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Abstract

Cancer patients treated with capecitabine and oxaliplatin (XELOX) often develop hand-
foot syndrome (HFS) or palmar-plantar erythrodysesthesia. Genetic variation in ST6GAL1
is a risk factor for type-2 diabetes (T2D), a disease also associated with HFS. We
analysed genome-wide association data for 10 toxicities in advanced colorectal cancer
(CRC) patients from the COIN and COIN-B trials. One thousand and fifty-five patients
were treated with XELOX * cetuximab and 745 with folinic acid, fluorouracil and
oxaliplatin + cetuximab. We also analysed rs6783836 in ST6GAL1 with HFS in CRC
patients from QUASAR2. Using UK Biobank data, we sought to confirm an association
between ST6GAL1 and T2D (17 384 cases, 317 887 controls) and analysed rs6783836
against markers of diabetes, inflammation and psoriasis. We found that 68% of patients
from COIN and COIN-B with grade 2-3 HFS responded to treatment as compared to
58% with grade 0-1 HFS (odds ratio [OR] = 1.1, 95% confidence interval [Cl] = 1.02-1.2,
P = 2.0 x 107%. HFS was also associated with improved overall survival (hazard
ratio = 0.92, 95% Cl = 0.84-0.99, P = 4.6 x 10~ 2). rs6783836 at ST6GAL1 was associ-
ated with HFS in patients treated with XELOX (OR = 3.1, 95% Cl = 2.1-4.6,
P = 4.3 x 107®) and was borderline significant in patients receiving capecitabine from
QUASAR?2, but with an opposite allele effect (OR = 0.66, 95% Cl = 0.42-1.03, P = .05).
ST6GAL1 was associated with T2D (lead SNP rs3887925, OR = 094, 95%
Cl = 0.92-096, P= 12 x 108 and the rs6783836-T allele was associated with
lowered HbAlc levels (P = 5.9 x 102) and lymphocyte count (P = 2.7 x 10~9), and
psoriasis (P = 7.5 x 10~3) beyond thresholds for multiple testing. In conclusion, HFS is a
biomarker of treatment outcome and rs6783836 in ST6GAL1 is a potential biomarker for
HFS with links to T2D and inflammation.
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What's new?

1 | INTRODUCTION
Toxicity from chemotherapy may result in treatment discontinuation
or dose reduction affecting the prospect of a cure in patients with
cancer. Patients treated with capecitabine and oxaliplatin (XELOX)
often develop hand-foot syndrome (HFS), in which small amounts of
the chemotherapeutic agent leaks out of capillaries into the hands and
feet and damages the surrounding tissues.! HFS has been suggested
to be a biomarker of treatment efficacy with post hoc analyses from
clinical trials of colorectal and breast cancer patients finding that
grade 1+ HFS was associated with improved overall and progression-
free survival.2® Established risk factors for HFS include being older,
female, having pre-existing peripheral neuropathy, circulation prob-
lems and diabetes.*>

Genetic variation in STé B-galactoside a-2,6-sialyltransferase
1 (ST6GAL1) is associated with risk of developing type-2 diabetes
(T2D).>7 ST6GAL1 catalyses the addition of «2,6-linked sialic acids
onto key surface glycoproteins. Increases in a2,6-linked sialic acids
have been linked to inflammatory conditions® and ST6GAL1 defi-
ciency leads to increased inflammatory cell production,’ granulo-
cyte recruitment®® and cytokine release.’* There is also substantial
evidence that ST6GAL1 plays an important role in cancer progres-
sion, and is overexpressed in numerous cancers including colorec-
tal.'®2 High ST6GAL1 expression has been associated with
radioresistance and chemoresistance to several anticancer treat-
ments, which ultimately leads to poorer patient outcomes.*31¢

Inherited genetic factors are being recognised to affect toxic-
ity from chemotherapeutic agents; notably, rare variants in the
dihydropyrimidine dehydrogenase gene are associated with
5-fluorouracil toxicity. We have previously studied the relationship
between common single nucleotide polymorphisms (SNPs) and
10 of the major toxicities, in patients with advanced colorectal
cancer (CRC) from the COIN and COIN-B*""*? clinical trials.?°
Here, we extended our analysis and meta-analysed those patients
receiving XELOX * cetuximab and, separately, folinic acid, fluoro-
uracil and oxaliplatin (FOLFOX) + cetuximab. We also sought to
confirm an association between ST6GAL1 and T2D, and under-
stand their interrelationship with HFS by studying biomarkers of

inflammation and psoriasis using data from the UK Biobank.

Combination therapy with capecitabine and oxaliplatin (XELOX) in cancer patients can lead to
hand-foot syndrome (HFS), risk factors for which include older age, being female, and having
pre-existing conditions, such as diabetes and neuropathy. Here, investigation of HFS in XELOX-
treated patients with advanced colorectal cancer (CRC) shows that HFS toxicity is associated
with improvements in treatment response and overall survival. In particular, the variant
rs6783836 in ST6GAL1, a gene with roles in inflammation and type-2 diabetes, was linked to
HFS and glycated haemoglobin levels. The findings identify rs6783836 as a promising HFS bio-
marker in XELOX-treated patients with advanced CRC.

2 | MATERIALS AND METHODS

21 | Patients and samples

Two thousand six hundred and seventy-one patients (mean age at
randomisation of 62 years, range 18-87, 36% female) with meta-
static or locally advanced CRC recruited into the MRC clinical trials
COIN (ISRCTN27286448)*7*8 and COIN-B (ISRCTN3837568)*°
were studied. None of the patients had previously received che-
motherapy for advanced disease. COIN patients were randomised
1:1:1 to receive continuous oxaliplatin and fluoropyrimidine che-
motherapy (n = 815), continuous chemotherapy with cetuximab
(n = 815), or intermittent chemotherapy (n = 815). COIN-B
patients were randomised 1:1 to receive intermittent chemother-
apy and cetuximab (n = 112) or intermittent chemotherapy and
114). For the first 12-weeks, treat-
ments were identical in all patients apart from the choice of fluo-
ropyrimidine (n = 1603, 60% received XELOX and n = 1068, 40%

received FOLFOX) together with the randomisation of +cetuximab

continuous cetuximab (n =

(n = 1041, 39% received cetuximab). Blood DNA samples were
prepared from 2244 of the 2671 patients.

2.2 | Toxicities assessed

Assessment of toxicities was performed at 12 weeks, since at
this point patients from all trial arms received identical levels of
chemotherapy with or without cetuximab. This time point was
also prior to any interruption to treatment for the intermittent
therapy arms. Toxicities assessed were diarrhoea, neutropenic
sepsis, peripheral neuropathy, HFS, neutropenia, lethargy, stoma-
titis, nausea, vomiting and rash graded by critical adverse events
as per the Common Terminology Criteria for Adverse Events
(CTCAE version 4.0) with the highest grade noted within the
first 12 weeks of treatment. Patients with toxicities graded 2-5
(G2-5) were grouped and compared against those graded 0-1
(GO-1). For HFS, we compared patients with G2-3 (G3 is the
maximum) against those with GO-1; we also considered a linear

model of toxicity.
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2.3 | Patient outcome

Assessment of response was also performed at 12 weeks. Response
was defined as complete or partial response using RECIST 1.0 guide-
lines and no response was defined as stable or progressive disease.
Overall survival (OS) was defined as time from randomisation to death

or date of last assessment.

24 | Genotyping

Two thousand two hundred and forty-four patient DNA samples
were genotyped using Affymetrix Axiom Arrays according to the
manufacturer's recommendations (Affymetrix, Santa Clara, Califor-
nia).2! After quality control (QC), SNP genotypes were available
for 1950 patients.?* For 150 patients, no data on toxicity had been
collected and these were excluded leaving 1800 for analysis. Pre-
diction of untyped SNPs was carried out using IMPUTEv2 (v2.3.0)
based on data from the 1000 Genomes Project as reference. We
restricted our analysis to directly typed SNPs and imputed SNPs
with INFO scores 20.8, a Hardy-Weinberg equilibrium 21.0 x 107
and a minor allele frequency (MAF) 20.05.

2.5 | Statistical analyses

We previously analysed 4 million SNPs for a relationship with each
toxicity under univariate models in patients that received XELOX
(n = 707), XELOX + cetuximab (n = 348), FOLFOX (n = 385) and
FOLFOX + cetuximab (n = 360).2° Here, we incorporated
covariates associated at P < .05 (Table S1) into the additive logistic
models in Plink v1.922 and meta-analysed those patients receiving
XELOX + cetuximab (n = 1055) and, separately, FOLFOX +
cetuximab (n = 745). Meta-analyses were run under a random
effects model to account for the effect of cetuximab on toxicity,
and results plotted in R studio using ggman.?® SNPs associated at
genome-wide significance (P < 5.0 x 10~8) were selected for fur-
ther analyses. For survival analyses, cox proportional hazard
regression models were used for both univariate and multivariate
analyses. Results are reported in accordance with STREGA
guidelines.?*

MAGMAZ?> was used for gene and gene set analyses using
data files from the NCBI 37.3 gene definitions and ~8500
predefined gene sets. Gene analyses were run under a SNP-wise
univariate model imposing a Bonferroni corrected significance
threshold of P = 2.5 x 107°. Gene set analyses were run under
competitive models with a corrected significance threshold of
P=58x10"°.

Power to detect toxicity effect sizes was calculated using the
genpwr package in R2® based upon 70% power, P = 5.0 x 1078 and
SNPs with MAFs = 0.20; under these conditions we could identify
SNPs with a mean OR of 2.8 (range 2-4 dependent upon toxicity,
Table 1).

INTERNATIONAL uce 959
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TABLE 1 Patients with grade 2-5 CTCAE toxicities at 12 weeks
and detectable odds ratios at 70% power

Frequency

XELOX + FOLFOX +

cetuximab cetuximab Detectable odds ratio

XELOX = FOLFOX

Toxicity n (%) n (%) cetuximab cetuximab
Diarrhoea 288 (27) 187 (25) 2 3
Neutropenic sepsis 6(1) 63 (8) NA 4
Peripheral neuropathy 154 (15) 73 (10) 2 3
Hand-foot syndrome 109 (10) 65 (9) 3 4
Neutropenia 42 (4) 209 (28) 4 2
Lethargy 361(34) 256 (34) 2 2
Stomatitis 61 (6) 150 (20) 4 3
Nausea 210 (20) 88 (12) 2 3
Vomiting 122 (12) 59 (8) 3 4
Rash 177 (17) 201 (27) 2 2

Note: Percentage of patients in parentheses. NA—for neutropenic sepsis in
patients treated with XELOX * cetuximab we had insufficient power to
perform the genome-wide association study. Patients with hand-foot
syndrome were graded 2-3.

2.6 | Independent replication

We attempted to replicate the association of rs6783836 with HFS using
data from 927 patients with stage Il or lll CRCs enrolled in the Quick and
Simple and Reliable trial (QUASAR2) comparing capecitabine or
capecitabine plus bevacizumab.?’ Patients were genotyped using the
lllumina genome-wide SNP panels (Human Hap 370, Human Hap 610 or
Human Omni 2.5). Imputation was performed using IMPUTEvV2 with
1000 genomes as reference. The INFO score for rs6783836 was 0.89.
HFS was graded using the CTCAE scale and patients with G2-3 (46%)

were compared to those with GO-1. Age was used as a covariate.

2.7 | ST6GAL1 variants and T2D

Six hundred and fourteen SNPs spanning ST6GAL1 were tested for an
association with T2D in UK Biobank participants under project appli-
cation number 65833 (17 384 cases and 317 887 controls as of
1 January 2021). We restricted our analysis to directly typed SNPs
and imputed SNPs with INFO scores 20.8, a Hardy-Weinberg equilib-
rium 21.0 x 10~% and a MAF 20.01. We also analysed the relationship
between rs6783836 and diabetic skin lesions by logistic regression on
617 diabetic individuals with self-reported open sores and 6605 dia-
betic controls (as of 1 July 2021).

2.8 | Potential biomarkers of HFS

We analysed rs6783836 and potential biomarkers of HFS using par-
ticipant data from the UK Biobank. We assessed seven markers of
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wound healing and/or inflammation: lymphocyte, neutrophil, mono-
cyte, eosinophil, platelet and basophil counts (10° cells/L) and
C-reactive protein levels (mg/L), and one marker for diabetes: glycated
haemoglobin (HbA1c) levels (mmol/mol). Analyses were run using
PHESANT.?® Lymphocyte count, HbA1c levels, platelet count, neutro-
phil count, c-reactive protein levels and monocyte count were
analysed under a linear regression and, basophil count and eosinophil
count were analysed under an ordered logistic model as software
default due to limited variation in the data. Results were held to a sig-

nificance threshold of P = 6.3 x 10~2 (Bonferroni correction for eight

tests, P = .05/8). We analysed rs6783836 as a potential regulator of
inflammation by performing a univariate logistic regression on 4228
individuals from the UK Biobank with self-reported psoriasis and
331 043 controls (as of 1 January 2021).

2.9 | Additional bioinformatic analyses

The Genotype-Tissue Expression (GTEXx) project database was used to

identify expression quantitative trait loci (eQTLs) for relevant SNPs

TABLE 2 Relationship between hand-foot syndrome (HFS) and patient outcome in COIN and COIN-B
Response at 12 weeks Overall survival
Grade of Median
Model HFS (n) % Responders OR 95% Cl P (multivariate) survival (days) HR 95% CI P (multivariate)
Grouped 0-1(1626) 58 1.6 11-22 14x1072(20x 1073 503 081 0.67-097 24 x 1072(0.15)
2-3(174) 68 596
Linear 0(1264) 56 1.3 12-16 14x107%(20x 107" 499 090 0.83-0.97 5.8 x 107%(4.6 x 1072
1(362) 66 514
2 (144) 68 596
3(30) 67 687

Note: Response was defined as complete or partial response using RECIST 1.0 guidelines and no response was defined as stable or progressive disease.
One thousand and eight hundred patients had data on overall survival and 1590 had data on response at 12 weeks. Covariates included in the multivariate
analysis were age, sex, disease site, World Health Organisation performance status, primary tumour resection status, white blood cell count, chemotherapy

regimen and cetuximab status.

Strata = 0-1 == 2-3

1.00
> 0.75
=
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& 050
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c
=
%] HR=0.81
0.25 95% Cl = 0.67-0.97
P=2.4x107
0.00
0 400 800 1200 1600
Time
Number at risk
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I
n 23 174 121 39 9 0
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FIGURE 1 Kaplan-Meier plot showing the relationship between hand-foot syndrome (HFS) and overall survival (OS). The y-axis represents

survival probability and the x-axis represents time (days). The blue line represents patients with GO-1 HFS and the red line patients with G2-3
HFS. Dotted lines show the median OS (596 days in those with G2-3 HFS and 503 days in those with GO-1 HFS). The P-value was calculated
using a cox proportional hazard regression [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Regional plots for the association of rs6783836 with hand-foot syndrome (HFS). (A) Manhattan plot of the association between
single-nucleotide polymorphism (SNP) genotype and HFS in patients treated with capecitabine and oxaliplatin. The red line corresponds to a

P =5.0 x 10~8 and the blue line P = 1.0 x 10~>. (B) Locus zoom plot shows results of the analysis for SNPs and recombination rates. —log10(P)
(y axis) of the SNPs are shown according to their chromosomal positions (x axis). The sentinel SNP (purple) is labelled by its rsID. The colour
intensity of each symbol reflects the extent of linkage disequilibrium with the sentinel SNP, deep blue (r?> = 0) through to dark red (r? = 1.0).
Genetic recombination rates, estimated using 1000 Genomes Project samples, are shown with a blue line. Physical positions are based on NCBI
build 37 of the human genome. Also shown are the relative positions of genes and transcripts mapping to the region of association. Genes have
been redrawn to show their relative positions; therefore, maps are not to physical scale. Fine-mapping identified a credible set of 3 SNPs with
rs6783836 having the highest posterior probability of 0.53 [Color figure can be viewed at wileyonlinelibrary.com]
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(https://gtexportal.org/home). Fine-mapping was used for SNPs at
significant loci; conditional regression was first used to identify the
number of causal variants and fine-mapping was then run using
PAINTOR.?? Credible sets of causal SNPs were assembled for 95%

coverage.

3 | RESULTS
3.1 | Relationship between HFS and patient
outcome

Overall, 174/1800 (10%) patients from COIN and COIN-B developed
G2-3 HFS at 12 weeks (109/1055, 10% in the XELOX group and

TABLE 3
cetuximab

Patients GO-1 HFS

65/745, 9% in the FOLFOX group, Table 1). HFS was predictive of
treatment outcome (Table 2). 105/154 (68%) patients with G2-3 HFS
responded (had complete or partial response) to chemotherapy +
cetuximab at 12 weeks as compared to 831/1436 (58%) with GO-1
HFS (odds ratio [OR] =1.6, 95% confidence intervals [Cl] =1.1-2.2,
P = 1.4 x 1072 univariate model). Under a multivariate model
accounting for age, sex, disease site, World Health Organisation per-
formance status, primary tumour resection status, white blood cell
count, chemotherapy regimen and cetuximab status, this remained
significant (OR = 1.1, 95% Cl = 1.02-1.2, P = 2.0 x 1072). Median OS
was 596 days in those with G2-3 HFS and 503 days in those with
GO-1 HFS (hazard ratio [HR] = 0.81, 95% Cl = 0.67-0.97,
P = 2.4 x 1072, Figure 1); although, this did not remain significant

under multivariate analysis (P = .15, Table 2). However, when HFS

Relationship between rs6783836 and hand-foot syndrome (HFS) in patients from COIN and COIN-B treated with XELOX +

Patients G2-3 HFS

Treatment groups Total

analysed patients wild type heterozygous homozygous wild type heterozygous homozygous OR 95% Cl P-value
Meta-analysis 1042 734 190 10 58 48 2 31 21-46 43x10°8
Subgroups:
XELOX 699 520 121 5 30 21 2 33 19-57 27x107°
XELOX + cetuximab 343 214 69 5 28 27 0 29 1.6-51 30x107*
Abbreviations: Cl, confidence intervals; OR, odds ratio; T, reference allele.
104 - 100
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FIGURE 3 Layered locus zoom plot showing single-nucleotide polymorphisms (SNPs) in ST6GAL1 associated with hand-foot syndrome (HFS)

and type-2 diabetes (T2D). Plot shows results of the analysis for SNPs and recombination rates. —logso(P) (y axis) of the SNPs are shown
according to their chromosomal positions (x axis). The dashed line corresponds to a P = 5.0 x 108, Genetic recombination rates, estimated using
1000 Genomes Project samples, are shown with a blue line. Physical positions are based on NCBI build 37 of the human genome. Lead SNPs for
HFS and T2D are indicated by their rsIDs. Also shown is the relative coding region of ST6GAL1 and chromatin state annotations from ENCODE

[Color figure can be viewed at wileyonlinelibrary.com]
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(A) Beta 95% Cl P
Lymphocyte count (id = 30120) —_— -0.0052 -0.0087 -0.0018 2.7x1073
Glycated haemoglobin (HbA1c) (id = 30750) —— -0.0047  -0.0080 -0.0013 59x107
Platelet count (id = 30080) —— 0.0022  -0.0011 0.0055 .20
Neutrophil count (id = 30140) —_— -0.00057 -0.0040  0.0029 .75
C-reactive protein (id = 30710) — 0.00052 -0.0029  0.0040 .77
Monocyte count (id = 30130) —_— 0.00018 -0.0032  0.0035 .92

—0.025 0 0.025
Standard deviation change
(B) Beta 95% Cl P
Basophil count (id = 30160) -0.0055 -0.012  0.0010 .1
Eosinophil count (id = 30150) 0.0037 -0.0027  0.010 .26
[ I |
0.975 1 1.025

Odds ratio

FIGURE 4 Relationship between rs6783836 and (A) continuous and (B) ordinal phenotypes. The x axis shows phenotype and respective UK
Biobank ID, and the y axis shows SD change or odds ratio. Only lymphocyte count and glycated haemoglobin (HbA1c) were significantly
associated with rs6783836 after Bonferroni correction for eight tests (P < 6.3 x 10~%) [Color figure can be viewed at wileyonlinelibrary.com]

was assessed as a linear trait, the relationship with OS was significant
under such analyses (GO median survival = 499 days, G1 = 514 days,
G2 = 596 days, G3 = 687 days, HR = 0.92, 95% Cl = 0.84-0.99,
P = 4.6 x 1072, Table 2). Cetuximab increased the frequency of HFS
in patients treated with XELOX (56/348, 16% with and 53/707, 8%
without cetuximab, P = 1.5 x 10~°) and FOLFOX (56/360, 16% with
and 9/385, 2% without cetuximab, P = 2.7 x 1078).

3.2 | Relationship between genetic variation
at ST6GAL1 and HFS

rs6783836 at 3g27.3 was associated with HFS at genome-wide signifi-
cant levels in patients treated with XELOX (OR = 3.1, 95% Cl = 2.1-4.6,
P = 43 x 1078, Figure 2). Forty-six percent (50/108) of patients with
G2-3 HFS carried rs6783836 in a heterozygous or homozygotes state for
the minor allele as compared to 21% (200/934) of patients with GO-1
HFS (Table 3). The association between rs6783836 and HFS was seen in
patients treated with XELOX alone (OR = 3.3, 95% Cl = 1.9-5.7,
P = 27 x107% and in those treated with XELOX -+ cetuximab
(OR =29, 95% Cl = 1.6-5.1, P = 3.0 x 10~% Table 3): cetuximab did not
affect this relationship (Pinteraction = 0.98). rs6783836 was not associated
with HFS in patients treated with FOLFOX (OR = 0.86, 95%
Cl = 0.44-1.7, P = .65) and the difference between regimens was signifi-
cant (Pieraction = 1.0 x 1073). rs6783836 was not associated with patient
outcome regardless of chemotherapy regime (XELOX + cetuximab,
response OR = 1.0, 95% Cl = 0.78-1.4, P = .82 and OS HR = 0.95, 95%
Cl = 0.82-1.1, P = .46; FOLFOX =+ cetuximab, response OR = 0.77, 95%
Cl = 0.54-1.1, P = .15 and OS HR = 1.0, 95% Cl = 0.86-1.2, P = .78).
rs6783836 maps to intron 4 of ST6GAL1 in a region involved in transcrip-
tional elongation (Figure 3) and was not an eQTL.

3.3 | Investigating the relationship between
rs6783836 and HFS in an independent cohort

rs6783836 was borderline significant for HFS in patients treated with
capecitabine from QUASAR2 (OR = 0.66, 95% Cl = 0.42-1.03,
P = .05) but with an opposite direction of effect to that found in
COIN and COIN-B (Table S2).

3.4 | Investigating other variants, genes and
pathways associated with toxicities

No other SNPs were associated with toxicities in COIN and COIN-B at
genome-wide significant levels, but eight SNPs were suggestive of associ-
ation (P < 1.0 x 107¢, Table $3). No genes were associated with toxicities
after correction for multiple testing (data not shown). Four gene sets—
peripheral neuropathy with response to food, neutropenia with dendritic
spine development, diarrhoea with co-receptor activity and skin rash with
blood vessel endothelial cell migration, were associated after correction
for multiple testing (Table S4).

3.5 | Understanding the interrelationship between
genetic variation in ST6GAL1, T2D and HFS

rs3887925 in intron 1 of ST6GAL1 was the lead SNP associated with
T2D (OR = 0.94, 95% Cl = 0.92-0.96, P = 1.2 x 1078, Figure 3),
although rs6783836 was not associated with T2D (OR = 0.93, 95%
Cl = 0.85-1.0, P = .07) nor diabetic skin lesions (OR = 1.1, 95%
Cl = 0.89-1.3, P = .44). rs3887925 and rs6783836 were not in link-
age disequilibrium (LD) (D' = 0.26, R? = .01). The rs6783836-T allele
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was associated with lowered lymphocyte count (beta = —0.0052,
95% Cl = —0.0087 to —0.0018, P = 2.7 x 10~ 3) and lowered HbA1c
levels (beta = -0.0047, 95% ClI = -0.0080 to -0.0013,

P = 5.9 x 1073, Figure 4) that withstood correction for multiple test-
ing. rs6783836 was also associated with psoriasis (OR = 0.91, 95%
Cl=0.85-0.98,P = 7.5 x 1073).

4 | DISCUSSION

It has previously been suggested that HFS may be a biomarker of effi-
cacy to chemotherapy.?® However, others have suggested that since
HFS is a cumulative toxicity, there may be a bias for those living lon-
ger simply having more HFS due to having more treatment. Our data
only considered HFS after 12 weeks of treatment and we found that
patients with HFS had better response to chemotherapy at 12 weeks.
We also observed an improvement in OS when analysed under a lin-
ear model of toxicity. Similarly, an exploratory analysis of two German
trials noted an association between HFS and OS, and found no differ-
ence between patients with early and late HFS.3® Together, these
data suggest that HFS should be tolerated where possible and that an
understanding of the underlying mechanism may help improve treat-
ment efficacy.

With regards to the underlying mechanism, we identified
rs6783836 in ST6GAL1 as a genome-wide significant biomarker for
HFS in patients treated with XELOX, with or without, cetuximab. Dia-
betics are at an increased risk of developing HFS and we confirmed
an association for ST6GAL1 with T2D, and also found that rs6783836
was associated with glycated haemoglobin levels, a marker routinely
used in the diagnosis and monitoring of diabetes, supporting an inter-
relationship. ST6GAL1 has a known role in inflammation®! and we
found an association between rs6783836 and lymphocyte count and
psoriasis. Given that others have associated ST6GAL1 with psoriasis in
an Asian population,®? these data support a link between these syn-
dromes and an underlying defect in the inflammatory pathway. Fur-
ther studies are necessary to understand whether rs6783836
activates or inactivates ST6GAL1; however, it is interesting to note
that ST6GAL1 knockout mice are susceptible to ionising radiation and
exhibit weight loss, gastrointestinal permeability and diarrhoea.®3

The odds ratios and betas for rs6783836 / ST6GAL1 with T2D,
lymphocyte count and psoriasis were in the opposite direction to
HFS. Lin et al** proposed a flip-flop mechanism for allelic heterogene-
ity caused by interacting loci in weak LD and this has gained support

from recent studies®>3?

and may help explain our observations. Inter-
estingly, the association with HFS was not found in patients treated
with FOLFOX and was borderline significant, but with allele flipping,
in patients from QUASAR2 treated with capecitabine alone. Further
studies are therefore warranted to understand the underlying process
and its specificity to particular therapeutic combinations.

We noted an association between peripheral neuropathy and
genes involved in response to food which is supported by a previous
observation linking diet to chemotherapy-induced peripheral neuropa-

thy (CIMP).4° Other forms of peripheral neuropathy have also been

linked with diet.**2 Adopting vegetarianism has been shown to

4344 and there

relieve symptoms in patients with diabetic neuropathy,
is evidence that taking multivitamins reduces the likelihood of a
patient experiencing CIMP.*> Our data adds weight to this promising

avenue for treatment of this toxicity.

AUTHOR CONTRIBUTIONS

The work reported in the article has been performed by the authors,
unless specified in the text. Jeremy P. Cheadle obtained funding for
our study. The study was designed and directed by Jeremy
P. Cheadle. Timothy S. Maughan was Cl of COIN and Ayman Madi
was a COIN trial fellow—both provided clinical advice and supported
the translational research. Richard Kaplan managed the COIN and
COIN-B trials and facilitated access to the clinical data. Nada A. Al-
Tassan oversaw the genotyping and Richard S. Houlston oversaw the
imputation and quality control. Claire Palles, Rachel Kerr and David
J. Kerr provided data from QUASAR2. Christopher Wills oversaw
quality control of the UK Biobank data. Katie Watts undertook all of
the statistical analyses with supervision from Valentina Escott-Price
and Jeremy P. Cheadle. Katie Watts and Jeremy P. Cheadle inter-
preted the data with input from Christopher Wills and Valentina
Escott-Price. Katie Watts wrote the first draft of the article with sub-
sequent input from Jeremy P. Cheadle and all authors provided
comments.

ACKNOWLEDGEMENTS

We thank Hywel Williams for helpful advice and the patients and their
families who participated and gave their consent for this research, and
the investigators throughout the UK who submitted samples for

assessment. The Wales Gene Park provided compute storage.

CONFLICT OF INTEREST

Timothy S. Maughan consults for AstraZeneca and receives personal
fees from Pierre Fabre (IDMC services). Timothy S. Maughan received
research funding from Merck KgAa and AstraZeneca. The institution
where Timothy S. Maughan works receives funding from Bayer.
David J. Kerr is a director of Oxford Cancer Biomarkers. All other

authors have declared no conflicts of interest.

DATA AVAILABILITY STATEMENT

The GWAS summary statistics are available through the NHGRI-
EBI GWAS Catalogue under study accession numbers
GCST90095054-GCST9009572. Further details and other data that
supports the findings of our study are available from the corresponding
author upon request. This research was also conducted using the UK Bio-

bank Resource under application number 65833.

ETHICS STATEMENT
All patients gave fully informed consent for bowel cancer research
(approved by REC [04/MREQ6/60]).

ORCID

Jeremy P. Cheadle "= https://orcid.org/0000-0001-9453-8458


https://orcid.org/0000-0001-9453-8458
https://orcid.org/0000-0001-9453-8458

WATTS €T AL INTERNATIONAL &uice 965
JOURNAL of CANCER
REFERENCES 18. Adams RA, Meade AM, Seymour MT, et al. Intermittent versus con-
1. Milano G, Etienne-Grimaldi MC, Mari M, et al. Candidate mechanisms tinuous oxaliplatin and fluoropyrimidine combination chemotherapy
for capecitabine-related hand-foot syndrome. Br J Clin Pharmacol. for first-line treatment of advanced colorectal cancer: results of the
2. Stintzing S, Fischer von Weikersthal L, Vehling-Kaiser U, et al. Corre- 653. doi:10.1016/51470-2045(11)70102-4 .
lation of capecitabine-induced skin toxicity with treatment efficacy in 19. Wasan H, Meade AM, Adams R, et al. Intermittent chemotherapy plus
patients with metastatic colorectal cancer: results from the German either intermittent or continuous cetuximab for first-line treatment of
AIO KRK-0104 trial. Br J Cancer. 2011;105(2):206-211. doi:10.1038/ patients with KRAS wild-type advanced colorectal cancer (COIN-B): a
bjc.2011.227 randomised phase 2 trial. Lancet Oncol. 2014;15(6):631-639. doi:10.
3. Zielinski C, Lang |, Beslija S, et al. Predictive role of hand-foot syn- 1016/51479'2045(14)70106'8 ) o ‘
drome in patients receiving first-line capecitabine plus bevacizumab 20. Wa.tt.s K, Wills C M:ad' A etal. Geno.mfe—.mde association stuo!les of
for HER2-negative metastatic breast cancer. Br J Cancer. 2016;114(2): toxicity to oxaliplatin and fluoropyrimidine chemotherapy with or
163-170. doi:10.1038/bjc.2015.419 without cetuximab in 1800 patients with advanced colorectal cancer.
4. Diasio R. Oral DPD-inhibitory fluoropyrimidine drugs - PubMed. Int J Cancer. 2021;149(9):1713-1722. doi:10.1002/ijc.33739
OnCOIOgY (Wl”lStOn Park). 2000:14:19-23. 21. Al-Tassan NA, Whiffin N, Hosking FJ, et al. A new GWAS and meta-
5. Kooner JS, Saleheen D, Sim X, et al. Genome-wide association study analysis with 1000Genomes imputation identifies novel risk variants
in individuals of south Asian ancestry identifies six new type 2 diabe- for colorectal cancer. Sci Rep. 2015;5:10442. doi:10.1038/srep10442
tes susceptibility loci. Nat Genet. 2011;43(10):984-989. doi:10.1038/ ~ 22. Purcell S, Neale B, Todd-Brown K, et al. PLINK: a toolset for whole-
ng.921 genome association and population-based linkage analysis. Am J Hum
6. Mahajan A, Taliun D, Thurner M, et al. Fine-mapping type 2 diabetes Genet. 2007;81:559-575. o )
loci to single-variant resolution using high-density imputation and 23. Turner SD. ggman: an R package for visualizing GWAS results using
islet-specific epigenome maps. Nat Genet. 2018;50(11):1505-1513. Q-Q and Manhattan plots. J Open Source Softw. 2018;3(25):731. doi:
doi:10.1038/541588-018-0241-6 10.1101/005165 N . .
7. Kaburagi T, Kizuka Y, Kitazume S, Taniguchi N. The inhibitory role of 24. Little J, Higgins JPT, loannidis JPA, et al. STrengthening the REporting
«2,6-sialylation in adipogenesis. J Biol Chem. 2017;292(6):2278-2286. of Genetic Association Studies (STREGA): an extension of the
d0I101074/JbCM116747667 STROBE statement. PLoS Med. 2009,6(2)622 d0|101371/JournaI
8. Yasukawa Z, Sato C, Kitajima K. Inflammation-dependent changes in pmed.1000022 )
«2,3-, a2,6-, and «2,8-sialic acid glycotopes on serum glycoproteins in 25. fje Leeuw CA, MOO'J. M, Heskes T, Posthuma D. MA.GMA: general-
mice. Glycobiology. 2005;15(9):827-837. doi:10.1093/glycob/cwi068 ized gene-set analysis of GWAS data. PLOS Comput Biol. 2015;11(4):
9. Nasirikenari M, Segal BH, Ostberg JR, Urbasic A, Lau JTY. Altered €1004219. doi:10.1371/journal pcbi.1004219 A
granulopoietic profile and exaggerated acute neutrophilic inflamma- 26. Moore CM, Jac.obson S.A,.Fmgerh.n TI_E' Power and sample size caleula-
tion in mice with targeted deficiency in the sialyltransferase ST6Gal . tions for genetic association studies in the presence of genetic model
Blood. 2006,108(10)3397-3405 doi:10.1182/blood-2006-04- misspecification. Hum Hered. 2019,84(6)256'271 doi:10.1159/
014779 000508558
10. Nasirikenari M, Chandrasekaran EV, Matta KL, et al. Altered eosino- 27. Kerr .RS’ Love 5, SegeIoY Ej et al. A.dJuvar?t cape.utabme plus
phil profile in mice with ST6Gal-1 deficiency: an additional role for bevacizumab versus capecitabine alone in patients with colorectal
ST6Gal-1 generated by the P1 promoter in regulating allergic inflam- cancer (QUASAR 2): an open-label, randowsed phase 3 trial. Lancet
mation. J Leukoc Biol. 2010;87(3):457-466. doi:10.1189/jlb.1108704 Oncol.  2016;17(11):1543-1557.  doi:10.1016/51470-2045(16)
11. Nasirikenari M, Lugade AA, Neelamegham S, et al. Recombinant 39172'3 . ) .
sialyltransferase infusion mitigates infection-driven acute lung inflam- 28. M|Ila?rd .LAC* Da.vles NM, Gaunt TR, Smith GD, T|II|r.1g K. Software
mation. Front Immunol. 2019;10:48. doi:10.3389/fimmu.2019.00048 application profile: PHESANT: a tool for performing automated
12. Dorsett KA, Marciel MP, Hwang J, Ankenbauer KE, Bhalerao N, phenome scans in UK biobank. Int J Epidemiol. 2018;47(1):29-35. doi:
Bellis SL. Regulation of ST6GAL1 sialyltransferase expression in can- 1(?.1093/|Je/dyx204 . . )
cer cells. Glycobiology. 2021;31(5):530-539. doi:10.1093/GLYCOB/ ~ 29- Kichaev G, Yang W-Y, Lindstrom S, et al. Integrating functional
CWAA110 data to prioritize causal variants in statistical fine-mapping stud-
13. Lee M, Lee HJ, Bae S, Lee YS. Protein sialylation by sialyltransferase ies. PLoS Genet. 2014;10(10):e1004722. doi:10.1371/journal.
involves radiation resistance. Mol Cancer Res. 2008;6(8):1316-1325. pgen.1004722
doi:10.1158/1541-7786.MCR-07-2209 30. Hofheinz RD, Heinemann V, Von Weikersthal LF, et al. Capecitabine-
14. Schultz MJ, Swindall AF, Wright JW, Sztul ES, Landen CN, Bellis SL. associated hand-foot-skin reaction is an independent clinical
ST6Gal-l sialyltransferase confers cisplatin resistance in ovarian predictor of improved survival in patients with colorectal cancer. Br J
tumor cells. J Ovarian Res. 2013;6(1):25. doi:10.1186/1757-2215- Cancer. 2012;107(10):1678-1683. doi:10.1038/BJC.2012.434
6-25/ 31. Holdbrooks AT, Ankenbauer KE, Hwang J, Bellis SL. Regulation of
15. Britain CM, Holdbrooks AT, Anderson JC, Willey CD, Bellis SL. inflammatory signaling by the STéGal-I sialyltransferase. PLoS One.
Sialylation of EGFR by the STéGal-I sialyltransferase promotes EGFR 2020;15:20241850. do.|:10.1371/Journ.a.l,po‘ne.0241850
activation and resistance to gefitinib-mediated cell death. J Ovarian 32. Wang H, Wang Z, Rani PL, et al. Identification of PTPN22, ST6GAL1
Res. 2018:11(12):12. doi:10.1186/513048-018-0385-0 and JAZF1 as psoriasis risk genes demonstrates shared pathogenesis
16. Duarte HO, Rodrigues JG, Gomes C, et al. ST6Gall targets the between psoriasis and diabetes. Exp Dermatol. 2017;26(11):1112-
ectodomain of ErbB2 in a site-specific manner and regulates gastric 1117. doi:10.1111/exd.13393
cancer cell sensitivity to trastuzumab. Oncogene. 2021:40(21):3719- 33. Punch PR, Irons EE, Manhardt CT, Marathe H, Lau JTY. The
3733. doi:10.1038/541388-021-01801-w sialyltransferase ST6GAL1 protects against radiation-induced gastro-
17. Maughan TS, Adams RA, Smith CG, et al. Addition of cetuximab to intestinal damage. Glycobiology. 2020;30(7):446-453. doi:10.1093/
oxaliplatin-based first-line combination chemotherapy for treatment GLYCOB/CWZ108
34. Lin PI, Vance JM, Pericak-Vance MA, Martin ER. No gene is an Island:

of advanced colorectal cancer: results of the randomised phase
3 MRC COIN trial. Lancet. 2011;377(9783):2103-2114. doi:10.1016/
S50140-6736(11)60613-2

the flip-flop phenomenon. Am J Hum Genet. 2007;80(3):531-538. doi:
10.1086/512133


info:doi/10.1111/J.1365-2125.2008.03159.X
info:doi/10.1038/bjc.2011.227
info:doi/10.1038/bjc.2011.227
info:doi/10.1038/bjc.2015.419
info:doi/10.1038/ng.921
info:doi/10.1038/ng.921
info:doi/10.1038/s41588-018-0241-6
info:doi/10.1074/jbc.M116.747667
info:doi/10.1093/glycob/cwi068
info:doi/10.1182/blood-2006-04-014779
info:doi/10.1182/blood-2006-04-014779
info:doi/10.1189/jlb.1108704
info:doi/10.3389/fimmu.2019.00048
info:doi/10.1093/GLYCOB/CWAA110
info:doi/10.1093/GLYCOB/CWAA110
info:doi/10.1158/1541-7786.MCR-07-2209
info:doi/10.1186/1757-2215-6-25/
info:doi/10.1186/1757-2215-6-25/
info:doi/10.1186/S13048-018-0385-0
info:doi/10.1038/s41388-021-01801-w
info:doi/10.1016/S0140-6736(11)60613-2
info:doi/10.1016/S0140-6736(11)60613-2
info:doi/10.1016/S1470-2045(11)70102-4
info:doi/10.1016/S1470-2045(14)70106-8
info:doi/10.1016/S1470-2045(14)70106-8
info:doi/10.1002/ijc.33739
info:doi/10.1038/srep10442
info:doi/10.1101/005165
info:doi/10.1371/journal.pmed.1000022
info:doi/10.1371/journal.pmed.1000022
info:doi/10.1371/journal.pcbi.1004219
info:doi/10.1159/000508558
info:doi/10.1159/000508558
info:doi/10.1016/S1470-2045(16)30172-3
info:doi/10.1016/S1470-2045(16)30172-3
info:doi/10.1093/ije/dyx204
info:doi/10.1371/journal.pgen.1004722
info:doi/10.1371/journal.pgen.1004722
info:doi/10.1038/BJC.2012.434
info:doi/10.1371/journal.pone.0241850
info:doi/10.1111/exd.13393
info:doi/10.1093/GLYCOB/CWZ108
info:doi/10.1093/GLYCOB/CWZ108
info:doi/10.1086/512133

» | @I

35.
36.

37.

38.

39.

40.

41.

INTERNATIONAL

@Quicc

WATTS ET AL

JOURNAL of CANCER

Wang S, Qian F, Zheng Y, et al. Genetic variants demonstrating flip-
flop phenomenon and breast cancer risk prediction among women of
African ancestry. Breast Cancer Res Treat. 2018;168(3):703-712. doi:
10.1007/s10549-017-4638-1

Maher BS, Reimers MA, Riley BP, Kendler KS. Allelic heterogeneity in
genetic association meta-analysis: an application to DTNBP1 and
schizophrenia. Hum Hered. 2010;69(2):71-79. doi:10.1159/
000264445

Zaykin DV, Shibata K. Genetic flip-flop without an accompanying
change in linkage disequilibrium. Am J Hum Genet. 2008;82(3):794-
796. doi:10.1016/j.ajhg.2008.02.001

Shao S, Niu Y, Zhang X, et al. Opposite associations between individ-
ual KIAA0319 polymorphisms and developmental dyslexia risk across
populations: a stratified meta-analysis by the study population. Sci
Rep. 2016;6(1):1-9. doi:10.1038/srep30454

Mersha TB, Martin LJ, Biagini Myers JM, et al. Genomic architecture
of asthma differs by sex. Genomics. 2015;106(1):15-22. doi:10.1016/
j.ygeno.2015.03.003

Mongiovi JM, Zirpoli GR, Cannioto R, et al. Associations between
self-reported diet during treatment and chemotherapy-induced
peripheral neuropathy in a cooperative group trial (50221). Breast
Cancer Res. 2018;20(1):146. doi:10.1186/s13058-018-1077-9
Spagnoli C, Pisani F, Di Mario F, et al. Peripheral neuropathy and
gastroenterologic disorders: an overview on an underrecognized
association. Acta Biomed. 2018;89(9-S):22-32. doi:10.23750/abm.
v89i9-5.7956

42.

43.

44,

45.

Chopra K, Tiwari V. Alcoholic neuropathy: possible mechanisms and
future treatment possibilities. Br J Clin Pharmacol. 2012;73(3):348-
362.doi:10.1111/j.1365-2125.2011.04111.x

Crane MG, Sample C. Regression of diabetic neuropathy with total
vegetarian (vegan) diet. J Nutr Med. 1994;4(4):431-439. doi:10.3109/
13590849409003592

Bunner AE, Wells CL, Gonzales J, Agarwal U, Bayat E, Barnard ND. A
dietary intervention for chronic diabetic neuropathy pain: a random-
ized controlled pilot study. Nutr Diabetes. 2015;5(5):e158. doi:10.
1038/nutd.2015.8

Zirpoli GR, McCann SE, Sucheston-Campbell LE, et al. Supplement
use and chemotherapy-induced peripheral neuropathy in a coopera-
tive group trial (50221): the DELCaP study. J Natl Cancer Inst. 2017;
109(12):djx098. doi:10.1093/jnci/djx098

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Watts K, Wills C, Madi A, et al.
Genetic variation in ST6GAL1 is a determinant of capecitabine
and oxaliplatin induced hand-foot syndrome. Int J Cancer.
2022;151(6):957-966. doi:10.1002/ijc.34046


info:doi/10.1007/s10549-017-4638-1
info:doi/10.1159/000264445
info:doi/10.1159/000264445
info:doi/10.1016/j.ajhg.2008.02.001
info:doi/10.1038/srep30454
info:doi/10.1016/j.ygeno.2015.03.003
info:doi/10.1016/j.ygeno.2015.03.003
info:doi/10.1186/s13058-018-1077-9
info:doi/10.23750/abm.v89i9-S.7956
info:doi/10.23750/abm.v89i9-S.7956
info:doi/10.1111/j.1365-2125.2011.04111.x
info:doi/10.3109/13590849409003592
info:doi/10.3109/13590849409003592
info:doi/10.1038/nutd.2015.8
info:doi/10.1038/nutd.2015.8
info:doi/10.1093/jnci/djx098
info:doi/10.1002/ijc.34046

	Genetic variation in ST6GAL1 is a determinant of capecitabine and oxaliplatin induced hand-foot syndrome
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Patients and samples
	2.2  Toxicities assessed
	2.3  Patient outcome
	2.4  Genotyping
	2.5  Statistical analyses
	2.6  Independent replication
	2.7  ST6GAL1 variants and T2D
	2.8  Potential biomarkers of HFS
	2.9  Additional bioinformatic analyses

	3  RESULTS
	3.1  Relationship between HFS and patient outcome
	3.2  Relationship between genetic variation at ST6GAL1 and HFS
	3.3  Investigating the relationship between rs6783836 and HFS in an independent cohort
	3.4  Investigating other variants, genes and pathways associated with toxicities
	3.5  Understanding the interrelationship between genetic variation in ST6GAL1, T2D and HFS

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


