1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pharmacogenomics J. Author manuscript; available in PMC 2017 May 23.

-, HHS Public Access
«

Published in final edited form as:
Pharmacogenomics J. 2017 June ; 17(3): 274-279. doi:10.1038/tpj.2016.7.

Expression and polymorphism (rs4880) of mitochondrial
superoxide dismutase (SOD2) and asparaginase induced
hepatotoxicity in adult patients with acute lymphoblastic
leukemia

Houda Alachkar®, Noreen Fulton?, Ben Sanford3, Greg Malnassy?, Martin Mutonga?,
Richard A. Larson?, Clara D. Bloomfield4, Guido Marcucci®, Yusuke Nakamura?, and Wendy
Stock?

1Department of Pharmacy, USC School of Pharmacy, University of Southern California, Los
Angeles, CA

2Department of Medicine, Section of Hematology/Oncology, University of Chicago, Chicago, IL
3Alliance/CALGB Statistical Center, Duke Cancer Institute, Biostatistics, Durham, NC
4Division of Hematology, Department of Medicine, The Ohio State University, Columbus, OH

5Gehr Family Center for Leukemia, City of Hope Comprehensive Cancer Center, Duarte, CA

Abstract

Asparaginase, which depletes asparagine and glutamine, activates amino acid stress response.
Oxidative stress mediated by excessive reactive oxygen species (ROS) causes enhanced
mitochondrial permeabilization and subsequent cell apoptosis and is considered a plausible
mechanism for drug-induced hepatotoxicity, a common toxicity of asparaginase in adults with
acute lymphoblastic leukemia (ALL). Studies investigating the pharmacogenetics of asparaginase
in ALL are limited and focused on asparaginase-induced allergic reaction common in pediatric
patients. Here, we sought to determine a potential association between the variant rs4880 in SOD2
gene, a key mitochondrial enzyme that protects cells against ROS, and hepatotoxicity during
asparaginase-based therapy in 224 patients enrolled on CALGB-10102, a treatment trial for adults
with ALL. We report that the CC genotype of rs4880 is associated with increased hepatotoxicity
following asparaginase-based treatment. Thus, rs4880 likely contributes to asparaginase-induced
hepatotoxicity, and functional studies investigating this SNP are needed to develop therapeutic
approaches that mitigate this toxicity.
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Introduction

The intensive use of asparaginase is an essential component of pediatric regimens for acute
lymphoblastic leukemia (ALL) and has been associated with significant improvements in
survival. Accordingly, many attempts have incorporated asparaginase in treatment regimens
for adults with ALL; yet, the higher rate of asparaginase-related toxicities in adults with
ALL have limited its widespread use and new insights are needed. (1) Studies investigating
the pharmacogenetics of asparaginase in ALL are limited and mostly focused on pediatric
patients with ALL. A recent study investigated more than 500,000 single nucleotide
polymorphisms (SNPs) in 485 children with ALL and found an association of five SNPs in
the GRIA1 gene with hypersensitivity to the drug.(2) The same group also tested more than
2 million SNPs using the HapMap lymphoblastoid cell lines and identified the aspartate
metabolic routes as the most likely candidate pathway for asparaginase sensitivity.(3) In
addition, polymorphisms in genes that mediate the antileukemic effect of asparaginase, such
as the asparaginase synthetase gene, the basic region leucine zipper activating transcription
factor 5, and the argininosuccinate synthase 1 gene, were found to be associated with
reduced event-free survival of childhood patients with ALL, but not with toxicity.(4)

While asparaginase allergy is the main toxicity observed in children, hepatotoxicity is one of
the most common toxicities of this drug in adults with ALL and often limits the use of this
effective drug in this age group.(1, 5) The incidence rate of elevated liver enzymes and
hyperbilirubinemia (grade 3 or 4) was reported to be 36% and 14%, respectively, in adults
compared to 20% and 3% in pediatric patients.(1) Studies that focused on exploring these
toxicities in association with polymorphisms in adult ALL are still limited.

Superoxide dismutase (SOD), an enzyme that catalyzes the dismutation of superoxide (027)
into oxygen and hydrogen peroxide, is a crucial antioxidant that protects cells against
oxidative stress. Three forms of SOD enzymes are present in mammalian cells; cytoplasmic
superoxide dismutase (SOD1), mitochondrial superoxide dismutase (SOD2), and
extracellular superoxide dismutase (SOD3).(6) Two previous studies have reported that the
SOD2 polymorphism causing a V16A amino-acid substitution (rs4880) is significantly
associated with drug induced liver injury (DILI).(7, 8) Recently, the same polymorphism
was found to be significantly correlated with breast cancer survival after cyclophosphamide-
containing chemotherapy.(9)

Here we studied 224 patients enrolled on CALGB 10102, a treatment trial for adults with
previously untreated ALL who received L-asparaginase as part of their chemotherapy
regimen. The aim of the study is to investigate potential associations between the SOD2
rs4880 polymorphism and asparaginase-related hepatotoxicity in adult patients with ALL.
Secondary objectives of this study are to assess a possible correlation between this
polymorphism and ALL susceptibility in adults, and to determine whether this
polymorphism is associated with SODZtranscript levels as a possible mechanism for this
functional variant. Here we also genotyped rs4958351 in the GR/A1 gene, one of the SNPs
that was previously identified to be associated with hypersensitivity to asparaginase in
children with ALL. (2)
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Materials and Methods

Patient population

We studied samples obtained from 224 patients with previously untreated ALL, enrolled on
a national clinical trial for adults with ALL {Cancer and Leukemia Group B [CALGB] trial
10102}. Informed consent to use the tissue for investigational studies was obtained from
each patient enrolled on the trial and according to institutional guidelines. Complete clinical
data was available for 221 of 224 patients. Samples at remission (after Cycle Il of
treatment) were available from 196 patients for DNA extraction and genotyping. Paired
samples of pretreatment and post remission peripheral blood (bone marrow paired samples
were obtained from two patients) samples from 30 patients were available for RNA analysis.
Remission samples (after Cycle 111 of treatment) obtained from 86 patients were used for
RNA analysis and correlation with hepatotoxicity and genotypes (Table S1).

By Cycle Il of the treatment regimen on the CALGB 10102 protocol, patients would have
received the following chemotherapy: Cyclophosphamide, Daunorubicin, Vincristine, L-
asparaginase, Cytarabine, Methotrexate, and 6-Mercaptopurine. L-asparaginase was given as
6000 U/m2 SC or IM twice a week for six doses beginning on day 5 during the first month
of treatment and on days 15, 18 and 22 during the 2" and 4" month of treatment. Common
Terminology Criteria for Adverse Events v4.0 (CTCAE) was used to grade hepatotoxicity.

RNA extraction and Real-time quantitative PCR

Total RNA was isolated from bone marrow and peripheral blood samples using Trizol
reagent (Life Technologies Carlsbad, CA, USA). cDNA was synthesized using SuperScript
I11 reagents (Life technologies) according to the manufacturer's instructions. Quantitative
real-time polymerase chain reaction (QRT-PCR) was performed using commercially
available TagMan Gene Expression Assay primers and probes for SOD2and B2M and the
LightCycler 48011 Real-Time PCR System (Roche, Basel, Switzerland). The expression
levels were normalized to B2M gene expression.

DNA extraction and genotyping

Genotyping was performed using the TagMan Allelic Discrimination Assay for rs4880 of
SODZ2 gene and rs4958351 in the GR/A1 gene (Life Technologies). The PCR was carried
out using The LightCycler® 48011 System (Roche). After PCR, fluorescence from reaction
products was measured and analyzed using the System LightCycler® 480 Software.

Statistical analysis

We tested agreement with the Hardy-Weinberg Equilibrium using a XZ goodness-of-fit test
for rs4880. Because 84% of patients with ALL in our study reported to be white, we used
genotyping data obtained in European cohorts, after excluding patients of Hispanics origin
(N=16). We then compared genotype frequencies of the polymorphisms between cases with
ALL and reported frequencies obtained from the NCBI European cohort data sets (ESP-
cohort, Hap-Map-CEU and CEU-GENO). We also compared genotype frequencies in
Hispanic patients with ALL and Hispanic/Latino/Mexican-American cohort data set (HSP-
geno-panel). We used the Fisher Exact two-tail test, and calculated odds ratios (ORs) with
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95 percent confidence intervals (95% CI). In the association study, P values of less than 0.05
were considered to be statistically significant. Expression levels of SODZ2transcripts
between three or two groups were tested with the Kruskal-Wallis test or an unpaired Mann-
Whitney test, respectively. The Chi-square test was then used to compare differences in
allele frequencies and genotype distribution of the polymorphism between patients with
hepatotoxicity and those without. The Fisher Exact test was used to test the recessive model.

Patient population and hepatotoxicity data

We studied samples obtained from 224 patients with ALL. Demographic and clinical data
were available for 221 patients (age range, 17-80 years; median age, 43.9 years; 85 female
and 136 male), enrolled on treatment trial (CALGB protocol 10102) for adults with ALL.
Asparaginase hepatotoxicity was estimated by assessing the following clinical laboratory
markers: aspartate transaminase (AST), alanine transaminase (ALT), albumin, alkaline
phosphatase, and bilirubin levels in patients following induction and two cycles of post-
remission therapy. Among the 221 patients, 51 (23%) patients had grade 3 or 4 elevated AST
levels, and 82 (37%) patients had grade 3 or 4 elevated ALT levels, 53 (24%) patients had
grade 3 or 4 elevated bilirubin levels. AST and ALT levels may be increased several folds
above normal in hepatocyte injury. On the other hand, elevations of alkaline phosphatase and
bilirubin levels predominate in cholestatic syndromes (10). Therefore, we defined
hepatotoxicity as grade 3/4 of both AST and ALT, grade 4 of either AST or ALT, or grade
3/4 of bilirubin elevation. Using this classification, we identified 73 patients (33.03%)
meeting these criteria (Table 1).

Genotyping analysis for SOD2 rs4880 in patients with ALL

DNA samples from 196 patients with ALL were genotyped for SOD2rs4880 and GRIA1
rs4958351. Among these, four samples were excluded from the SODZ2rs4880 analysis due
to poor discrimination/quality of genotyping results. The genotypes of the remaining 192
samples were used for further analysis. Our genotyping results showed a minor allelic
frequency of 0.52 (for the C allele). Among the 192 patients, 48 patients had a TT genotype
(25%), 55 patients had a CC genotype (28.6%), and 89 patients had a CT genotype (46%).
These results did not deviate from the Hardy-Weinberg equilibrium (Chi-square (XZ) test
P=0.32 with 1 degree of freedom).

We compared genotype frequencies of SODZ2rs4880 obtained from our data set of patients
with ALL, with publicly available databases. Because 84% of the patients enrolled on
CALGB 10102 were Caucasian, we compared our results of SOD2rs4880 genotype
frequencies obtained from 192 patients with data from public data bases of European
cohorts. We found that the frequency of the CC genotype (28.6%) in our data set was
significantly higher than that (14.8%) of the CEUGENO; (two tailed Fisher's Exact test;
P=0.007, Table 2). Higher frequency of the CC genotype was also found in the population of
patients with ALL when compared with that in the ESP cohort (P=0.029) or the Hap-Map-
CEU cohort (P=0.14; Table 2, S2). Since the rs4880 CC genotype is more frequent in the
Hispanic population, we reanalyzed the samples after excluding patients of Hispanic
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ethnicity (N=16). We found that the frequency of the CC genotype remained higher in
patients with ALL in comparison with the CEU-GENO panel (P=0.049) and a trend for
higher frequency was observed when we compared our data with that of the ESP or Hap-
Map-CEU cohorts. In patients with ALL of Hispanic ethnicity, we found the rs4880
genotype CC present in 8 out of 16 (50%) patients, while the TT genotype was only present
in 1 patient (6%). The frequencies of CC, CT and TT in the reported database of Hispanic
ethnicity (HSP-GENO-panel cohort; N=108) are 33%, 38% and 27% respectively. Although
the numbers are small, nevertheless a trend for higher frequency of the CC genotype was
present in patients with ALL of Hispanics origin in comparison with that in the HSP-GENO
cohort (P=0.165).

On the other hand, among the 196 patients genotyped for GR/A1 rs4958351 there were: 21
or 10.7% AA,; 86 or 43.8% AG; and 89 or 45.4% GG. The MAF was 0.33, and the
genotyping results did not deviate from the Hardy-Weinberg equilibrium (Chi-square (XZ)
test P = 0.97 with 1 degree of freedom). The observed frequency distribution was similar to
that of the Hap-Map-CEU population (P=0.98, Table S3).

of SOD2 polymorphism rs4880 and hepatotoxicity

We analyzed 221 patients for whom hepatotoxicity data were available; among them we
obtained genotyping data on 190 patients for SOD2rs4880, and 193 patients for GR/IA1
rs4958351. Two and three patients with genotyping data but no hepatotoxicity data were
excluded from the analysis of rs4880 and rs4958351, respectively. The correlation between
the rs4880 genotype and hepatotoxicity parameters is shown in Table 3. Grade 3 and 4 of
bilirubinemia was found more frequently in patients with the SOD2rs4880 CC genotype
compared with those with the CT genotype (Fisher Exact test P=0.055). In addition, the
SODZ2rs4880 CC genotype was associated with a trend towards more serious (Grade 4)
hepatotoxicity compared with the rs4880 CT or TT genotypes (P=0.09). Albumin levels did
not correlate significantly with rs4880 genotype.

As previously described, we defined hepatotoxicity as grade 3/4 of both AST and ALT,
grade 4 of either AST or ALT, or grade 3/4 bilirubin elevation. Using this classification, we
identified 61 of the 190 patients (32%) meeting these criteria. We tested the possible genetic
models (dominant, recessive, or additive effect). We found that only the CC genotype was
associated with increased risk of hepatotoxicity (Chi-square test P=0.018, OR=2.6, 95% ClI
1.1-6.07; P=0.026 when CC vs TT were compared, OR=2.5 95% CI 1.2-5.1; P=0.01 when
CC vs CT were compared) suggesting a recessive model. Therefore we implemented the
recessive model for further analysis and found that patients with the SOD2rs4880 CC
genotype had a significantly higher frequency of hepatotoxicity than those with the TT or
CT genotypes (Fisher Exact test P=0.006; OR=2.53; 95% CI 1.3-4.8; Table 3 and Figure 1,
A and B). GRIA1rs4958351 did not show a significant association with hepatotoxicity
except and association with elevated ALK-Phos, (Table S4).

SOD2 mRNA expression in patients with ALL

Next we sought to examine SOD2 mRNA levels in cells obtained from patients with ALL,
assess changes in SOD2mRNA levels following treatment, and correlate these levels with
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hepatotoxicity. SOD2 mRNA expression was measured by RT-PCR in samples obtained
from patients with ALL (N=86) that completed induction therapy and two post remission
cycles on CALGB10102. SOD2mRNA levels were not significantly different between
patients with hepatotoxicity, and those without (Figure 2A). Patients were dichotomized into
SODZ2 high expressers and SODZ2 low expressers, using the median expression as the cut off.
No significant correlation was observed when we assessed each toxicity parameter, or
toxicity with grade 3 and higher.

In those patients, for whom we had paired samples (pretreatment and post remission, N=30)
for, we analyzed changes in SOD2 mRNA expression changes. Interestingly, SOD2 mRNA
expression was significantly lower in pretreatment samples in comparison to remission
samples (Figure 2B). Although rs4880 is known to affect the mitochondrial translocation of
SOD2, in order, to exclude other possible transcriptional regulatory mechanisms for this
SNP, we examined the expression of SOD2mRNA in pretreatment (N=25) and remission
(N=86) samples relative to the rs4880 genotype. We did not observe significant correlation
between SOD2mRNA levels prior to, or during treatment and rs4880 genotypes (Figure
3A,B).

Discussion

Asparaginase, which depletes asparagine and glutamine, activates an amino acid stress
response. Similar to other cytotoxic agents, the anti-cancer activity is associated with
oxidative stress, which is mediated by excessive reactive oxygen species (ROS), resulting in
elevated mitochondrial permeabilization and subsequent cell apoptosis.(11, 12) This process
is thought to represent a common mechanism of drug-induced hepatotoxicity. High ROS
levels resulting from variability in the function or expression of enzymes involved in these
pathways may affect therapeutic outcomes and toxicities.(13)

SOD2 is located predominantly in the mitochondrial matrix and plays an important role in
the detoxification of mitochondrial superoxide (14, 15) by converting superoxide into
hydrogen peroxide and oxygen.(16) This enzyme is indispensable for cell survival; while,
homozygous SOD2-deficient mice die shortly after birth, (17) heterozygous SOD2-deficient
mice are viable but present with increased susceptibility to chemical-induced mitochondrial
toxicity in the liver. (18-20) This suggests an important role of this gene in protecting the
liver from drug-induced toxicities.

The polymorphism rs4880 in SODZresults in the incorporation of either alanine (C allele)
or valine (T allele) in the mitochondrial targeting sequence of the protein. The alanine form
of SOD?2 is transported normally into the mitochondria, while the protein with valine is
partially trapped in the inner mitochondrial membrane.(21) Although this suggests that the T
allele would be associated with lower enzymatic efficiency, higher levels of ROS and greater
risk of cancer and toxicities, most pharmacogenomic correlative studies have implicated the
C allele as a risk allele for cancer.(22-24) Here we reveal that the CC genotype, but not CT
or TT, is likely present at higher frequencies in patients with ALL. We also found this
genotype to be more frequent in the Hispanic cohort and are known to have a higher
incidence of ALL compared to other ethnicities.(25) Polymorphisms in SOD2 have not
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previously been associated with susceptibility to ALL; perhaps the lack of large
pharmacogenomics studies in adult patients with ALL may have previously limited the
statistical power to identify this locus.

Importantly, in this study we found that the CC genotype was associated with asparaginase
related hepatotoxicity in adult patients with ALL. Patients in the study have also received
methotrexate and 6-Mercaptopurine, both drugs may contribute to the elevation in
transaminases and hepatotoxicity. Liver enzymes and bilirubin levels are measured regularly
to monitor asparaginase-associated hepatotoxicity. Current clinical guidelines recommend
holding asparaginase treatment in adult when grade 3—4 hepatotoxicity develops and then re-
challenging with careful monitoring if toxicity resolves to grade 1, often resulting in
prolonged delays in treatment and suboptimal dosing which may impair treatment outcomes.
(1) Therefore the findings resulted from our pharmacogenomic approach may have
important clinical implications.

Interestingly, SODZ2transcript levels were significantly higher in samples obtained at
remission compared to those obtained at diagnosis. This may be attributed to the different
cell composition, being leukemic cells in the diagnosis samples and normal cells in the
remission samples. Asparaginase induced SOD2 mRNA upregulation, may also contribute
to this finding. The transcript levels of SODZ2did not correlate with this polymorphism, or
differ between patients with and without hepatotoxicity. Previous studies have shown that
this variant affected the enzymatic activity but not the transcript level of SOD2. SOD2
activity has been reported to be 33% higher in CT or TT individuals compared to CC
individuals.(26) While we recognize that our study is limited by the relatively small number
of patients analyzed and the lack of a control cohort, our data suggest that genetic variation
in the SODZ2 gene is associated with susceptibility to ALL in this adult cohort and is
associated with treatment related hepatic toxicities; thus, a larger cohort is required to
validate these findings. Furthermore, functional studies that investigate this genetic
association are needed in order to develop therapeutic approaches that might mitigate this
toxicity.
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Figure 1. The rs4880 SOD2 SNP genotype frequenciesin adult patientswith ALL and association
with hepatotoxicity
(A) The frequency of the TT, CT, and CC genotypes in adult patients with or without

hepatotoxicity. The CC genotype was significantly more frequent in patients with
hepatotoxicity compared with patients without hepatotoxicity. (B) A recessive model was
implemented, and showed that patients with the SOD2rs4880 CC genotype had
significantly higher frequency of hepatotoxicity than those with the TT or CT genotypes
(Fisher Exact test P=0.006; OR=2.5; 95% CI 1.3-4.8)
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Figure 2. Analysis of SOD2 mRNA expression in adult patientswith ALL and association with
hepatotoxicity

(A) SOD2mRNA expression was measured by RT-PCR in samples obtained from patients
with ALL (N=98) that completed induction therapy and two post remission cycles on
CALGB10102 and compared according to their hepatotoxicity status (each circle represent
different patient without hepatotoxicity and each square represent different patient with
hepatotoxicity). (B) SOD2 mRNA expression changes were analyzed in paired samples
(pretreatment and post remission, N=30, circles represent pretreatment samples and squares
represent post treatment samples).
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Figure 3. Analysis of SOD2 mRNA expression in adult patientswith ALL and association with

rs4880 SOD2 SNP genotypes

SOD2mRNA expression levels in (A) pretreatment (N=25) and (B) remission (N=86)
samples were examined according to rs4880 genotype. (Circles, squares and triangles

represent TT, CT and CC genotypes, respectively).
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