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BACKGROUND: Hypertension and proteinuria are common bevacizumab-induced toxicities. No validated biomarkers are available
for identifying patients at risk of these toxicities.

METHODS: A genome-wide association study (GWAS) meta-analysis was performed in 1039 bevacizumab-treated patients of
European ancestry in four clinical trials (CALGB 40502, 40503, 80303, 90401). Grade =2 hypertension and proteinuria were recorded
(CTCAE v.3.0). Single-nucleotide polymorphism (SNP)-toxicity associations were determined using a cause-specific Cox model
adjusting for age and sex.

RESULTS: The most significant SNP associated with hypertension with concordant effect in three out of the four studies (p-
value <0.05 for each study) was rs6770663 (A > G) in KCNAB1, with the G allele increasing the risk of hypertension (p-value =
4.16 x 10°). The effect of the G allele was replicated in ECOG-ACRIN E5103 in 582 patients (p-value = 0.005). The meta-analysis
of all five studies for rs6770663 led to p-value =7.73 x 10~ %, close to genome-wide significance. The most significant SNP
associated with proteinuria was rs339947 (C > A, between DNAH5 and TRIO), with the A allele increasing the risk of proteinuria
(p-value =1.58 x 1077).

CONCLUSIONS: The results from the largest study of bevacizumab toxicity provide new markers of drug safety for further
evaluations. SNP in KCNABT validated in an independent dataset provides evidence toward its clinical applicability to predict
bevacizumab-induced hypertension.ClinicalTrials.gov Identifier: NCT00785291 (CALGB 40502); NCT00601900 (CALGB 40503);
NCT00088894 (CALGB 80303) and NCT00110214 (CALGB 90401).
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BACKGROUND Despite the demonstrated efficacy of bevacizumab in

Bevacizumab is a recombinant humanised monoclonal antibody
that targets the vascular endothelial growth factor (VEGF),
inhibiting binding to its receptors VEGFR1 and VEGFR2 [1]. It is
approved by the U.S. Food and Drug Administration (FDA) for the
treatment of metastatic colorectal cancer, advanced nonsqua-
mous lung cancer, metastatic renal cell carcinoma, recurrent
glioblastoma, advanced cervical cancer and ovarian cancer and
hepatocellular carcinoma [2]. The antitumour efficacy of bevaci-
zumab relies on inhibition of the VEGF-signaling pathway, which is
involved in endothelial survival, vascular permeability and there-
fore tumour angiogenesis [3].

combination regimens, patients frequently experience toxicity that
limits both the duration of therapy with bevacizumab and the
efficacy of the regimen. The most frequent bevacizumab toxicities
are hypertension and proteinuria, with a prevalence that varies in
different studies (proteinuria 21-41%, hypertension 3-43%) [4-6].
Hypertension and proteinuria can be occasionally life threatening [5].

The underlying mechanisms of bevacizumab-induced hyperten-
sion and proteinuria are not well understood, but are postulated
to involve nitric oxide (NO) inhibition and increased peripheral
vascular resistance, renal dysfunction and glomerular damage by
inhibition of VEGF produced by podocytes [4-6]. It is not clear
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whether the occurrence of proteinuria shares the same mechan-
ism responsible for hypertension, or whether the kidney damage
is a secondary effect.

Currently, there are no validated biomarkers to predict
bevacizumab-induced hypertension or proteinuria. Previous genetic
studies of bevacizumab-induced hypertension focused on a few
single-nucleotide polymorphisms (SNPs) in genes of the VEGF
pathway [7, 8], and only one genome-wide association study (GWAS)
has been performed to date [9]. Despite the reported associations,
none of the studies generated evidence that is robust enough to
allow for utilisation of these markers in the clinic, mostly due to lack
of replication of the signal across multiple studies.

We performed a GWAS meta-analysis of four randomised phase
Il clinical trials from the Cancer and Leukemia Group B (CALGB,
now part of the Alliance for Clinical Trials in Oncology, Alliance) in
cancer patients treated with bevacizumab. The primary aim of this
study was to identify novel genes and genetic variants that
showed a consistent association with either hypertension or
proteinuria across the different studies. We also aimed to replicate
SNPs associated with hypertension in another external study of
patients treated with bevacizumab.

MATERIALS AND METHODS

Patients and phase Il clinical trials

All four studies were randomised, either placebo-controlled versus
bevacizumab (CALGB 80303, 40503 and 90401) or bevacizumab
combined with different chemotherapies (CALGB 40502). Cancer
patients included in each study and their respective treatment regimens
are shown in Table 1. Two studies included only female patients (breast
cancer, CALGB 40503 and 40502), one study included only male patients
(prostate cancer, CALGB 90401), and one study included both female
and male patients (pancreatic cancer, CALGB 80303). More details on
patient eligibility, characteristics, stratifications and treatments can be
found in the Supplementary File and in the individual publication of
each trial [10-13].

Toxicity

Hypertension and proteinuria were recorded by the CALGB (Alliance)
Statistics and Data Center per protocol [10-13] according to Common
Toxicity Criteria for Adverse Events (CTCAE) version 3.0 (Table S1). These
criteria are standardised and widely used in clinical trials. Composite
toxicity is defined as the first occurrence of either hypertension or
proteinuria or both. For CALGB 40502, data on proteinuria (and hence
composite toxicity) were not available. In all trials, blood pressure was
measured prior to bevacizumab treatment on day 1 of each cycle. Urine
protein levels were measured prior to bevacizumab treatment on day 1 of
the 1st cycle and every 4 weeks after starting treatment in CALGB 80303;
prior to bevacizumab treatment on day 1 of the 1st cycle and up to 5 days
before or prior to bevacizumab treatment on the day 1 of subsequent
cycles in CALGB 40503; and within 48 h prior to every treatment cycle in
CALGB 90401.

Only toxicities with an attribution of “possibly related” or higher were
included, according to standardised criteria that are uniform across all
study protocols. According to the National Cancer Institute (NCI) Guidelines
[14], possibly related toxicities are those adverse events related to the
investigational drug. Treatment-terminating events included death,
disease progression, other toxicities defined per protocol, withdrawal of
consent for treatment, loss to follow-up or unknown recorded events. The
time to event was reconstructed manually for each patient in each study,
as we did previously [15]. The time to event was calculated as the time
from the first administration of bevacizumab to the first date of
experiencing the toxicity of interest, or other treatment-terminating
events, whichever occurred first.

According to the CTCAE version 3.0, grade 2 hypertension is defined as
recurrent or persistent (=24 h) or symptomatic increase by >20 mm Hg
(diastolic) or >150/100, whereas grade 3 hypertension is defined as the
same blood pressure levels as grade 2 but requiring more than one drug or
more intensive therapy than previously administered (Table S1). Because
grade 3 hypertension classification depends on the physician assessment
and the patient response to anti-hypertensive therapy, we employed a cut-
off of grade =2 for our analysis.

Genotyping and quality control

Germline DNA was obtained from peripheral blood. The genotyping
platforms used in each study are described in Table 1, and the number of
SNPs used for analysis after quality control (QC) are described in Fig. 1.
Additional information on the QC procedures can be found in the
individual publications of the GWAS data of CALGB 80303, 90401 and
40502 [16-18]. The genotyping and QC for CALGB 40503 has not been
previously reported and it is described in the Supplementary File.
Following QC, the total number of SNPs found in common among the
four CALGB studies was 261,099. Each SNP that passed QC and has
genotype data for at least one study was tested for association.

For additional GWAS study level QC, quantile-quantile (Q-Q) plots were
generated (Fig. S1). In addition, scatter plots of minor allele frequencies
(MAF) for the top fifty SNPs in each CALGB study and in Europeans (EUR)
subjects from the 1000 Genomes project were generated (Figs. S2, S3,
and S4).

Statistical analysis

The primary objective of the study was to test the association between
SNPs and grade =2 toxicities in patients of genetically determined
European ancestry treated with bevacizumab in each trial. A GWAS meta-
analysis was performed including the results of the four trials, which have
never been reported before.

For the principal component analysis, the genetic ancestral origin of
patients was estimated based on clustering by Eigenstrat [19]. Following
linkage disequilibrium (LD) pruning using an LD threshold of 0.2, pruned
genotype data were compared to genotype data for the set of pruned
variants from the 1000 Genomes Project Phase 3 samples, including
individuals from ASW, CEU, CHB, MEX and YRI populations. Patients within
each dataset that grouped with 1000 Genomes Project CEU samples based
upon the first and second principal components were categorised as
genetically determined European ancestry.

A cause-specific Cox model, where the outcome is defined as the pair of
time to event and the censoring indicator, was fitted to obtain the estimate
of the SNP effect (and the corresponding standard error estimate) on
toxicity in each individual study. The analyses assumed an additive effect
of each risk allele (additive genetic model) and were adjusted for age and
sex. The inverse variance formula was used to combine the SNP effect in
each study to obtain the meta-analysis estimate (B) of the SNP-toxicity
association and its standard error. The heterogeneity across studies was
examined by Cochran’s Q test and the reported SNPs are those with
Cochran’s Q p-value > 0.20. The top fifty most statistically significant SNPs
in the meta-analysis in LD with R*>0.10 based on 1000 Genomes Project
Phase 3 CEU population and within 500 kb of distance were pruned. The
adjusted (for age and sex) and also unadjusted results for the top fifty SNPs
after pruning and their respective Cochran’s Q p-values are shown in
Tables S2, S3, and S4. The reported p-values are not corrected for multiple
comparisons and the cut-off for genome-wide significance is p-value <
500x 1072,

The meta-analysis p-values and B values have been used as the starting
point to examine the performance in the sub-studies and conduct further
analysis, including replication and bioinformatics. First, the SNPs were
ordered according to the most statistically significant p-values of the meta-
analysis and then the concordance of the effect was evaluated across the
studies used in the meta-analysis. The SNPs that had the same direction of
effect in at least three out of the four studies for hypertension (and two out
of the three studies for proteinuria and composite toxicity) were
investigated further for bioinformatic analysis. Codes used for analyses
will be provided upon request.

Functional annotation of SNPs

Functional annotation of SNPs and genes was performed to describe our
findings using the SCAN database [20]. SNPs were analyzed by LDlink for
analyses of LD [21]. The UCSC Genome Browser (http://genome.ucsc.edu/)
[22], RegulomeDB [23] and Haploreg v4 [24] were used for functional
inference. The Genotype-Tissue Expression project (GTEx v7) [25] and
NephQTL [26] were used for analyses of expression quantitative trait loci
(eQTL).

Replication of associations with hypertension in ECOG-ACRIN
E5103

Data from a GWAS of bevacizumab-induced hypertension from the Eastern
Cooperative Oncology Group and the American College of Radiology
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m? or ixabepilone 16 mg/m? on days 1, 8 and 15

Paclitaxel 90 mg/m? or nab-paclitaxel 150 mg/
plus bevacizumab 10 mg/kg on days 1 and 15

Recurrent or metastatic breast cancer
Ilumina Human OmniExpressExome-8

40502 n
57.2 (10.7)
466

either placebo or bevacizumab 15 mg/kg

prednisone 5 mg orally on day 1 plus
every 21 days

Metastatic castration-resistant
Docetaxel 75 mg/m? in combination with
Ilumina HumanHap610-Quad

90401 n=314
68.4 (8.3)

314

prostate cancer

40503 n=105

56.9 (11.7)

105

Hormone receptor-positive,
advanced-stage breast cancer
Letrozole 2.5 mg orally/day plus
either placebo or bevacizumab 15
mg/kg every 21 days

lllumina Human
OmniExpressExome-8

Gemcitabine 1000 mg/m? on days 1, 8

and 15 plus either placebo or
bevacizumab 10 mg/kg on days

1 and 15
lllumina HumanHap550-Quad

80303 n=154
64.4 (10.5)
Advanced pancreatic cancer

Patients of genetically determined European ancestry treated with bevacizumab and analyzed in the GWAS.
90

Mean (SD)

Male

Female

Table 1.
CALGB trial
Age

Sex

Cancer type
Treatment
Genotype
platform
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Grade 3
50 (10.7)

Grade =2

Grade 3
22 (7.0)
5(1.6)

Grade =2
47 (15.0)
20 (6.4)
61 (19.4)

Grade 3
29 (27.6)
10 (9.5)

34 (32.4)

Grade =2
53 (50.5)
32 (30.5)
65 (61.9)

Grade 3

Grade =2
26 (16.9)
26 (16.9)
43 (27.9)

143 (30.7)

19 (12.3)
9 (5.8)

(n, %)
(n, %)

(n, %)
No grade 4 toxicity was reported. “~" not available. Grade> 2: Recurrent or persistent (=24 h) or symptomatic increase by >20 mm Hg (diastolic) or to >150/100 if previously within normal limits; monotherapy

may be indicated. Grade 3: Requiring more than one drug or more intensive therapy than previously.

CALGB Cancer and Leukemia Group B, SD standard deviation.

Hypertension

Proteinuria

26 (8.3)

26 (16.9)

Composite toxicity
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Imaging Network (ECOG-ACRIN) 5103 trial was used as an independent
replication set. The most statistically significant SNP in the meta-analysis
with a concordant direction of effect and a p-value <0.05 in the three out
of four studies for hypertension was tested for replication in ECOG-
ACRIN E5103.

As a post-hoc, exploratory analysis performed during the revision
process, the ten most statistically significant SNPs from the meta-analysis
(Table S2) have been also tested for replication in ECOG-ACRIN E5103.

ECOG-ACRIN E5103 was an adjuvant study in breast cancer patients
treated with doxorubicin and cyclophosphamide for four cycles,
followed by four cycles of weekly paclitaxel. Concurrently to che-
motherapy, patients were randomised to receive either placebo (arm A)
or bevacizumab 10-15mg/kg (arms B and C). Patients in arm C
continued bevacizumab monotherapy (15 mg/kg every 3 weeks) for an
additional 10 cycles. Hypertension was recorded according to either the
Joint National Committee (JNC-7) or the CTCAE version 3.0 (Table S1).
Bevacizumab-induced hypertension was defined as either the first
occurrence of a systolic blood pressure (SBP)> 160 mm Hg (stage Il of
JNC-7) or as the first occurrence of hypertension grade >3 (CTCAE) after
the start of treatment in arms B and C. Patients in arms B and C were
used as controls (no hypertension) as defined upon meeting the
following criteria: SBP < 140 mm Hg at baseline without use of an anti-
hypertensive; maintained a median SBP <140 mm Hg throughout
therapy; did not meet any of the definitions of cases as outlined above;
and received all prescribed doses of bevacizumab with follow-up for at
least 3 months after the last dose. The treatment regimen and
genotyping platforms are described in Table S5 and additional
information on the QC procedures can be found in the GWAS
publication [9].

The association between SNPs and hypertension in ECOG-ACRIN E5103
was tested in patients of genetically determined European ancestry (based
upon Eigenstrat) and the number of SNPs used for analysis after QC are
described in Fig. 1. A binary model with a standard case-control association
was performed to identify SNPs associated with the presence or absence of
hypertension (either SBP > 160 mm Hg or grade >3), where patients with
SBP > 160 mm Hg (cases) and/or grade >3 hypertension were tested versus
controls. Age and obesity (body mass index (BMI) > 30) were included as
covariates. Because we do not have access to information on BMI for the
CALGB studies, we have also performed an association analysis in ECOG-
ACRIN E5103 using only age as a covariate.

For the SNP replicated in ECOG-ACRIN E5103, the inverse variance
formula was used to combine the SNP effect in each of the four CALGB
studies (for grade >2) and ECOG-ACRIN E5103 (for SBP > 160 mm Hg) to
obtain the meta-analysis p-value, estimate () and the odds ratio (OR) of
the association in the five studies overall.

Sex-stratified analysis

Because of the higher prevalence of bevacizumab-induced hypertension in
female than male patients in CALGB studies (Table 1 and Table S6), we
have also performed meta-analyses for the association between the SNP
replicated in ECOG-ACRIN E5103 and grade >2 hypertension only in either
female or male patients in the CALGB studies.

RESULTS
A total of 1039 cancer patients of genetically determined
European ancestry treated with bevacizumab were included in
this study (Table 1). Grade =2 hypertension (15.0-50.5%) was more
prevalent than grade >2 proteinuria (6.4-30.5%). The prevalence
of grade =2 composite toxicity (first occurrence of either
hypertension, proteinuria or both) was 19.4-61.9%. No grade 4
toxicity was reported. The prevalence of these toxicities was
higher in females (breast cancer patients, CALGB 40502 and
40503) than in males (prostate cancer patients, CALGB 90401), and
the same trend was also observed in the pancreatic cancer study
(CALGB 80303) (Table S6).

Manhattan and Q-Q plots for the meta-analysis of SNPs
association with toxicity are shown in Fig. S5.

SNPs associated with bevacizumab-induced hypertension
The ten most statistically significant SNPs that had the same
direction of effect in at least three out of the four studies are
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CALGB 80303

CALGB 40503

CALGB 90401

CALGB 40502

ECOG-ACRIN E5103

Randomised patients
(n=602)

Randomised patients
(n=343)

Randomised patients
(n=1050)

Randomised patients
(n=799)

Randomised patients
(n=4994)

No consent, sample not
available, or non-Europeans
(genetically determined)
(n=308)

No consent, sample not
available, or non-Europeans
(genetically determined)
(n=138)

"

No consent, sample not
available, or non-Europeans
(genetically determined)
(n=429)

No consent, sample not
available, or non-Europeans
(genetically determined)
(n=310)

GWAS patients of European
ancestry (n = 294)
Bevacizumab group (n = 154)
Total SNPs (s=565,353)

Excluded (s=72,392):

Call rate 95% (s=1,429)
MAF<0.05 (s=59,146)
HWE (P<1e-08) (s=11,817)

ancestry (n = 205)
Bevacizumab group (n = 105)

GWAS patients of European
Total SNPs (s=964,058 )

|

GWAS patients of European
ancestry (n=621)
Bevacizumab group (n=314)
Total SNPs (s=588,426)

GWAS patients of European
ancestry (n = 489)
Bevacizumab group (n = 466)
Total SNPs (s=964,058)

Excluded (s=376,848):
Call rate 95% (s=51,759)
MAF<0.05 (s=325,089)
HWE (P<1e-08) (s=0)

Excluded (s=90,364):
Call rate 95% (s=32,415)
MAF<0.05 (s=57,949)
HWE (P<1e-08) (s=0)

v

Excluded (s=373,577):
Call rate 95% (s=59,610)
MAF<0.05 (s=313,958)
HWE (P<1e-08) (s=9)

No consent, sample not
available/removed, non-
European (genetically
determined), or not treated
with bevacizumab (n = 4412)

GWAS patients of European ancestry
treated with bevacizumab (n = 582)
Total SNPs Batch 1 (s=1,140,419)

Total SNPs Batch 2 (s=741,000)

Excluded (s=399,419):
Failing genotyping (s=12,737)
Call rate <95% or HWE
(P<0.0001) (s=185,625)
MAF<0.03 (s=114,761)
INFO<0.3 (s=86,296)

study (n = 154)
SNPs for association

Patients included in this
analysis (s=492,961)

(s=587,210)

Patients included in this
study (n=314)
SNPs for association analysis
(s=498,062)

Patients included in this
study (n = 466)
SNPs for association analysis
(s=590,481)

Patients included in this
study (n = 582)
SNPs for association analysis
(s=810,372)

Patients included in this study
(n=105)
SNPs for association analysis

Fig. 1
frequency, HWE Hardy-Weinberg Equilibrium.

shown in Table 2. None of the SNPs reached the genome-wide
significance cut-off (p-value < 5.00 x 10™8). Variant rs13135230 (G
> A, MAF 0.25-0.28), located 3.8 kb 3’ from LGI2, was the most
statistically significant (p-value = 1.36 x 1075, B = 0.47), with the A
allele increasing the risk of hypertension. Two of these ten SNPs
had a p-value < 0.05 and the same direction of effect in three out
of the four studies (Table 2) and, out of these two SNPs, rs6770663
in KCNABT (Fig. S6) was the most statistically significant (p-value =
416x10°% B=0.58). The G allele of rs6770663 (A>G, MAF
0.08-0.09) was associated with an increased risk of hypertension
(Fig. 2 and Fig. S7).

SNPs associated with bevacizumab-induced proteinuria

The ten most statistically significant SNPs that had the same
direction of effect in at least two out of the three studies are
shown in Table 2. None of the SNPs reached the genome-wide
significance cut-off (p-value < 5.00 x 10~8). Variant rs339947 (C >
A, MAF 0.12-0.14), intergenic (73 kb 5’ from DNAH5 and 130 kb 5’
from TRIO, Fig. S6), was the most statistically significant (p-value =
1.58%x 1077, B=1.26), with the A allele increasing the risk of
proteinuria (Fig. 3 and Fig. S7). Eight of these ten variants had a p-
value < 0.05 and the same direction of effect in at least two studies
(Table 2).

SNPs associated with bevacizumab-induced composite
toxicity

The ten most statistically significant SNPs that had the same
direction of effect in at least two out of the three studies are
shown in Table 2. None of the SNPs reached the genome-wide
significance cut-off (p-value < 5.00 x 10~8). Variant rs16945809 in
YWHAE (A > G, MAF 0.06-0.08, Fig. S6) was the most statistically
significant (p-value =2.16 x 10°%, p=0.94), with the A allele
increasing the risk of composite toxicity (Fig. 2 and Fig. S7). Nine
of these ten variants had a p-value < 0.05 and the same direction
of effect in at least two studies (Table 2).

Replication of rs6770663 in KCNAB1 for hypertension in
ECOG-ACRIN E5103

One SNP associated with grade =2 hypertension in our study,
rs6770663 in KCNAB1, was evaluated for replication in patients of
genetically determined European ancestry from ECOG-ACRIN
E5103. This variant was evaluated because it was among the top
ten most statistically significant SNPs and also was the most
statistically significant SNP that had a concordant effect in three

CONSORT and quality control flowchart for CALGB 80303, 40503, 90401 and 40502, and ECOG-ACRIN E5103. MAF minor allele

out of the four studies (p-value < 0.05 for each study) (Table 2). The
G allele of rs6770663 (A>G, MAF 0.10) was associated with a
higher risk of SBP>160 mm Hg (OR=1.76, p-value = 0.005) in
ECOG-ACRIN E5103 (Table S7), similar to the increased risk of
grade =2 hypertension in the CALGB studies (p-value =4.16 x
1075, B=0.58) (Table 2). For grade >3 hypertension in ECOG-
ACRIN E5103, the increased risk (OR = 1.32) conferred by the G
allele of rs6770663 did not reach statistical significance (p-value =
0.213).

In the association analysis in ECOG-ACRIN E5103 using only age
as a covariate, the G allele of rs6770663 (A > G) was associated
with a higher risk of SBP>160 mm Hg with OR=1.83 and p-
value =0.007. For grade =3 hypertension, the association did not
reach statistical significance (OR = 1.35, p-value = 0.227).

In the meta-analysis of rs6770663 in CALGB studies and ECOG-
ACRIN E5103, the G allele of rs6770663 (A > G) was associated with
a higher risk of bevacizumab-induced hypertension with f = 0.59,
OR=1.81, and p-value=7.73x 10® adjusted for age and sex
(CALGB studies) and age and BMI (ECOG-ACRIN E5103), and B =
057, OR=1.77, and p-value=9.07x10"% in an unadjusted
analysis.

In the post-hoc, exploratory analysis (see Methods section),
none of the ten most statistically significant SNPs from the
meta-analysis were associated with SBP > 160 mm Hg in ECOG-
ACRIN E5103 (p-value >0.05, Table S8). In a similar post-hoc,
exploratory analysis performed during the revision process,
rs2000611 in KCNK10 was also tested, due to similarity in gene
function between KCNAB1 (harboring rs6770663) and KCNK10.
Variant rs2000611 in KCNK10 was not associated with SBP > 160
mm Hg in ECOG-ACRIN E5103 (OR =0.85, 95% Cl 0.66-1.08, p-
value = 0.382).

Sex-stratified analysis for rs6770663 in KCNAB1

The meta-analyses for the association between rs6770663 in
KCNABT1 and grade =2 hypertension only in either female (n = 661)
or male (n = 378) patients in the CALGB studies showed that the G
allele of KCNABT (A > G) was associated with an increased risk of
grade =2 hypertension in both female (p-value =2.0x 1074 B =
0.53) and male (p-value =0.0025, = 0.87) patients.

DISCUSSION
To the best of our knowledge, this is the largest GWAS meta-
analysis of bevacizumab-induced hypertension and proteinuria,
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Fig. 2 Cumulative incidence of grade = 2 hypertension for rs6770663 in KCNAB1. The numbers next to each genotype correspond to the
number of patients with hypertension grade >2 / total patients (%). One patient in CALGB 80303 and one patient in CALGB 90401 have
the GG genotype of rs6770663 and did not report bevacizumab-induced grade > 2 hypertension.

Proteinuria, rs339947

CALGB 80303

P =0.001, f =1.09
—— CC 15/120 (12.5)

100
. —1= CA10/32 (31.2)
o
g o == AA 1/2 (50.0)
-]
2 e
z bt e eeneeeaaeesaaeeeaaeeaaaeanaas
2 40
©
]
£ 20
=
o

0 - )

0 5 10 15

Time since start of treatment (months)

CALGB 90401
P=29x 1075, p=142
—— CC 8/231 (3.5)
-L- CA9/75 (12.0)
oz AA 3/8 (37.5)

100

80

60

Cumulative incidence

Time since start of treatment (months)

Composite toxicity, rs16945809

CALGB 80303 CALGB 40503 _ aa50/89 (56.2) CALGB 90401
P=0.003, f =1.26 P =0.007, = 0.82 -L- AG 15/16 (93.8) P =0.009,  =0.88

° 100 —— AA31/128 (24.2) 10+ 100 — AA11/36 (30.6)
3 i AG12/26(462) - 8 -L. AG 50/278 (18.0)
S 80 S 80 o S 80
=] k=] k]
2 60 2 60 2 60
S NIV 2 s
Z 40 N 2 40 2 40
L = o 5
E =
g 204 ! g2 20 g
8 |=- 3 3

‘ o (8]

0+ T T d 0 T T T T d
0 5 10 15 0 10 20 30 40 50

Time since start of treatment (months)

Time since start of treatment (months)

Time since start of treatment (months)

Fig. 3 Cumulative incidence of grade =2 proteinuria for rs339947 between DNAH5 and TRIO and grade =2 composite toxicity for
rs16945809 in YWHAE. rs339947 was not present in the genotype platform of CALGB 40503. The numbers next to each genotype correspond
to the number of patients with hypertension grade >2 / total patients (%).

which included 1039 cancer patients from four randomised
phase Ill clinical trials conducted in a single cancer network. The
relatively large sample size, the randomised design, and the
standardised collection of the phenotypic and genotypic data
improve the validity of the results from testing genetic
associations of drug response in patients. The use of genomic
data from different studies allows the evaluation of the
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concordance of the effect, increasing the reproducibility of
these associations. Further confirmation of a variant in KCNABT
for bevacizumab-induced hypertension from an independent,
external dataset provides even stronger evidence toward
clinical actionability.

We have established evidence of replication of the effect of
rs6770663 (A > G), intronic in KCNABI, as a variant for the risk of
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hypertension (Fig. 2). Similar to the CALGB studies, where it was
associated with an increased risk of grade >2 hypertension (p-value
=4.16x10°), rs6770663 was also associated with a higher risk of
SBP > 160 mm Hg in ECOG-ACRIN E5103 (p-value = 0.005). More-
over, the association between rs6770663 and bevacizumab-induced
hypertension was close to the genome-wide significance cut-off (p-
value = 7.73 x 10®) in the meta-analysis of the CALGB studies and
ECOG-ACRIN E5103. In ECOG-ACRIN E5103, rs6770663 showed the
same direction of effect, increasing the risk of grade >3 hyperten-
sion, but without reaching statistical significance. Grade 3 hyperten-
sion is based upon a physician’s assessment of the need for
therapeutic intervention as well as patient response to the anti-
hypertensive treatment. This might explain the lack of statistical
association with grade 3 hypertension in ECOG-ACRIN E5103, as the
classification of grade 3 hypertension is not as reliable as the
classification for grade 2 [9].

The biology of KCNABT is consistent with the phenotype of
bevacizumab-induced hypertension. KCNABT encodes the K*
voltage activated channel subfamily 1 subunit 1 (K,$1.1-1.3)
and is highly expressed in arteries (aorta, coronary, tibial) [25]
and endothelial cells [27]. This subunit affects the channel
function and/or its localisation [28, 29]. The conductance of K*
is the main regulator of membrane potential in vascular smooth
muscle and endothelial cells, and the deactivation or closure of
the channel leads to vasoconstriction [30]. The function of K*
channels is altered in hypertension [30], and is significantly
reduced in artery cells in hypertensive rats [31]. KCNABT has
been shown to be important for the normal function of the
heart, and a deletion in KCNAB1 was found in a patient who
suffered sudden cardiac death [32]. When KCNABT was knocked
out in female mice, elevated blood pressure and cardiac
hypertrophy were observed [33]. Variant rs6770663 (A > G) is
located in a region of H3K4mel enhancers in the aorta
(Table S9), showing a possible regulatory role. The serum-
response factor (SRF) is more likely to bind the A allele than the
G allele of rs6770663 [24, 34]. SRF is a cardiac-enriched
transcription factor, which activates a variety of genes
expressed in the heart and vascular smooth muscle cells [35],
including KCNABT [36]. With this body of biological evidence, we
postulate that patients who present a genetic predisposition for
lower expression of KCNABT (mediated by reduced KCNABT
activation by SRF) will have an impaired activation of K
channels and increased vasoconstriction. When patients with
the G allele of rs6770663 are treated with bevacizumab,
rs6770663 might act as a genetic modifier that increases the
risk of hypertension. Variant rs6770663 has a frequency of about
10% in Europeans and a global frequency of 30% [37], and it
might impact a significant proportion of patients treated with
bevacizumab.

This study also proposes DNAH5 and TRIO as novel candidate
genes based on their association with the intergenic variant
rs339947, the most statistically significant SNP associated with
an increased risk of proteinuria (p-value = 1.58 x 10~7). DNAH5
(dynein axonemal heavy chain 5) is expressed in kidney and
endothelial cells [25, 27] and encodes a dynein protein that is
important for the normal function of ciliated cells in many
tissues, including the kidney tubule. Mutations in DNAH5 cause
a genetic disorder associated with polycystic kidney disease
[38]. TRIO (trio rho guanine nucleotide exchange factor) is also
expressed in kidney and endothelial cells [25, 27] and encodes a
GDP to GTP exchange factor promoting the reorganisation of
the actin cytoskeleton, thereby playing a role in cell migration
and growth. TRIO is highly expressed in podocytes and
regulates the attachment of podocytes to glomerular basement
membrane [39]. TRIO induces Rac1 activity, which contributes to
podocyte injury and proteinuria [39]. Because of these
biological functions, DNAH5, TRIO, or both could be involved
in the mechanism of bevacizumab-induced proteinuria.

Interestingly, our analysis showed that rs429023, in LD R®=
0.51 with rs339947, is an eQTL increasing TRIO expression in the
glomerulus (Table S9), potentially pointing toward TRIO as the
putative gene of proteinuria.

We observed a higher prevalence of bevacizumab-induced
toxicities in female versus male patients (Table 1 and Table S6), as
previously reported [40]. The bevacizumab label also indicates a
lower drug clearance in females compared to males [2]. Whether
female sex is a risk factor for bevacizumab-induced toxicities requires
further evaluation. We have replicated the effect of rs6770663 (A > G)
in KCNABT for bevacizumab-induced hypertension in an independent
female cohort and it should also be validated in additional male
cohorts, although our results already provide evidence of the effect
of rs6770663 in both female and male patients.

This study has some limitations. We performed a replication
study only for hypertension, and we were not able to find
existing, available GWAS datasets for proteinuria and more
effort is required to replicate the findings for proteinuria. Only
rs339947 (proteinuria, p-value =1.58 x 1077) and rs6770663
(hypertension p-value =7.73 x 102 in the meta-analysis of all
five studies) were close to the cut-off for genome-wide
significance. However, signals not reaching the genome-wide
cut-off for statistical significance could still be replicated across
studies [41-43]. This study included four clinical trials that differ
in tumour types, bevacizumab dosing, patient demographics
and clinical characteristics. The selection of SNPs based on a
Cochran’s Q p-value >0.20 for heterogeneity minimises the
contribution of confounding effects originating from these
differences across studies. We consider the concordance of the
genetic effect across different studies as a strength for
associations that are likely to be more directly related to the
pharmacological effects of bevacizumab and potentially refrac-
tory to the influences of other factors. We do not have access to
data of anti-hypertensive therapies before treatment with
bevacizumab, and we were not able to evaluate if patients
with pre-existing (albeit controlled) essential hypertension have
a higher risk of developing bevacizumab-induced hypertension.
Lastly, we did not perform imputation to our data. This
approach will be further applied to future studies aimed at
discovering additional variants.

Despite the clinical use of bevacizumab for many years,
hypertension and proteinuria still represent obstacles to full delivery
of effective therapy and pose a threat to patient health and quality of
life. This study has identified and validated rs6770663 in KCNABT as a
novel marker of bevacizumab-induced hypertension that can be
used to guide decisions on the risk assessment of female patients of
European descent treated with bevacizumab. This marker should be
further evaluated in patients of different ancestries than European.
Additionally, we have identified TRIO and DNAH5 as novel candidate
genes associated with proteinuria. Because hypertension and
proteinuria are also shared by many other anti-angiogenesis drugs,
the availability of these results in the public domain will expedite
their translation into clinical application for other drugs with a similar
mechanism of action.
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in the NHGRI-EBI GWAS Catalog under study accession numbers GCST90026609,
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