPMT and SLCOIBI across all populations with the
FLOR, TAQM and VERA views, reaching up to 100%
for CYP2CI9. In general, the DMET view interro-
gated more sites than the other assays, which tended
to decrease the fractions of problematic calls compared
with the other assay-derived views and increased the
fractions of no-calls.

For the DPYD gene, the constrained views derived
from assays made erroneous *1 calls with high fre-
quency, while the FULL view resulted in other
haplotype calls, but few no-calls.

The views derived from pharmacogenomic assays
differed significantly in the number of polymorphisms
they considered, ranging from 25 polymorphisms
(FLOR) to 85 polymorphisms (DMET). Overall,
assays with more highly constrained views (e.g., smaller
numbers of polymorphisms) generated fewer nonprob-
lematic calls than assays that interrogated more poly-
morphic sites. This difference in result quality was
especially marked for DPYD and SLCOIBI, with the
lowest number of nonproblematic calls observed for
SLCOIBI and the ASN population in the assay with
the fewest interrogated sites (0% of samples resulted in
nonproblematic calls with the FLOR view).

The fractions of problematic calls and no-calls for
different populations differed considerably for each

Table 1. Overview of possible discrepancies between gold-standard results and the results of other

constrained views of assays.

Call

Gold-standard
haplotype result (based
on FULL view)

Call

No-call

interrogates only some genetic loci

Assay-specific haplotype result

If haplotype called by assay is also called by gold
standard: ‘'nonproblematic call’. If haplotype called by assay coverage of assay
is not also called by gold standard: ‘problematic call’

'Problematic call’ because sample does not match any
defined haplotype, but platform calls haplotype because it coverage of both assay and

No-call

No-call due to lack of

No-call due to lack of

haplotype definition table
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Table 2. Statistics on differences between numbers of polymorphisms in haplotype definitions

versus number of polymorphisms in the 1000 Genomes Phase 3 dataset.

Gene SNPs in haplotype SNPs from haplotype definition not Total SNPs in 1000 Genomes
definition found in 1000 Genomes dataset dataset (in exons/in entire gene)

CYP2C9 24 9 50/1561

CYP2C19 42 8 71/9188

CYP3A5 14 7 321/6515

DPYD 14 7 83/21007

SLCO1B1 27 13 2711661

TPMT 32 17 30/422

VKORC1 5 0 63/397

gene, but there were no clear patterns in direction or
magnitude for a given population. For example, in
terms of nonproblematic calls of assay-derived con-
strained views, while the AFR population had the
worst results among all populations for 7PM7T, the
EUR population had the worst results for CYP345 and
SLCOIBI, and the AMR population had the worst
results for DPYD. Averaged overall genes considered
in our analysis, the EUR population had the lowest
proportion of correct haplotype calls (72.7% of sam-
ples resulted in nonproblematic calls), while the ASN
population had the highest proportion of correct calls
(82.2% of samples resulting in nonproblematic calls).

We conducted an informal comparison of haplo-
type frequencies reported with our methodology for
the 1000 Genomes samples with several published
haplotype frequency datasets that are not based on the
1000 Genomes data (e.g., the Clinical Pharmacogenet-
ics Implementation Consortium (6] provides averaged
haplotype frequency data derived from multiple differ-
ent studies for all of the genes included in our analy-
sis). Since most of these studies are quite old, a large
number of recently discovered haplotypes included
in our script are not yet represented in the published
frequency tables. In cases where comparisons were
possible, we did not find any unexpected discrepan-
cies between the allele frequencies we observed in the
1000 Genomes data and those that were published

previously. Tables summarizing these comparisons are
included in the Supplementary Material.

The Supplementary Material contains statistics on
inferred calls by gene and population. Further result
statistics as well as detailed information on inferences
made for each individual sample are publicly available
on the web at [13].

Discussion

We anticipated that different platforms interrogated
different subsets of known variant sites. The purpose
of this work was to determine the effect of site selec-
tion in clinical pharmacogenomics platforms on the
resulting (simulated) haplotype calls. The main objec-
tive of our study was not to prove the existence of this
expected effect, but to analyze the magnitude of the
effect.

We found that a sizable fraction of the genomes
in the 1000 Genomes dataset could not be assigned
a haplotype using the existing haplotype tables. This
was not unexpected, as whole genome sequence data
will identify more variants than those that are pres-
ent on array-based genotyping platforms, and the
additional data will complicate haplotype assign-
ment. However, the magnitude of this problem was
not expected at the outset of this study. These results
resonate with recent, preliminary results of another
study based on next-generation sequencing that indi-

Table 3. Basic statistics on the ‘constrained views’ used in the analysis.

Constrained view

FULL 163
DMET 85
VERA 46
TAQM 44
FLOR 25

in the associated web repository.

Polymorphisms considered

Only polymorphisms and haplotypes for the genes selected for this study were included in the analysis. Detailed data per gene are contained

Haplotypes considered
295

123

60

57

34
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Figure 3. Venn diagram displaying the numbers and overlaps of polymorphisms covered by constrained views derived from four
pharmacogenomic assays. Numbers of polymorphisms not covered by any assay-derived constrained view but covered by haplotype
definition tables are shown on the lower right of each panel. See text for details.

cates the presence of significant numbers of previously
unknown polymorphisms in pharmacogenes [14].

In genes where a large fraction of samples did not fit
any of the defined haplotypes, using a larger number
of polymorphisms for haplotype calling resulted in a
smaller fraction of erroneous haplotype assignments,
in other words, interrogating more sites increased
the number of no-calls and decreased the number
of problematic calls. This confirmed our hypothesis
that assays interrogating a larger number of polymor-
phisms might result in fewer errant haplotype calls.
It follows that haplotype assignments based on com-
plete genotype data and haplotype definitions will be
more accurate than those that rely on tag SNPs and
an assumption of high linkage disequilibrium between
interrogated and noninterrogated (or imputed) sites.
In this regard, the results of our study add to current
knowledge by quantifying the magnitude of this effect
and comparing it between different simulated assays.

We hypothesized that we may observe a difference
in the accuracy of haplotype calls among populations
due to differences in allele frequencies among popula-
tions and the relative representation of different popula-
tions in the definition of the haplotype tables. While the
accuracy of haplotype assignment varied widely within
and between populations among the seven genes in this
study, there were no obvious patterns to these deviations.

Our findings demonstrate that different platforms
can produce the same haplotype calls while interro-
gating different sites. Furthermore, haplotype naming
schemes, such as the star allele system widely used in
pharmacogenetics, do not specify which site(s) were
interrogated (which vary by platform), do not include
all observed haplotypes (which vary by population),
assert genotype results for sites that were specified in
the definition table but were not interrogated, and are
‘lossy’ because genotype information is lost for sites
that were interrogated but were not specified in the
definition table. Therefore, we suggest that genetic
test results should not be reported as named haplo-
types (star alleles) without a clear accompanying
statement that includes a list of interrogated sites, the
genotype at each interrogated site and an explanation
of the haplotype calling algorithm.

The potential impact of the shortcomings of report-
ing genetic variation as named haplotypes, which
include star allele nomenclatures, requires further
scrutiny both in academic research and in clinical sce-
narios. In particular, there is widespread ambiguity as
to whether a named haplotype is a statement about the
presence of one or more defining SNP(s) with func-
tional consequences independent of variability at other
sites, or a whether it is a statement about the entire
genetic sequence of the gene. The former interpreta-
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tion seems to be used — at least implicitly — by manu-
facturers of pharmacogenomic assays that advertise
assays as testing for a specific set of star alleles, while
in fact only a one or two SNPs per gene are being
tested (e.g., [15]). It is also noteworthy that the current
inclusion criteria of the Human Cytochrome P450
(CYP) Allele Nomenclature database states that ‘So-
called sub-alleles containing additional nonfunctional
variations in addition to the functional ones described
(e.g., CYP2D6*10B) will no longer be designated’ [16].
On the other hand, comprehensive haplotype transla-
tion tables (e.g., as found in PharmGKB) seem to rest
on the assumption that nondefining SNPs in haplo-
types default to a reference sequence. This ambiguity
can impact the interpretation of genetic test results and
complicate retrospective analyses.

Limitations
This study has several limitations. Most importantly,
the results generated by constrained views derived
from genetic assays are rough approximations of the
actual results that these assays would report based on
the sites they interrogate and the named haplotypes
they return, since we do not have access to the precise
haplotype calling algorithms used by each platform.
The aim of this study is to provide insight into how
different constrained views on genetic data can affect
haplotype calls across populations, not to evaluate the
performance of the actual genetic assays. Therefore,
we urge readers not to draw conclusions about the
accuracy of actual assays based on the results of these
simulations without considering these limitations.
This study focused solely on polymorphisms that
could be mapped to dbSNP identifiers and which were
confirmed by the 1000 Genomes project. The full 1000
Genomes data for the pharmacogenes we analyzed
contained hundreds of polymorphisms not covered by
existing haplotype definitions (haplotype constraint),
and which are not interrogated by most genotyping-
based assays (polymorphism constraint). For some
genes with high rates of no-calls in constrained views
derived from assays, the results might actually point
to shortcomings in haplotype definitions, rather than

errors caused by constrained views. The current system
of star nomenclatures, which focuses on defining hap-
lotypes through tag SNPs rather than full sequences,
might increase the occurrence of such errors. A mod-
ernized system for identifying, defining and sharing
haplotype definitions that makes better use of next
generation sequencing and information technolo-
gies is needed to reduce the likelihood of errors and
ambiguities due to incomplete allele definition tables.

Finally, an analysis of the phenotypic effects of hap-
lotype calls was not in the scope of this research. It is
likely that a portion of problematic haplotype calls iden-
tified in this study might be assigned functional pheno-
types that are similar to the phenotypes of the correct
haplotypes, but the rate and clinical consequence of this
occurrence remains to be determined.

Conclusion
Current haplotype definitions, including star allele
nomenclature systems, are incomplete relative to the
actual genetic data in the 1000 Genomes dataset for a
large fraction of samples. In addition, constraints on the
number of polymorphisms available for haplotype call-
ing by pharmacogenomic assays led to erroneous assign-
ment of haplotypes across all populations studied. Taken
together, these constraints can significantly impact the
accuracy of haplotype calls in clinical sequencing data.
The potential significance of these findings for drug-
response phenotypes and clinical outcomes needs to be
evaluated in follow-up studies.

Supplementary data

To view the supplementary data that accompany this paper,
please visit the journal website at: www.futuremedicine.com/
doi/full/10.2217/PGS.15.108
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Executive summary

e Asizable fraction of samples in the 1000 Genomes database did not match any of the haplotypes defined in
the star allele nomenclature systems of important pharmacogenes.

e Simulated assays interrogating smaller numbers of polymorphisms produced larger numbers of potentially
incorrect results when calling pharmacogenomic haplotypes.

e While the number of potentially incorrect results for different populations varied drastically for each gene, we
found no clear population bias across all investigated genes.

e Our findings indicate that haplotype definitions, nomenclatures and inference algorithms need to be
improved to adequately capture pharmacogenomic diversity in human populations.

* The significance of these findings for clinical research and practice needs to be evaluated in follow-up studies.
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