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ARTICLE INFO ABSTRACT

Keywords: Objectives: Gemcitabine/carboplatin treatment is known to cause severe adverse drug reactions which can lead
Non-small cell lung cancer to the need for reduction or cessation of chemotherapy. It would be beneficial to identify patients at risk of
Gemcitabine severe hematological toxicity in advance before treatment start. This study aims to identify genetic markers for
Carboplatin

gemcitabine/carboplatin-induced leukopenia and neutropenia in non-small cell lung cancer patients.

Material and methods: Whole-exome sequencing was performed on 215 patients. Association analysis was per-

u . L. formed on single-nucleotide variants (SNVs) and genes, and the validation was based on an independent
ematological toxicity

Toxicity genome-wide association study (GWAS). Based on the association and validation analyses the genetic variants

Chemotherapy were then selected for and used in weighted genetic risk score (wWGRS) prediction models for leukopenia and

neutropenia.

Results: Association analysis identified 50 and 111 SNVs, and 12 and 20 genes, for leukopenia and neutropenia,

respectively. Of these SNVS 20 and 19 were partially validated for leukopenia and neutropenia, respectively. The

genes SVIL (p = 2.48E-06) and EFCAB2 (p = 4.63E-06) were significantly associated with leukopenia contain

the partially validated SNVs rs3740003, rs10160013, rs1547169, rs10927386 and rs10927387. The wGRS

prediction models showed significantly different risk scores for high and low toxicity patients.

Conclusion: We have identified and partially validated genetic biomarkers in SNVs and genes correlated to

gemcitabine/carboplatin-induced leukopenia and neutropenia and created wGRS models for predicting the risk

of chemotherapy-induced hematological toxicity. These results provide a strong foundation for further studies of

chemotherapy-induced toxicity.

Whole-exome sequencing
Adverse drug reactions

1. Introduction small cell lung cancer (NSCLC) chemotherapy treatment is gemcitabine
in combination with carboplatin which is also used in the treatment of

Lung cancer is the second most common cancer in the United States other solid tumors such as bladder, ovarian and breast cancer. Gemci-
with a 5-year relative survival rate of only 18 % [1]. A widely used non- tabine/carboplatin treatment is known to cause severe toxicity that can
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lead to the need for postponed treatment, reduced doses and in some
cases even discontinuation of treatment [2].

Hematological toxicities, such as leukopenia and neutropenia, are
common adverse drug reactions (ADRs) induced by gemcitabine/car-
boplatin [3,4]. The large variation in toxicity can cause some patients to
display no or moderate symptoms while others experience severe ADRs
or even death. Severe ADRs of grade 3-4 according to the common
terminology criteria for adverse events (CTCAE) have been reported in
20-70 % of patients in clinical studies [2,5-8].

The underlying mechanisms for induced ADRs in patients treated
with chemotherapy are to date not fully understood. Efforts have been
made to find ways to predict hematological toxicity in chemotherapy
treatment using candidate gene approaches and genome-wide associa-
tion studies (GWAS) [9-14]. Present GWAS have either focused on one
therapy towards mixed tumor types or mixed therapies against one
tumor type and are mainly of Asian origin.

The aim of this study is to gain a better understanding of the genetic
variability affecting chemotherapy-induced leukopenia and neu-
tropenia in patients diagnosed with NSCLC undergoing gemcitabine/
carboplatin treatment. Furthermore, the goal is to identify toxicity as-
sociated SNVs that can be used for prediction of ADRs using weighted
genetic risk score (WGRS) models. Therefore, we performed whole-
exome sequencing of gemcitabine/carboplatin treated NSCLC patients
using state of the art high-throughput next-generation sequencing and
association analyses of single-nucleotide variants (SNVs) and genes
with leukopenia and neutropenia. The findings were partially validated
using external GWAS data sets and lastly used for constructing wGRS
prediction models.

2. Materials and methods
An overview of the presented study is illustrated in Fig. 1.
2.1. Study population
Starting in 2006, 215 patients were included, during two con-

secutive years, to the study which was approved by the regional ethics
committee in Stockholm (DNR-0O 3-4 13 and DNR-2016/2585-32/1).
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Written informed consent was obtained from each patient prior to en-
rollment in accordance with the Helsinki Declaration. The patients were
diagnosed with NSCLC and scheduled for four treatment cycles of
gemcitabine/carboplatin. The included patients received at least one
cycle of gemcitabine (1250 mg/m?) on days 1 and 8, and carboplatin
(AUC = 5) on day 1. Parts of this study population has previously been
described in an extreme-phenotype study [15] and the entire study
population has been used to address genetic variation and thrombo-
cytopenia [16].

2.2. Hematological toxicity

Leukocyte and neutrophil counts were monitored during the first
treatment cycle and recorded at baseline and days 8, 15 and 21. The
severity of leukopenia and neutropenia was measured using the nadir
parameter, defined as the lowest measured blood count on day 8, 14
and 21, and the decrease parameter, defined as baseline adjusted nadir
values (nadir/baseline).

2.3. DNA extraction, exome enrichment and sequencing

QIAamp® DNA mini-kits (VWR International, Stockholm, Sweden)
were used to extract DNA from whole blood according to the manu-
facturer’s protocol. Nextera Rapid Capture Exome kit (Illumina FC-140-
1003, San Diego, USA) was used for target enrichment and library
preparation according to the manufacturer’s instructions. The DNA
samples, 215 in total, were sequenced on Illumina HiSeq 2500 v4 at
Science for Life Laboratory, Stockholm, Sweden.

2.4. Quality control, alignment and variant calling

The sequenced reads were processed using TrimGalore! (http://
www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and cuta-
dapt [17] for quality and adapter trimming, removing reads with Phred
quality score < 25 and pairs with one read length < 25. Further data
processing involved Bowtie2 [18] for alignment to reference genome
GRCh37.72, SAMtools [19] for quality filtering, Picard Tools [20] for
duplicate removal and GATK for variant calling applying their best

Fig. 1. Overview over the different steps involved in this
project. First, the included NSCLC patients were whole-exome
sequenced. Genetic variation was analyzed to find leukopenia
and neutropenia associated SNVs and genes. The toxicity as-
sociated SNVs were partially validated with an external GWAS
data set. A prediction model was thereafter set up using vali-
dated SNVs and SNVs located in toxicity associated genes and
applied on the existing data set.

VALIDATION

GWAS
n=144
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practices [21].
2.5. Post variant calling, quality control and outliers

Variants not labeled as PASS, with a genotyping rate < 0.95, with a
mean coverage < 10 in all samples and out of Hardy Weinberg
(p < 0.0001) were discarded using VCFtools [22].

PLINK was used for detection of outliers [23]. Identity by descent
identified two samples (S0580 and S0664) that contained a large
number of shared variants with the rest of the study population, in-
dicating contamination. Identity by missingness identified two samples
(S0328 and S0664) containing a large number of missing genotypes
probably due to inadequate sequencing. These three samples were re-
moved from the analysis leaving 212 of the 215 samples to remain for
downstream analysis. The three outlier samples also diverged from the
rest of the study population in the number of variants and usable reads,
Supplementary Figure S1.

2.6. Phenotype considerations

The phenotype parameters, nadir and decrease, for leukopenia and
neutropenia were normalized using van der Waerden rank scores im-
plemented in the R package multic [24]. Transformation using natural
logarithm was initially tested but rejected due to the high influence of
one patient with extreme phenotype values.

Initial association analyses with permutations revealed that the
nadir phenotype parameters generated a negligible signal compared to
the background and were therefore not studied further, Supplementary
Figure S2. The association analysis was thereafter only carried out for
for the leukopenia and neutropenia decrease phenotype parameters.
Leukopenia included 212 patients while neutropenia only included 129
patients due to missing baseline values.

2.7. Statistical analysis

Association analysis, adjusted for age and gender, was performed on
SNVs and genes for leukopenia and neutropenia. No influence from
other parameters such as stage or histology were identified. The SNV
association analysis was performed on common SNVs (minor allele
frequency (MAF) = 0.01) in PLINK [23] using an additive genetic
model. A p-value cut-off for indicating suggestive association was set to
< 2.2E-04, for leukopenia, and < 1.35E-03, for neutropenia, after
evaluation in PLINK using 1000 permutations to find the most ad-
vantageous false discover rate (FDR) in the p-value interval 0.00001-
0.01, Supplementary Figure S2.

The gene association analysis was performed on all SNVs using
SKATO in the R package SKAT [25,26]. The SNVs were assigned equal
weight otherwise default settings were applied. RefSeq GRCh37/hg19
gene information was obtained from the UCSC table browser [27] and
SNVs were mapped to the corresponding gene (exon region +/- 6
bases) using PLINK [23]. Genes that only contained one rare SNV
(MAF < 0.01) were removed from the analysis.

2.8. Validation

2.8.1. Validation data set

GWAS data from Leandro-Garcia et al. (2013) [28] was used as a
validation data set. The study was performed on 144 patients with
European origin homogenously treated with paclitaxel/carboplatin.
The majority of the patients were diagnosed with ovarian (70 %) and
lung cancer (19 %). Leukocyte and neutrophil counts were monitored
throughout the treatment and leukopenia and neutropenia were defined
as time to first toxic event (CTCAE = 1). SNV association analysis,
adjusted for age, was performed with Cox regression using an additive
genetic model in PLINK (version 1.07). The validation data set
(p < 0.005, MAF = 0.01) consisted of 2965 SNVs associated with
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leukopenia and 3437 SNVs associated with neutropenia.

2.8.2. Validation method

Validation of SNVs was performed by examining pairwise linkage
disequilibrium (LD) between SNVs of suggestive association in the
presented study population with the SNVs in the validation GWAS data
set using Ensembl REST API (version 6.3). Genotype data originated
from the 1000 Genomes Project Phase 3 and pair-wise LD within a
distance of 500 kb were studied. A European population panel was
selected including CEU (Utah residents with Northern and Western
European ancestry), FIN (Finnish in Finland), GBR (British in England
and Scotland), IBS (Iberian populations in Spain) and TSI (Toscani in
Italy). SNV pairs with a D’ above 0.33 were considered to be in LD and
thereby also support the validity of the SNV pair [29].

2.9. Assembly of prediction models

2.9.1. SNV selection

For SNVs to be included in the wGRS prediction models, the SNVs
were required to be a partially validated SNVs or represented in both
the SNV and gene association analyses. For leukopenia, eight other top
SNVs were additionally included due to that to few eligible SNVs were
otherwise available. In case the SNVs were in LD, only the SNV with the
highest beta value was selected [30].

2.9.2. Weighted genetic risk scores (WGRS)

The toxicity risk prediction model was based on WGRSs created
using the R package PredictABEL [31]. Beta values acquired in the SNV
association analysis were used as weights for the selected SNVs. The
wGRSs were determined by multiplying the beta value with the number
of risk alleles (0, 1 or 2) and then summarized across all included SNVs.
The wGRS were divided into five risk groups based on the distribution
of the wGRS. Risk group 5 was defined as wGRS < (mean wGRS - 1.5
SD), risk group 4 as (mean wGRS - 1.5 SD) < wGRS =< (mean wGRS —
0.5 SD), risk group 3 as (mean wGRS - 0.5 SD) < wGRS < (mean wGRS
+ 0.5 SD), risk group 2 as (mean wGRS + 0.5 SD) < wGRS < (mean
wGRS + 1.5 SD) and risk group 1 as wGRS > (mean wGRS + 1.5 SD).

Differences in toxicity between the risk groups were determined by
one-way ANOVA followed by Sidak's multiple comparison test using
GraphPad Prism version 6.0 (GraphPad Software, La Jolla California
USA).

3. Results
3.1. Patient characteristics

Patient and toxicity characteristics are outlined in detail in
Supplementary Table S1. The median age of the study population was
64 (45-82) years, with a gender distribution of 53 % females and 47 %
males (confirmed with sex check in PLINK). Tumor stage was dis-
tributed over stages I (18.9 %), II (13.2 %), I1I (29.7 %), IV (37.3 %) and
not specified (0.9 %). The majority of the patients were diagnosed with
adenocarcinoma (62.3 %) followed by squamous cell carcinoma (18.9
%), unspecified NSCLC (13.7 %), large cell carcinoma (4.7 %) and other
(0.9 %). The highest proportion of the patients were former smokers
(46.7 %) followed by current smokers (43.4 %) and never smokers (9.9
%). Leukopenia and neutropenia were assessed after the first treatment
cycle according to CTCAE v4.03. Leukopenia of CTCAE 0, CTCAE 1-2
and CTCAE 3-4 were identified in 29.7 %, 47.2 % and 23.1 % of the
patients, respectively. Neutropenia of CTCAE 0, CTCAE 1-2 and CTCAE
3-4 were identified in 36.7 %, 13.8 % and 49.5 % of the patients, re-
spectively.

3.2. Sequencing characteristics

For the 215 exome sequenced samples, the average number of
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Table 1
Top associated SNVs for leukopenia and neutropenia (p < 1E-04).

Chr rsID Alleles (ref/alt) Gene symbol Annotation MAF* CADD P-value

Leukopenia 1 1510927386 T/C EFCAB2 intron 0.3632 7.609 2.52E-06
1 1510927387 C/T EFCAB2 synonymous 0.3632 15.44 2.52E-06
3 1517854381 G/A NEK10 synonymous 0.2807 8.163 3.12E-05
3 1517680166 G/C NEK10 synonymous 0.2759 10.93 3.61E-05
14 1517128572 C/G GOLGAS5 missense 0.1132 245 5.17E-05
14 rs17128593 C/G GOLGA5 intron 0.1132 9.083 5.17E-05
18 rs4065379 CTCTG/C DLGAP1-AS1 intron 0.1108 6.561 6.09E-05
14 1517128583 A/G GOLGAS synonymous 0.1156 7.938 6.21E-05
22 15192201349 G/A DMC1 intron 0.01415 3.217 6.25E-05
17 1579350244 A/C DNAH2 missense 0.03774 24.2 6.28E-05
17 rs117465420 A/T DNAH2 missense 0.03774 19.64 6.28E-05
17 15117985215 G/A KDM6B intron 0.03774 6.304 6.28E-05
3 151550769 C/G NEK10 intron 0.2736 1.164 7.42E-05
3 rs1550768 A/T NEK10 intron 0.2736 1.964 7.42E-05
3 1511129280 G/T NEK10 synonymous 0.2736 11.98 7.42E-05
3 rs10510592 A/G NEK10 missense 0.2736 9.834 7.42E-05
8 157826836 T/G KIAA1456 missense 0.2119 1.595 8.70E-05

Neutropenia 1 1517131429 G/C HFM1 intron 0.2618 7.811 1.53E-05
2 152540923 A/G STRN intron 0.02358 9.572 2.50E-05
1 rs11165778 A/G HFM1 missense 0.2995 0.256 3.49E-05
1 15281992 T/G HFM1 synonymous 0.3679 11.2 4.39E-05
1 151800822 c/T FMO3 synonymous 0.04717 10.34 4.84E-05
19 rs429358 T/C APOE missense 0.1353 0.007 5.11E-05
1 1510493845 G/A HFM1 synonymous 0.3656 7.491 6.62E-05
19 rs3764605 A/G ATP8B3 synonymous 0.4505 0.005 8.97E-05

Chr, Chromosome; Ref Reference allele; Alt, Alternative Allele; CADD Combined Annotation Dependent Depletion; MAF, Minor allel frequency.

2 MAF was calculated within the cohort.

paired reads was 38.7 million. On average, the mapping yield was 99.2
% and the coverage was 74 X over the target region. The number of
variants saturated around 45 million reads, Supplementary Figure S1.
In the 212 samples, after removal of three outliers (see methods),
149713 filtered variants were identified and of which 71374 variants
were common (MAF = 0.01).

3.3. Genetic association to hematologic toxicity

The SNV association analysis identified 50 and 111 SNVs to be
suggestively associated with leukopenia (p < 2.2E-04, Supplementary
Tables S2) and neutropenia (p < 1.35E-03, Supplementary Tables S3),
respectively. Of these, the top associated SNVs (p < 1E-04) for leuko-
penia and neutropenia are listed in Table 1. The two SNVs, rs10927386
(p = 2.52E-06) and rs10927387 (p = 2.52E-06), with the lowest p-
value associated with leukopenia reside in EFCAB2. Three (p < 4.39E-
05) out of the top four SNVs for neutropenia are in HFM1.

The gene association analysis identified 12 and 20 genes to be
suggestively associated with leukopenia (p < 2.2E-04, Supplementary
Tables S4) and neutropenia (p < 1.35E-03, Supplementary Tables S5),
respectively. Of these the top associated genes (p < 1E-04) for leuko-
penia and neutropenia are listed in Table 2. For leukopenia two genes
were statistically significant after FDR correction for multiple testing,
EFCAB2 (FDR adjusted p = 0.047) and SVIL (FDR adjusted p = 0.047).
The gene EFCAB2 also harbors the two top SNVs, rs10927386 and
rs10927387, identified in the SNV association analysis. The gene SVIL
contains 36 SNVs in the gene association analysis of which four were
also identified in the SNV association analysis with p < 2.2E-04.

3.4. Validation

When comparing the validation GWAS data set with our data set,
112 and 155 SNV pairs within 500 kb were identified for leukopenia
and neutropenia, respectively. LD was confirmed in 38 SNV pairs for
leukopenia and 33 SNV pairs for neutropenia that resulted in partial
validation of 20 unique SNVs for leukopenia and 19 unique SNVs for
neutropenia. All the validated SNVs from our study for leukopenia and
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neutropenia and their corresponding GWAS validation SNVs are listed
in Tables 3 and 4, respectively.

The majority of the validated SNVs are located within the genes,
EFCAB2, SVIL, NEK10, SERAC1 and GTPBP1, which were identified in
the gene association analysis for leukopenia. The SNVs rs10927386 and
rs10927387 in EFCAB2 were validated with rs4658733 located in the
neighboring gene KIF26B. In NEKI10, rs17854381, rs17680166,
rs1550769, rs1550768, rs11129280 and rs10510592 were validated
with rs11129290 in UBA52P4, rs6768214 in SLC4A7 and rs6774965 in
LOC105377005. The SNV rs6929274 in SERACI1 was validated with
rs1744178, rs1750040 and rs17489570 located in the neighboring gene
SYNJ2. For SVIL, the SNVs rs3740003, rs10160013 and rs1547169
were validated with the GWAS SNVs, rs1624281 and rs1148226, both
also in SVIL.

3.5. Toxicity risk prediction model

Two wWGRS toxicity risk prediction models were created, one for
leukopenia including 20 SNVs and one for neutropenia including 28
SNVs, Supplementary Table S6. The wGRSs categorize patients into five
risk groups based on their genetic variation in the model SNVs and their
corresponding beta values as weights. The performance of the models is
illustrated in, Fig. 2A and B, for leukopenia and neutropenia, respec-
tively. Statistically significant differences in toxicity were observed
between all risk groups except between risk group 4 and 5 for neu-
tropenia.

4. Discussion

In the current study, we have shown how genetic variation corre-
lates to leukopenia and neutropenia in NSCLC patients treated with
gemcitabine/carboplatin, Fig. 1. Whole-exome sequencing was per-
formed to identify SNVs, within the coding region of the genome, as-
sociated with chemotherapy-induced hematological toxicity. Genetic
variation associated with leukopenia and neutropenia were studied on
both SNV and gene level. Suggestively associated SNVs were partly
validated with SNVs identified in an independent GWAS data sets by
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LD. The obtained result did not indicate that variation in toxicity is due
to one SNV but rather suggested that several SNVs contribute with
small effects. Therefore, the cumulative effect of several genetic var-
iants was merged in wGRSs to create toxicity risk prediction models.

This study included 212 NSCLC patients homogeneously treated
with gemcitabine/carboplatin, which to the best of our knowledge, is
the largest study performed using whole-exome sequencing with drug-
induced leukopenia and neutropenia as primary outcomes.

Leukopenia and neutropenia were monitored at several time points
during the first cycle. The phenotype information for neutropenia was
unfortunately not as comprehensive as for leukopenia. For neutropenia,
the decrease phenotype parameter was only available for 129 patients
since the neutrophil blood counts weren’t routinely analyzed at the time
of the study and the neutrophil count at baseline was therefore easily
missed.

An optimal threshold for indicating suggestive association was de-
termined using permutations for leukopenia and neutropenia to enable
further studies of SNVs since no SNVs reached statistical significance
after correction for multiple testing, Supplementary Figure S2. These
permutation results indicated that the signal from the nadir phenotype
parameters, for both leukopenia and neutropenia, were weak or absent
compared to background noise and therefore the nadir parameters were
excluded from the study. A prominent signal was on the other hand
identified for the leukopenia decrease parameter at the cut-off at p <
2.2E-04 (FDR = 28.5 %), which suggest that around 30 of the 50
identified SNVs should be true positives and of relevance for the phe-

rs56022643, 1s7921306, rs11007607, 10:29762907, rs61737920, rs10763720, rs11007612, rs1056782, rs56817459,
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§° S = -0 X8 8 QE) § [32,33]. SVIL is known to bind both myosin II and filamentous actin,
9 o o g 3 and interact with several cytoskeletal proteins [34,35]. The protein
.g g § g a regulates all stages of cell motility and is involved in early cytokinesis
~ § E‘ £ _S § [35]. Knockdown experiments of SVIL have shown to reduce cell divi-
2 5 § g o2 sion and increase cell death in HeLa and U20S cell lines [36]. This
SS S indicates that genetic variation in SVIL might be important for and

110



Lung Cancer 147 (2020) 106-114

A. Svedberg, et al.

"PuB[OdS pue pue[duy Ul Ysnug ‘Ygo
¢Arey] ur uedso, ‘IS, ‘ureds ur uonendod uerraq ‘Sg] {pueTUL UT YsTuuL ‘NIJ ‘Anssoue ueadoIns uIalsom pue WIDYIIOU M (HJHD) SIUSPISAI yeln ‘NAD ‘onel sppO Yo ‘Aouanbaig ao[re Joury ‘IVIAl owosowoIyd “YHD

- - - - 00T 0S0 - - - - 200  POHEV'T ZNNS CTEEBETHE 80/48€ TSI
- - - - 00°'T SC0 - - - - 200 $0-491°C 1dd4d.LO 6CSSC16E T0€66691s1
- - - - 00T ST0 - - - - 200  ¥0-HI9TT 1ddd1d 8€0CC16€ L6T6669181
- - - - 00T €€0 - - - - 200 0-H9TT VLTTINVA 98L¥€06€ €LT6669T151
- - - - 00T 0S0 - - - - 20’0 S0-4ST'9 TONd £L9T¥968€  6VET0OTTOHISE
- - - - 00°T €e0 - - - - 200 ¥0-491°C TOINd 0928S68¢ T6E0LSTIST
- - - - 00T €€0 - - - - 100  €0HZLY dySTINHINLL 0069Y98€  LV886691S1 200 ¥0-HITT TONA SISYE68E Y9TL861ST (44
- - - - - - ¥€0 800 ¥EO 900 €10 €090V acidons 884TE6L £T9L8THST
- - - - - - - - €0 L0°0 LT°0 ¥0-42S°T dSIXOTvV YSL0V6L 069891151 stal] Y0-411°C Tddd 64L¥908 0EPH99GLST L1
- - - - - - or'0 €10 O0F0  £00 ¥r'0  €0-H8CT TIAS TST0L662 9CT8Y 118t
- - - - - - €v'o IT0 850 11°0 8Y'0  €0-HLT'T TIAS 7816866C 18¢HT9oTst ST0  P0-HEI'T TIAS £€8EY86C 69TLPSTST
- - - - - - [0}40] €T’ [0}400] L0°0 1440 €0-48¢2°C TIAS TST0L66C 9TT8Y11st
- - - - - - €v’o 110 850 110 8Y°0 €0-442°1T TIAS C816866C 18CHC91s1 SC0 ¥0-49T°'1 TIAS £L8L6€86C €T1009101s1
- - - - - - 8€0 €TI0 O0F0 L00 br'0  €0-H8CT TIAS TST0L66C 9CTT8Y 118t
- - - - - - 10 IT0 850 11°0 8Y'0  €0-HLT'T TIAS 7816866C 18¢HToTst ST0  O-HCT'T TIAS 8€00¥86¢C €000¥LEST o1
- - - - - - - - 00°T 90°0 60°0 €0-4v¥6°C CINAS €964818S1 04S68YL1ST
00T SO0 - - - - - - 00T 900 0T'0  €0-488°C CINAS  GSS86¥8ST 000G T8t
060 9T°0 S90 <CI'0 €80 €10 - - 880 €10 620  v0H9CT'V CINAS  9S896¥8ST 8LIYY LTSI 2€'0  P0-HCS'T TOVYES TOSTZS8ST ¥£2626951 9
¥6°0 A0 00°'T 0 88°0 0g0 60 cro S8°0 S20 v1°0 €0-4€0°C S0044€S0TD0T €188¥SLT G961 LL9ST
S6°0 0s0 00'T 144\ ¥6°0 €€°0 00'T 6¥°0 60 620 910 €0-H64°1T LVYDTIS €V¥S9Sv LT 12894981
S6'0 0S50 00T PO ¥6'0 €€0 S60 90 T6'0 6T0 91'0  +v0-HE0'8 pdzsvdn 96L1€S4C  06C6TITIS! 420 SO-HTYL OTMHN 028cTeELT 26S0T1SO0Ts1
¥6'0 S¥'0 00T <Ch'0 880 0€0 ¥6'0 CF0 S80 STO P10 €0-HEO0'T  S00ZLESOTIDOT €1884SLT G961 LL9ST
S6°0 0s0 00'T SP°0 ¥6°0 €€°0 00'T 6¥°0 60 620 910 €0-H64°1T LVYDIS €¥S9Sv LT 12894981
S6'0 0S0 00T SPO ¥60 €€0 S60 90 T6'0 6T0 91'0  +v0-4E0'8 pdzsvdn 96L1€S4C  06C6TITIS! 420 SO-HTYL OTMHN £6092€LT 08C6TTITTst
¥6'0 S¥'0 00T ¢h'0 880 0€0 ¥6'0 Ch0 S80 STO P10 €0-HEO'T  S00ZLESOTIDOT €1884S4T G961 LL9ST
S6°0 0s0 00'T SP°0 ¥6°0 €e0 00'T 6¥°0 c6°0 620 91°0 €0-3H64°1T LVYDIS €¥S9SY LT 12894981
S6'0 0S0 00T SPO ¥60 €€0 S60 90 T6'0 6T0 91'0  +v0-HEO'8 pdzsvdn 96L1€S4C  06C6TITIS! 420 SO-HTYL OTMHN 2T896TLT 89L0SSTst
¥6'0 S¥'0 00T <¢F'0 880 0€0 ¥6'0 CF0O S80 STO PT°0  €0-HEO'T  S00ZLESOTIDOT €188bS4T G961 LL981
S6°0 0S°0 00’1 Sy°0 ¥6°0 €€°0 00’1 6¥°0 260 620 910 €0-464°1 LVYDIS €¥S9SYLC 12894981
S6'0 0S50 00T SPO ¥60 €€0 S60 90 ¢T60 6T0 910  +v0-HEO'8 pdzsvdan 96L1€S4Z  06C6TITISE 420 SO-HTYL OTMHN 96£96TLT 69L0SS TSt
¥6'0 Iv’'0 S6'0 80 ¢80 STO ¥6'0 9€0 ¢T6'0 8TO P10 €0-HEO'T  S00ZLESOTIDOT €188bSLT S961£L981
¥6°0 9%'0 S6°0 0 £L8°0 8¢0 00’1 €¥0 260 8¢C°0 910 €0-464°1T LVYDIS €¥S9SY LT 12894981
¥6'0 9Y'0 S6'0 IF0 480 8CTO ¥60 O¥0 ¢T6'0 8CTO 910  +v0-HE0'8 pdzsvdan 96L1€S4Z  06C6TITISE 8C°0  SO-HI9E OTMHEN SY0EYTLT 9910894181
480 €0 S6'0 80 280 STO LL0 TEO ¥80 €TO P10 €0-HEO'T  S00ZLESOTIDOT €188VSLC G961 L4981
880 8€0 160 LE0 /80 LTO ¥80 6€0 ¥80 €TO0 9T'0  €0-H6L'T LVYITS €¥S9SY LT 12894951
880 8¢€0 16°0 LE°0 £L8°0 L2°0 640 9¢’0 80 €20 91°0 ¥0-4€0°8 ydesvdn 96L1€SLT 06C6CI11st 820 S0-4C1°€ OIMAN 2S0v0T4LC 18E€HSB8LIST €
- - - - - - ¥9°'0 900 - - 9€'0  90-HCST 2dvodd  TObSvTsye £L8ELTH0TSE
- - - - - - $9°'0  90°0 - - ST'0  v0-dbT'6 d9z4ADI  £SL0TYSPT €€48591S1 9€'0  90-4CST ¢dvDodd  8LESYTShT 98€4T60T1s1 1
a . a A a . a A a A dVIN anea-q QU3N) 1S9IBAN uoped0] as!  AVIN onfea-d  [OquIAS dUID uonedo] aisi  ¥HD
Hgo ISL sdI NId nan IR UOHEPI[EA ele( [RUISHO

‘eruado)na] 0§ S)NSaI UOTIBPI[EA
€ dIqelL

111



Lung Cancer 147 (2020) 106-114

A. Svedberg, et al.

"puepOdS pue pueduy ur ysnig ‘YgD
{A1el] ur uedso], ‘IS, ‘ureds ur uonendod uerraqy ‘Sq1 {pueulq Ul ystuulg ‘NIJ ‘Ansaoue ueadoins UIdlsom pue WIYIIOU PIM (HJHD) SIUSpPIsal yein ‘NdD ‘onel sppo Yo ‘Adouanbaij syay[e Jouty ‘AVIA Dwosowoayd “YHD

00'T €0 640 €10 680 0e0 00'T f4al] 00'T 9¢’0 £0°0 ¥0-4v9°€ 1Z1vd ce0EVLIE 192609651
00'T 1€°0 00'T L1°0 00'T Se€0 00'T 2T0 00'T 9€'0 ST'0 €0-46€°C OINIT 798S991¢ SYOETYTst L0°0 Y0-4v9°€ TdIedId €1€4891¢€ 100T8Pst
- - - - €0 90°0 - - - - £T°0 €0-420°C d8TOAIN 2¥60829¢C 6992C81St
- - - - €20 S0°0 - - Se0 90°0 9€’0 ¥0-4EE'6 1d2ddAdD ¥88E¥8SC Y6t LSST 0 ¥0-40€°€ d8TOAIN 68C6S19C G88EETSL
- - - - 6€'0 £0°0 - - - - S0°0 €0-H29'T ISV-XSI €9£95€S€ 61619651 800 €0-H0T'T SINDIN 088S18S€ LTYEETST (44
00'T 80°0 00'T S0°0 00'T 60°0 00'T 12°0 00'T 01’0 01’0 Y0-4€9°€ TIVNS 8L9¥6S8Y 99102098t 61°0 0-460°6 CV.LVdS 0€€TTS8Y LEES6YST
Se0 110 - - - - - - - - €0 €0-484tv YSINTD 06¥0ErEY 00€SSSTST
SS°0 61°0 0€'0 80°0 0€'0 90°0 - - 9Z'0 S0°0 820 €0-490°C YSINIY 1¥STOvEY 198C18s1
SS°0 61°0 0€'0 80°0 0€'0 90°0 - - 92’0 S0°0 820 €0-490°C YSINIY 29200vey SE0P609st fa 4] €0-HCT'T T10d4vd £8L99SEY 0841181 (114
00'T 01’0 €40 (0] 00'T L1°0 - - 00'T 210 200 SO-HLT'Z VSuvid 8€9S€0€T €LTLOTSST 9z'0 €0-48T'T TLSVIN 9£G8S86¢C1 TTB8SBOTTSL 61
00'T 80°0 - - - - - - - - €0 €0-489°C TISTS86401D07T 290€9¢€vL €999¢0¢st
00'T 01’0 - - - - - - - - 2T0 €0-H2L'T TdEANDD LI8TLYYL SL0TS9LTST
- - - - 620 90°0 - - 00'T £0°0 90°0 €0-91T'T €8900DNIT 01981€EVL LLTTBEETSE 10°0 0-466°'T daN 0088CLYL 9T6¥8¥8E TSI 81
29'0 £0°0 - - - - - - - - 11°0 €0-HZLY YIN 6676595 €89¥8LYST 10°0 €0-30C°T sdd LT8EYS9S TSELOTI6TST 91
- - - - S€'0 90°0 - - - - 61°0 ¥0-H0T'6 86 TOONI'T LE€T8T880T 94S€0881 1€°0 ¥0-49C°1T THSS 200412601 96S618YES1
- - - - - - 150 90°0 - - 810 €0-HISY drdad £TT0S6YS 60EYLBTST
- - - - - - 2s0 90°0 €20 €0-9¥L°C TIdVION 62€9C6¥S 8ECETTLIST 90 ¥0-448°8 TIONIN LSEBYTSS T2E8Y0OTSI (48
00'T 80°0 - - - - 990 (0] - - [ 4] €0-Hbb'T €AV T9LLS6EET 0Z8¥S681 L0°0 ¥0-49t°6 dcdMMd 9€061THEL 68SLI8T1SL (18
- - - - 00'T S0°0 - - - - £0°0 €0-H6EY d8LTINHINLL EYIT1660V 1T 020L1TS1 Ly'0 0-49€°8 CHIM 8940Cv1¥1 T0€£969s1
00'T S0°0 00'T 90°0 - - - - - - S0 €0-4¥8tv CTATLINVA 98€80¢8C1 20CL9Y9st 200 Y0-446°L THAdINI €4S6108C1 15G88¢Tst
- - 00'T £0°0 - - - - - - 200 S0-H6S ¥ T14vdAd £L9LE661T 190€68Cst 8v'0 Y0-H61°€ TTHVYNd CSYS9L1T 8C69€STISL L
- - LL0 £0°0 - - - - - - 11°0 €0-HETY THHgVD STL01668 048861CTst
09°0 80°0 - - - - - - - - 820 €0-48€°¢ PCITET00ID0T 88VEVL68 €2TS0Ts1
Se0 L0°0 - - - - - - - - Ly'0 €0-419°C 91dSDAD Y6911L68 26€8€0CST
- - - - yA4] S0°0 - - 850 80°0 9T'0 €OHIV'T asvad 05948006 88661S1St
- - 280 11°0 - - LT°0 ¥0-419°C THHGVD £SS60668 0€SLLLEST S€0 €0-dVT'T cdddavo €IY 18668 L1128Tst 9
88°0 vC'0 €80 f4al] ¥8°0 610 980 0Z'0 940 810 0 €0-dITV ISvdd 620vv16L 86596 151
880 i24Y] €80 2T0 ¥8'0 61°0 980 0z0 94’0 810 ta 4] €OHITY ISVdd 0S8EYPY6L 9091€E681
00'T 9z'0 00'T €2T0 00'T 61°0 00'T L1°0 00'T 810 SE0 €0-499°¢ ISVHd G98Y8E6L $98S0GCTs1
00'T S0 060 0Z'0 00'T 810 00'T LT°0 00'T 810 9€'0 €0-448°C ISvdd Y¥861€64 8ETLY89SI 610 €0-4S0°T ISvdd 98G/48€6L 80208t Est 14
€90 620 t4 40 ST°0 9¢°0 120 9€'0 110 VA4 ST°0 LT°0 €0-46C°'1 AT4LH 182€0088 649901C1st cro ¥0-46C°L 1d9959D 60806188 8E8CEVLST €
- - - - - - - - 9€0 S0°0 8€'0 Y0-4CS’L 2dy'1 €196V 1041 2T0TESSL
- - - - - - - - ovo 80°0 €v'0 ¥0-490°t ¢dy'1 9TYSYTOLT L10T€E8ST 90 Y0-429°6 119049V 910684691 T69L61S1 4
a A a - a A a - a A dAVIA anfea-q JUSD) 1SAIBAN uoned0T asi AV anea-d  [o0quIAS dUID Uuoned0T aist  ¥HD
g4go ISL Sdl NI nao BjeQq uonepleA ele( eSO

‘eruadoInau I0J S)NSaI UOLIBPI[EA

T CLA

112



A. Svedberg, et al.

Lung Cancer 147 (2020) 106-114

A Leukopenia B Neutropenia Fig. 2. Weighted genetic risk score (WGRS)
models for leukopenia (A) and neutropenia
. (B). The patients are categorized in risk groups
140 140 based on their wGRS that is determined based
on the patients genetic variation in 20 and 28
120 ok 120 ok SNVs associated with leukopenia and neu-
_ _ tropenia, respectively. Risk group 5 represents
bl " Eal N the highest risk group that primarily contain
o do0d % H00- patients that experienced a large decrease,
£ . £ having a low percentage of leukocytes and
o o i o . * neutrophils remaining compared to their
g 80 g 80 baseline levels. The error bars illustrate the
e . = . average decrease with 95 % confidence in-
o @ terval (CI) for each risk group. Differences be-
o 60 ole o tween the risk groups were analyzed using
2 a ANOVA with Sidak's multiple comparisons test.
g o g . Notes: *p < 0.05; **p < 0.01; ****p < 0.0001.
S 409 % 2
' I
o
20 20 .
)
0 T T T T t 0 T T T .I T
1 2 3 4 5 1 2 3 4 5
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could affect the recovery of blood cells after chemotherapy and thereby
also the risk of receiving chemotherapy-induced leukopenia.

In the previous extreme-phenotype study [15], where 32 patients in
this study with extreme phenotypes were participating, rs10160013 in
SVIL was identified to be associated with thrombocytopenia. The SNV
did, however, not pass the validation step. Otherwise, no clear overlap
between the extreme phenotype study and this study was found. Rea-
sons for this could be that different phenotypes and phenotype para-
meters were studied and the previous study only used parts of the pa-
tient material.

The second recurrently identified gene, EFCAB2, has been identified
to be upregulated in zebrafish, Danio rerio, after addition of the tran-
scription factor Etsl-related protein (etsrp) which is required for the
formation of myeloid cells in zebrafish [37,38]. To date, not much is
known about EFCAB2 but the upregulation after etsrp stimulation in-
dicates that it can possess an important role in myelopoiesis.

To utilize the cumulative effect of the several associated SNVs,
wGRS prediction models were created with the intention to, in advance,
be able to predict which patients in risk of receiving severe gemcita-
bine/carboplatin-induced leukopenia or neutropenia, Fig. 2. The
models rely on the ability to categorize the patient into a risk group
based on a set of SNVs in combination with baseline leukocyte and
neutrophil particle count. When the models were applied to our data
the models were able to distinguish between different degrees of leu-
kopenia and neutropenia decrease between the risk groups. Further
validation of these models is, however, desirable to evaluate and vali-
date their performance.

In conclusion, we have in this study identified and partly validated
genetic biomarkers, SNVs and genes, that are associated with gemci-
tabine/carboplatin-induced leukopenia and neutropenia and created
wGRS models for toxicity risk prediction. Of particular interest are the
genes, EFCAB2 and SVIL, since they were identified as significant in the
gene association test and contain several top hits in the SNV association
analysis that were partially validated against the independent GWAS
data set. These results generate solid support for further investigation
into chemotherapy-induced leukopenia and neutropenia. The results
can also be important for other drugs were hematological toxicities are
prominent adverse drug reactions or in other cancers where gemcita-
bine or carboplatin are also used.
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