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Abstract

Background: Glucose-6-phosphate dehydrogenase (G6PD) deficiency is a common X-linked enzyme disorder associated with
hemolytic anemia after exposure to certain medications or foods. Activity testing is the gold standard for detecting G6PD
deficiency; however, this test is affected by various hematologic parameters. Clinical G6PD genotyping is included in pharma-
cogenetic arrays and clinical sequencing and may be reconciled with activity results. Methods: Patients (n=1,391) enrolled on
an institutional pharmacogenetic testing protocol underwent clinical G6PD genotyping for 164 G6PD variants. For the 446
patients with G6PD activity results, algorithms were designed to assign G6PD status, accounting for known interferences with
the activity assay and for G6PD genotype results. We developed clinical decision support alerts to inform prescribers when
high-risk medications were prescribed, warning of gene-drug interactions and recommending therapy alteration. Results: Of
1,391 patients with genotype, 1,334 (95.9%) patients were predicted to have normal G6PD activity, 30 (2.1%) were predicted
to have variable G6PD activity, and 27 (2%) were predicted to have deficient G6PD activity. Of the 417 patients with a normal
genotype and an activity result, 415 (99.5%) had a concordant normal G6PD phenotype. Of the 21 patients with a deficient
genotype and an activity result, 18 (85.7%) had a concordant deficient activity result. Genotyping reassigned phenotype in 5
patients with discordant genotype and activity results: 3 switched from normal to deficient, and 2 switched from deficient to
normal. Conclusion: G6PD activity and genotyping are two independent testing methods which can be used in conjunction to

assign a more informed G6PD phenotype.
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Abstract

Background : Glucose-6-phosphate dehydrogenase (G6PD) deficiency is a common X-linked enzyme dis-
order associated with hemolytic anemia after exposure to certain medications or foods. Activity testing
is the gold standard for detecting G6PD deficiency; however, this test is affected by various hematologic
parameters. Clinical G6PDgenotyping is included in pharmacogenetic arrays and clinical sequencing and
may be reconciled with activity results.

Methods : Patients (n=1,391) enrolled on an institutional pharmacogenetic testing protocol underwent
clinical G6PDgenotyping for 164 G6PD variants. For the 446 patients with G6PD activity results, algo-
rithms were designed to assign G6PD status, accounting for known interferences with the activity assay and
for G6PD genotype results. We developed clinical decision support alerts to inform prescribers when high-risk
medications were prescribed, warning of gene-drug interactions and recommending therapy alteration.

Results : Of 1,391 patients with genotype, 1,334 (95.9%) patients were predicted to have normal G6PD
activity, 30 (2.1%) were predicted to have variable G6PD activity, and 27 (2%) were predicted to have
deficient G6PD activity. Of the 417 patients with a normal genotype and an activity result, 415 (99.5%) had
a concordant normal G6PD phenotype. Of the 21 patients with a deficient genotype and an activity result,
18 (85.7%) had a concordant deficient activity result. Genotyping reassigned phenotype in 5 patients with
discordant genotype and activity results: 3 switched from normal to deficient, and 2 switched from deficient
to normal.

Conclusion : G6PD activity and genotyping are two independent testing methods which can be used in
conjunction to assign a more informed G6PD phenotype than either method alone.

1. Introduction Glucose-6-phosphate-dehydrogenase (G6PD) deficiency is one of the most common en-
zyme disorders, affecting as much as 5% of the world’s population.! The G6PD gene is located on the X
chromosome; therefore, males inherit one G6PD allele and females inherit two G6PD alleles. The popu-
lation frequency of G6PD deficiency varies by gender and race, affecting males more than females. It is
more prevalent among individuals of African, South-East Asian, and Mediterranean descent.? G6PD reduces



nicotinamide adenine dinucleotide phosphate (NADPH) and is the sole defense mechanism of red blood cells
(RBC) against oxidative stress. People who are G6PD deficient are particularly susceptible to hemolytic
events during infections or after exposure to certain foods and medications,® such as rasburicase.* Identifica-
tion of patients with G6PD deficiency can be achieved by two different methods: G6PD activity testing and
G6PD genotyping.® The current gold standard for assigning G6PD phenotype is by activity; however, this
test is not without limitations.® G6PD activity test results are affected by various hematologic parameters
which require an assessment for interfering factors before interpretation. Four known interferences include:
1) critically low hemoglobin, 2) recent RBC transfusion, 3) elevated reticulocyte count, and 4) elevated white
blood cell (WBC) count.”™® Thus, for many groups of patients (those with cancer, anemia, infections), G6PD
activity test results may not be reliable. The gene coding for G6PD is highly polymorphic, with over 200
known variant alleles;'® however, the A-(202A_376G) variant accounts for the vast majority of low function
alleles in African American populations.>!! With growing use of clinical whole exome and whole genome
sequencing, as well as pharmacogenetic arrays, G6PD genotype results will be increasingly available for pa-
tients. In cases where G6PD activity test results have also been generated, it is necessary to reconcile G6PD
genotyping with any measured phenotypes. We herein describe how two laboratory tests (G6PD genotyping
and G6PD activity) can be used in combination to assign G6PD phenotype. We also describe algorithms to
assess for possible interferences with the G6PD activity test and to incorporate genotype to assign a more
informed G6PD phenotype, especially in those with abnormal hematologic parameters, thereby properly
guiding medication selection and improving patient safety.

2. Methods
2.1 G6PD phenotype assigned based on activity

G6PD activity testing was performed as an in-house clinical laboratory test with a same day turnaround for
a subset of patients who underwent G6PD genotyping. G6PD enzyme activity was measured in erythrocytes
using a quantitative spectrophotometric assay,'?!3 and tests were ordered as part of clinical screening,
generally for those in whom rasburicase might be needed (e.g. newly diagnosed leukemia patients) or for those
with anemia. Whole blood samples were collected in EDTA-containing tubes. Because a high WBC count
may result in an artefactually elevated G6PD activity result, samples with a WBC count greater than 100 x
103cells/mm?® had the buffy coat removed prior to assaying to minimize the potential for interference from
G6PD content contributed by WBCs. Samples were prepared with Lyse reagent and assayed immediately
on a Cobas®) 6000 c501 analyzer.

A result below the lower limit of normal (<6.3 units/g Hgb for the St. Jude analytical assay) was in the
deficient range and a problem list entry of G6PD deficiency was placed into the electronic health record
(EHR); other results were considered normal. Because the G6PD activity test can be affected by hematologic
parameters, G6PD activity results were assessed for interferences prior to phenotype assignment as shown
in Figure 1. Provisional deficient activity was assigned when a G6PD activity result was in the deficient
range but in the setting of a critically low hemoglobin (<7 g/dL at St. Jude). Provisional normal activity
was assigned when a G6PD activity result was in the normal range but in the setting of an RBC transfusion
within the past 60 days,'* elevated reticulocyte count (>0.085 x 10° cells/mm?3at St. Jude),® or WBC
count greater than 100 x 103 cells/mm? and the buffy coat-free procedure was not used. Follow-up testing
was recommended when a provisional phenotype was assigned (Fig. 1). Follow-up testing included G6PD
genotype or a repeat activity test when known interferences were no longer present.

2.2 G6PD phenotype assigned based on genotype

GO6PD genotyping was performed for patients enrolled on our preemptive pharmacogenetic testing protocol
(PG4KDS-www.stjude.org/pgdkds)®from September 2017 to June 2020. The primary objective of PG4KDS
is to preemptively genotype all eligible patients receiving treatment for active disease at St. Jude Children’s
Research Hospital to guide medication prescribing. Genotyping was performed using the PharmacoScan™
assay (Thermo Fisher Scientific, Waltham, MA) which interrogates 164 G6PD variants, including the A-
(202A_376G) variant.



Phenotype assignment from genotype differed for male and female patients'® and was consistent with the
phenotype assignment outlined in the Clinical Pharmacogenetics Implementation Consortium (CPIC®))
guideline for rasburicase and G6PD. > G6PD alleles were categorized using the World Health Organization
(WHO) classification method according to enzyme activity'” with class I, IT, and III alleles (e.g., A-(202A -
376G), A-(968C_376G), Asahi, and Kalyan- Kerala variants) consistent with deficient G6PD enzyme activity
and class IV alleles (e.g., A’ and Mira d’Aire variants and the wildtype B allele) consistent with normal
G6PD enzyme activity. Males with one deficient G6PD allele (class I-III) and females with two deficient
alleles were assigned a G6PD deficient phenotype. Heterozygous females, with one deficient allele (class I-
IIT) and one normal allele (class IV), were assigned a variable G6PD phenotype. Patients with only normal
alleles (class IV) were assigned a normal G6PD phenotype.® G6PD phenotype was assigned from genotype
alone for patients who did not have a G6PD activity result available in the medical record; however, for
females with a predicted variable phenotype, a recommendation was made to obtain an activity test before
a high-risk medication was prescribed (Fig. 2).

2.3 G6PD phenotype based on genotype and activity

The procedures used for assigning G6PD phenotype based on genotype and clinical activity test are illustrated
in Figure 2. For those with normal or deficient genotype, if an activity measure was present, their concordance
was assessed. The results were considered concordant if the activity result was in the expected range predicted
by genotype (i.e. [?] 6.3 units/g Hgb for patients with a normal genotype and <6.3 units/g Hgb for patients
with a deficient genotype); others were considered discordant. In patients with a normal or deficient genotype
we estimated the sensitivity when using the patient’s activity result to predict G6PD phenotype.

Normal G6PD phenotype assignment Patients with no observed deficient alleles by genotype and either a
normal activity, provisional normal activity, or provisional deficient activity result were assigned a normal
G6PD phenotype (Fig. 2). Deficient GEGPD phenotype assignment Patients with a deficient G6PD genotype,
regardless of activity, were assigned a G6PD deficiency phenotype. In addition, patients with no observed
deficient alleles by genotype but deficient by activity were assigned a G6PD deficiency phenotype, due to
the possibility that the patient may have had a deficient G6PD allele not interrogated on the genotyping
assay. All patients assigned a deficient phenotype had a G6PD deficiency problem list entry added to
their electronic health record. Variable G6PD phenotype assignment Due to X chromosome inactivation,
heterozygous females may exhibit G6PD activity ranging from normal to deficient, and G6PD activity may
change throughout their lifetime;'34 for this reason, genotype alone cannot predict G6PD phenotype and
heterozygous females are assigned variable phenotype status, and a G6PD activity test was recommended®
if a result was not already present in the EHR. Even those with activity results were assigned a provisional
phenotype based on activity, to reflect the potential for a change in G6PD activity and phenotype in the
future (Fig. 2). Patients assigned a provisional deficient phenotype had a G6PD deficiency problem list
entry added to their electronic health record.

2.4 Clinical Decision Support Alerts

Clinical decision support (CDS) alerts were based on the presence of G6PD deficiency in the problem list or
on the absence of a G6PD activity test result coupled with prescribing a high-risk G6PD medication.!?-2!
A comprehensive list of medications contraindicated in patients with G6PD deficiency lacks universal con-
sensus and remains controversial. This led to the development of an institution-specific two-tiered list of
high-risk medications to avoid or to use with caution in patients with G6PD deficiency. This list was orig-
inally approved by our institution’s Pharmacogenetics Oversight Committee, Antimicrobial Utilization and
Improvement Committee, and Pharmacy and Therapeutics Committee in 2014 and continues to be updated
based on evidence in the literature. Medications likely to cause hemolytic anemia were categorized to avoid
in G6PD deficiency, whereas medications that may cause hemolytic anemia were categorized to use with
caution in patients with G6PD deficiency. The complete list of medications that constituted the avoid and
caution lists are detailed in Supplemental Figs. S1A and S1B and can be viewed at www.stjude.org/g6pd.

2.5 Race



Genomic race was assigned from the PharmacoScan™ assay; allele frequencies from 1000genome populations

(EUR, AFR, AMR, EAS and SAS) were used as references. We selected 1054 ancestry informative markers
on the array with allele frequencies that differed at least 5% between any two populations. A likelihood
method based on reference frequencies was then used to infer the admixture of population for each patient.??
Patients were then classified into race groups using the following criteria: Whites had European ancestry
> 90%, Blacks had African ancestry > 70%, Asians had eastern or south Asian ancestry > 90%, Hispanics
had Native American ancestry greater than 10% and higher Native American ancestry than any other non-
European ancestry.

3. Results

G6PD genotype results were obtained in 1391 patients. Observed G6PD genotypes by race and sex are
presented in Table 1. The median age was 8.3 years (range: 54 days to 38 years); 89% were patients treated
on an oncology service, 10% were patients treated on a hematology service (primarily with a sickle cell
disease diagnosis), and 1% were patients treated on an infectious disease service.

3.1 G6PD phenotype assignment based on genotype alone

Nine hundred forty-five patients had a genotype result without a G6PD activity result and were assigned
a G6PD phenotype based on genotype alone. Of these, 917 patients (97%) were assigned a normal G6PD
phenotype, 6 (1%) were assigned a deficient GEPD phenotype, and 22 (2%) patients were assigned a variable
G6PD phenotype (Fig. 2).

Of the 917 patients assigned a normal phenotype based on genotype alone, no variant was observed in 465
males and 378 females, consistent with the wild-type genotype result of B and B/B (class IV or normal
activity), respectively, 32 males were hemizygous for the class IV A variant, 36 females were heterozygous
and 5 females were homozygous for the class IV A variant, and 1 female was heterozygous for the class IV
Mira d’Aire variant.

Of the 6 patients assigned a deficient G6PD phenotype based on genotype alone, 5 males were hemizygous
for the class 11T A-(202A_376G) variant and 1 male was hemizygous for the class IIT Kalyan-Kerala variant.

Of the 22 female patients assigned a variable phenotype based on genotype alone, in 18 patients heterozygous
genotypes at the single nucleotide polymorphisms (SNPs) which constitute the A-(202A_376G) variant were
observed, a finding consistent with an A-(202A_376G)/B or A/Asahi genotype depending on whether the
SNPs are present on the same or separate alleles, respectively; and the other 4 patients had the A-(202A_-
376G)/A variants.

3.2 G6PD phenotype based on genotype and activity

Four hundred forty-six patients had a G6PD activity result in the medical record at the time the genotype
result was obtained. Of these, 8 female heterozygous patients (2 with A-(202A_376G)/A genotype, and 6
with A-(202A_376G)/B, A/Asahi genotype) had a normal or provisional normal activity result and were
assigned a provisional normal G6PD activity phenotype (Fig. 2).

Four hundred seventeen patients with a normal genotype had activity test results: 415 patients had a
concordant normal G6PD activity phenotype and 2 patients had discordant results. Of the 2 with discordant
results, 1 was a male with a class IV A variant and 1 was a male with no observed variants, but both had
provisional deficient activity (due to initial critically low hemoglobin) and both were subsequently assigned
a normal phenotype (Fig. 2). Of the 415 patients with concordant normal genotype and activity results,
no variant was observed in 238 males and 154 females, consistent with the wild-type genotype results of
B and B/B (class IV), respectively; 10 males were hemizygous for the class IV A variant, 11 females were
heterozygous and 2 females were homozygous for the class IV A variant.

Twenty-one patients with deficient genotype (15 males hemizygous and 4 females homozygous for the A-
(202A_376G) variant, 1 female homozygous for the A-(968C_376G) variant, and 1 female compound het-
erozygous for the A-(202A_376G) and A-(968C_376G) variants) had activity test results; 18 patients had a



concordant deficient activity result and were assigned a G6PD deficiency phenotype; 3 patients had discor-
dant results, with normal or provisional normal G6PD activity results, and were subsequently reassigned
a G6PD deficiency phenotype (Fig. 2). Of these 3 with possible discordances, one patient experienced
hemolysis after receiving rasburicase despite having a normal activity result, and two had provisional normal
activity results due to a recent RBC transfusion and elevated reticulocyte count, respectively.

Thus, of 446 patients with both activity and genotype measures, having a genotype result changed G6PD
status in 5 patients (1.1%): status changed from provisional deficient to normal in 2 patients and from
normal or provisional normal to G6PD deficient in 3 patients. In 4 of the 5 cases, abnormal hematologic
parameters at the time of the G6PD activity measure could explain the unreliable activity measure, and in
the fifth case, drug-induced anemia confirmed a genotype-based diagnosis of G6PD deficiency missed by the
activity measure.

In 173 females, the sensitivity of the activity test was 83.33% (35.88-99.58%) and in 265 males the sensitivity
was 86.67% (59.54-98.34%).

3.3 Interpretive consults and clinical decision support alerts

An interpretive pharmacogenetics consult placed in the medical record assigned G6PD phenotype based on
genotype alone or based on genotype and activity if an activity result was already available. Examples
of interpretive consults which assign G6PD phenotype from G6PDgenotype and activity are provided in
Supplemental Figs. S2A and S2B.

Four CDS alerts were implemented in the EHR. For patients with G6PD deficiency, when a high-risk medi-
cation is prescribed, a CDS alert is presented to the prescriber, recommending avoiding the drug (Fig. 3) or
using caution with the drug (Supplemental Fig. S3A). Additionally, for patients without a G6PD genotype
or G6PD activity result, when a high-risk medication is prescribed, an alert is presented to the prescriber
with a recommendation to order a G6PD activity test to assign a G6PD status (Supplemental Fig. S3B).
Similarly, when a high-risk medication is prescribed to a patient with variable G6PD phenotype, an alert
is presented to the prescriber with a recommendation to order a G6PD activity test to assess for G6PD
deficiency (Supplemental Fig. S3C).

Discussion

Our results highlight the need to assess for interferences when interpreting G6PD activity results to prevent
a potentially incorrect G6PD phenotype assignment. Patients incorrectly phenotyped by G6PD activity
alone in our study included those with severe anemia, reticulocytosis, recent red blood cell transfusion,
and new leukemia diagnoses. These patients were correctly categorized by G6PDgenotyping. Additionally,
for some patients (e.g., those with sickle cell disease or those with anemia) G6PD activity results may
be uninterpretable due to abnormal hematologic parameters, makingG6PD genotype the only available
method to confirm G6PD deficiency and prevent adverse effects, such as hemolytic anemia, from high-risk
medications.

We describe the clinical implementation of G6PD genotype testing performed preemptively in the context
of a multi-gene panel. This preemptive approach is relatively inexpensive on a per-gene basis, as the cost to
test many genes is not much greater than the cost to test one gene. With this preemptive testing approach,
the results are already in hand at the time of prescribing a high-risk drug, removing the time constraints of
ordering and waiting for a test result. The majority of patients have at least one high-risk pharmacogenetic
result returned from a multi-gene panel approach.??

In the current cohort, adding G6PD genotype to G6PD activity resulted in a change in G6PD status in
1% of patients, relative to status previously assigned based on G6PD activity alone. Incorrect phenotype
assignment from G6PD activity results had implications for both false negatives (1 of 3 incorrectly identified
as normal received a high risk drug and developed drug-induced hemolytic anemia), and for false positives
(2 were incorrectly identified as deficient but were normal), and these latter patients can have the diagnosis
of G6PD deficiency removed from their problem list and receive G6PD drugs normally. This current report



suggests that G6PD genotype is a reliable method for assigning G6PD phenotype, as all patients with de-
ficient activity in our cohort were deficient by genotype, and discordances between genotype and activity
were explained by interferences in the G6PD activity assay. The 83.3% sensitivity of the activity test in
females and 86.7% sensitivity in males highlights the opportunity for a genotype result to improve identifi-
cation of patients with G6PD deficiency, especially in those with abnormal hematologic parameters which
may interfere with the activity test results and interpretation. G6PD activity testing is affected by various
hematologic parameters. Despite these limitations and because of its relatively quick turnaround (i.e., same
day at our institution) compared to G6PD genotyping (two weeks at our institution), G6PD activity has
been the gold standard test for G6PD phenotype assignment. As G6PD genotype results are becoming
increasingly available to clinicians through clinical sequencing or genotyping tests, we provide clinicians with
a method to assign a G6PD phenotype using genotype alone and using genotype and activity results when
both are available.
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FIGURE 1 G6PD activity interference assessment algorithm

FIGURE 2 G6PD phenotype assignment
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(4.8)
Total males 747 (97.3) 21 (2.7) NA
(n=768)
Both genders Total (n=1391) 1334 (95.9) 27 (2) 30 (2.1)

B designates no variant was observed and is considered the wild-type allele; A designates the ¢.376G SNP was observed alone; A-(202A_376G) designates t

2 * AVOID °

This patient has an active entry on the problem list for G6GPD deficiency.
Rasburicase is likely to cause hemolytic anemia in patients with G6PD
deficiency and should be avoided. If this medication is the preferred
agent, monitor the patient for signs of hemolysis including decreased
hemoglobin, methemoglobinemia, hyperbilirubinemia, and abdominal
pain. Please consult a clinical pharmacist or click on Add’l info for more
information.

Alert Action

Cancel Rasburicase order

Continue Rasburicase order- benefit outweighs risk

[ Addlinfo |

FIGURE 3 Clinical decision support alert for medications to avoid in patients with G6PD deficiency
Hosted file

TABLE 1 Observed G6PD genotypes.pdf available at https://authorea.com/users/397431/articles/
510314-incorporating-genotyping-to-identify-patients-with-gbpd-deficiency

G6PD Activity Result
Deficient Range Normal Range
Critically Low Hemoglobin? ‘ ‘ Red Blood Cell Transfusion in the Past 60 Days?
No Yes No Yes

Provisional Deficient G6PD Activity
Follow-up Testing Recommended

Provisional Normal G6PD Activity
Follow-up Testing Recommended

G6PD Deficiency

Elevated Reticulocyte Count?

No - _ Yes
Elevated White Blood Cell Count? O N SR Aty
Follow-up Testing Recommended
No Yes
Normal G6PD Activity ‘ Buffy Coat-free Procedure Used?

No - - __ Yes

Provisional Normal G6PD Activity -
Follow-up Testing Recommended Normal G6PD Activity
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AVOID *

This patient has an active entry on the problem list for G6PD deficiency.
Rasburicase is likely to cause hemolytic anemia in patients with G6PD
deficiency and should be avoided. If this medication is the preferred
agent, monitor the patient for signs of hemolysis including decreased
hemoglobin, methemoglobinemia, hyperbilirubinemia, and abdominal
pain. Please consult a clinical pharmacist or click on Add’l info for more
information.

Alert Action

© Cancel Rasburicase order

) Continue Rasburicase order- benefit outweighs risk

([ Histoy | Addlinfo ([ ok ]
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