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Abstract
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Cancer patients treated with capecitabine and oxaliplatin (XELOX) often develop hand-
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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
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patients from QUASAR2. Using UK Biobank data, we sought to confirm an association
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against markers of diabetes, inflammation and psoriasis. We found that 68% of patients
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between ST6GAL1 and T2D (17 384 cases, 317 887 controls) and analysed rs6783836
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 [CI] = 1.02-1.2,
P = 2.0  104). HFS was also associated with improved overall survival (hazard
ratio = 0.92, 95% CI = 0.84-0.99, P = 4.6  102). rs6783836 at ST6GAL1 was associated with HFS in patients treated with XELOX (OR = 3.1, 95% CI = 2.1-4.6,
P = 4.3  108) and was borderline significant in patients receiving capecitabine from
QUASAR2, but with an opposite allele effect (OR = 0.66, 95% CI = 0.42-1.03, P = .05).
ST6GAL1 was associated with T2D (lead SNP rs3887925, OR = 0.94, 95%
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CI = 0.92-0.96, P = 1.2  108) and the rs6783836-T allele was associated with
lowered HbA1c levels (P = 5.9  103) and lymphocyte count (P = 2.7  103), and
psoriasis (P = 7.5  103) 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?
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 XELOXtreated 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 biomarker in XELOX-treated patients with advanced CRC.
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I N T RO DU CT I O N

Toxicity from chemotherapy may result in treatment discontinuation

2
2.1

M A T E R I A L S A N D M ET H O D S

|
|

Patients and samples

or dose reduction affecting the prospect of a cure in patients with
cancer. Patients treated with capecitabine and oxaliplatin (XELOX)

Two thousand six hundred and seventy-one patients (mean age at

often develop hand-foot syndrome (HFS), in which small amounts of

randomisation of 62 years, range 18-87, 36% female) with meta-

the chemotherapeutic agent leaks out of capillaries into the hands and

static or locally advanced CRC recruited into the MRC clinical trials

feet and damages the surrounding tissues.1 HFS has been suggested

COIN (ISRCTN27286448)17,18 and COIN-B (ISRCTN3837568)19

to be a biomarker of treatment efficacy with post hoc analyses from

were studied. None of the patients had previously received che-

clinical trials of colorectal and breast cancer patients finding that

motherapy for advanced disease. COIN patients were randomised

grade 1+ HFS was associated with improved overall and progression-

1:1:1 to receive continuous oxaliplatin and fluoropyrimidine che-

free survival.2,3 Established risk factors for HFS include being older,

motherapy (n = 815), continuous chemotherapy with cetuximab

female, having pre-existing peripheral neuropathy, circulation prob-

(n = 815), or intermittent chemotherapy (n = 815). COIN-B

lems and diabetes.4,5

patients were randomised 1:1 to receive intermittent chemother-

Genetic variation in ST6 β-galactoside α-2,6-sialyltransferase

apy and cetuximab (n = 112) or intermittent chemotherapy and

1 (ST6GAL1) is associated with risk of developing type-2 diabetes

continuous cetuximab (n = 114). For the first 12-weeks, treat-

(T2D).6,7 ST6GAL1 catalyses the addition of α2,6-linked sialic acids

ments were identical in all patients apart from the choice of fluo-

onto key surface glycoproteins. Increases in α2,6-linked sialic acids

ropyrimidine (n = 1603, 60% received XELOX and n = 1068, 40%

have been linked to inflammatory conditions8 and ST6GAL1 defi-

received FOLFOX) together with the randomisation of ±cetuximab

ciency leads to increased inflammatory cell production, 9 granulo-

(n = 1041, 39% received cetuximab). Blood DNA samples were

cyte recruitment10 and cytokine release.11 There is also substantial

prepared from 2244 of the 2671 patients.

evidence that ST6GAL1 plays an important role in cancer progression, and is overexpressed in numerous cancers including colorectal.12 High ST6GAL1 expression has been associated with

2.2
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Toxicities assessed

radioresistance and chemoresistance to several anticancer treatments, which ultimately leads to poorer patient outcomes. 13-16

Assessment of toxicities was performed at 12 weeks, since at

Inherited genetic factors are being recognised to affect toxic-

this point patients from all trial arms received identical levels of

ity from chemotherapeutic agents; notably, rare variants in the

chemotherapy with or without cetuximab. This time point was

dihydropyrimidine dehydrogenase gene are associated with

also prior to any interruption to treatment for the intermittent

5-fluorouracil toxicity. We have previously studied the relationship

therapy arms. Toxicities assessed were diarrhoea, neutropenic

between common single nucleotide polymorphisms (SNPs) and

sepsis, peripheral neuropathy, HFS, neutropenia, lethargy, stoma-

10 of the major toxicities, in patients with advanced colorectal

titis, nausea, vomiting and rash graded by critical adverse events

cancer (CRC) from the COIN and COIN-B 17-19 clinical trials.20

as per the Common Terminology Criteria for Adverse Events

Here, we extended our analysis and meta-analysed those patients

(CTCAE version 4.0) with the highest grade noted within the

receiving XELOX ± cetuximab and, separately, folinic acid, fluoro-

first 12 weeks of treatment. Patients with toxicities graded 2-5

uracil and oxaliplatin (FOLFOX) ± cetuximab. We also sought to

(G2-5) were grouped and compared against those graded 0-1

confirm an association between ST6GAL1 and T2D, and under-

(G0-1). For HFS, we compared patients with G2-3 (G3 is the

stand their interrelationship with HFS by studying biomarkers of

maximum) against those with G0-1; we also considered a linear

inflammation and psoriasis using data from the UK Biobank.

model of toxicity.

3
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|

Patient outcome

T A B L E 1 Patients with grade 2-5 CTCAE toxicities at 12 weeks
and detectable odds ratios at 70% power

Assessment of response was also performed at 12 weeks. Response

Frequency

was defined as complete or partial response using RECIST 1.0 guide-

XELOX ± FOLFOX ±
cetuximab cetuximab Detectable odds ratio

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.

2.4

|

Genotyping

Toxicity

n (%)

n (%)

Diarrhoea

288 (27)

187 (25)

6 (1)

63 (8)

Neutropenic sepsis

XELOX ± FOLFOX ±
cetuximab cetuximab
2

3

NA

4
3

Peripheral neuropathy 154 (15)

73 (10)

2

Two thousand two hundred and forty-four patient DNA samples

Hand-foot syndrome

109 (10)

65 (9)

3

4

were genotyped using Affymetrix Axiom Arrays according to the

Neutropenia

42 (4)

209 (28)

4

2

manufacturer's recommendations (Affymetrix, Santa Clara, Califor-

Lethargy

361 (34)

256 (34)

2

2

Stomatitis

61 (6)

150 (20)

4

3

nia).

21

After quality control (QC), SNP genotypes were available

for 1950 patients.21 For 150 patients, no data on toxicity had been

Nausea

210 (20)

88 (12)

2

3

collected and these were excluded leaving 1800 for analysis. Pre-

Vomiting

122 (12)

59 (8)

3

4

diction of untyped SNPs was carried out using IMPUTEv2 (v2.3.0)

Rash

177 (17)

201 (27)

2

2

based on data from the 1000 Genomes Project as reference. We
restricted our analysis to directly typed SNPs and imputed SNPs
with INFO scores ≥0.8, a Hardy-Weinberg equilibrium ≥1.0  106
and a minor allele frequency (MAF) ≥0.05.

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
2.5

|
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Independent replication

Statistical analyses
We attempted to replicate the association of rs6783836 with HFS using

We previously analysed 4 million SNPs for a relationship with each

data from 927 patients with stage II or III CRCs enrolled in the Quick and

toxicity under univariate models in patients that received XELOX

Simple and Reliable trial (QUASAR2) comparing capecitabine or

(n = 707), XELOX + cetuximab (n = 348), FOLFOX (n = 385) and

capecitabine plus bevacizumab.27 Patients were genotyped using the

FOLFOX + cetuximab (n = 360).20 Here, we incorporated

Illumina genome-wide SNP panels (Human Hap 370, Human Hap 610 or

covariates associated at P < .05 (Table S1) into the additive logistic

Human Omni 2.5). Imputation was performed using IMPUTEv2 with

models in Plink v1.922 and meta-analysed those patients receiving

1000 genomes as reference. The INFO score for rs6783836 was 0.89.

XELOX ± cetuximab (n = 1055) and, separately, FOLFOX ±

HFS was graded using the CTCAE scale and patients with G2-3 (46%)

cetuximab (n = 745). Meta-analyses were run under a random

were compared to those with G0-1. Age was used as a covariate.

effects model to account for the effect of cetuximab on toxicity,
and results plotted in R studio using qqman. 23 SNPs associated at
genome-wide significance (P < 5.0  10 8) were selected for fur-

2.7
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ST6GAL1 variants and T2D

ther analyses. For survival analyses, cox proportional hazard
regression models were used for both univariate and multivariate

Six hundred and fourteen SNPs spanning ST6GAL1 were tested for an

analyses. Results are reported in accordance with STREGA

association with T2D in UK Biobank participants under project appli-

guidelines.24

cation number 65833 (17 384 cases and 317 887 controls as of

MAGMA25 was used for gene and gene set analyses using

1 January 2021). We restricted our analysis to directly typed SNPs

data files from the NCBI 37.3 gene definitions and ~8500

and imputed SNPs with INFO scores ≥0.8, a Hardy-Weinberg equilib-

predefined gene sets. Gene analyses were run under a SNP-wise

rium ≥1.0  106 and a MAF ≥0.01. We also analysed the relationship

univariate model imposing a Bonferroni corrected significance

between rs6783836 and diabetic skin lesions by logistic regression on

threshold of P = 2.5  106. Gene set analyses were run under

617 diabetic individuals with self-reported open sores and 6605 dia-

competitive models with a corrected significance threshold of

betic controls (as of 1 July 2021).

P = 5.8  106.
Power to detect toxicity effect sizes was calculated using the
genpwr package in R,26 based upon 70% power, P = 5.0  108 and

2.8

|

Potential biomarkers of HFS

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,

We analysed rs6783836 and potential biomarkers of HFS using par-

Table 1).

ticipant data from the UK Biobank. We assessed seven markers of

4
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wound healing and/or inflammation: lymphocyte, neutrophil, mono-

tests, P = .05/8). We analysed rs6783836 as a potential regulator of

cyte, eosinophil, platelet and basophil counts (109 cells/L) and

inflammation by performing a univariate logistic regression on 4228

C-reactive protein levels (mg/L), and one marker for diabetes: glycated

individuals from the UK Biobank with self-reported psoriasis and

haemoglobin (HbA1c) levels (mmol/mol). Analyses were run using

331 043 controls (as of 1 January 2021).

PHESANT.28 Lymphocyte count, HbA1c levels, platelet count, neutrophil count, c-reactive protein levels and monocyte count were

2.9

analysed under a linear regression and, basophil count and eosinophil

|

Additional bioinformatic analyses

count were analysed under an ordered logistic model as software
default due to limited variation in the data. Results were held to a sig-

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

nificance threshold of P = 6.3  103 (Bonferroni correction for eight

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

Model
Grouped

Linear

Grade of
HFS (n)

% Responders

0–1 (1626)

58

2–3 (174)

68

0 (1264)

56

1 (362)

66

OR
1.6

Overall survival

95% CI
1.1–2.2

P (multivariate)
1.4  10

2

1.4  10

4

(2.0  10

2

(2.0  10

4

)

Median
survival (days)

HR

95% CI

P (multivariate)

503

0.81

0.67–0.97

2.4  102 (0.15)

0.90

0.83–0.97

5.8  103 (4.6  102)

596
1.3

1.2–1.6

)

499
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.

F I G U R E 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 G0-1 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 G0-1 HFS). The P-value was calculated
using a cox proportional hazard regression [Color figure can be viewed at wileyonlinelibrary.com]

WATTS ET AL.

F I G U R E 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  108 and the blue line P = 1.0  105. (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 (r2 = 0) through to dark red (r2 = 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

65/745, 9% in the FOLFOX group, Table 1). HFS was predictive of

significant loci; conditional regression was first used to identify the

treatment outcome (Table 2). 105/154 (68%) patients with G2-3 HFS

number of causal variants and fine-mapping was then run using

responded (had complete or partial response) to chemotherapy ±

PAINTOR.29 Credible sets of causal SNPs were assembled for 95%

cetuximab at 12 weeks as compared to 831/1436 (58%) with G0-1

coverage.

HFS (odds ratio [OR] =1.6, 95% confidence intervals [CI] =1.1-2.2,
P = 1.4  102, univariate model). Under a multivariate model
accounting for age, sex, disease site, World Health Organisation per-

3

|

RESULTS

formance status, primary tumour resection status, white blood cell
count, chemotherapy regimen and cetuximab status, this remained
significant (OR = 1.1, 95% CI = 1.02-1.2, P = 2.0  102). Median OS

3.1 | Relationship between HFS and patient
outcome

was 596 days in those with G2-3 HFS and 503 days in those with
G0-1 HFS (hazard ratio [HR] = 0.81, 95% CI = 0.67-0.97,

Overall, 174/1800 (10%) patients from COIN and COIN-B developed

P = 2.4  102, Figure 1); although, this did not remain significant

G2-3 HFS at 12 weeks (109/1055, 10% in the XELOX group and

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

TABLE 3
cetuximab

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

Patients G0-1 HFS

Patients G2-3 HFS

Treatment groups
analysed

Total
patients

wild type

heterozygous

homozygous

wild type

heterozygous

homozygous

OR

95% CI

P-value

Meta-analysis

1042

734

190

10

58

48

2

3.1

2.1–4.6

4.3  108

XELOX

699

520

121

5

30

21

2

3.3

1.9–5.7

2.7  105

XELOX + cetuximab

343

214

69

5

28

27

0

2.9

1.6–5.1

3.0  104

Subgroups:

Abbreviations: CI, confidence intervals; OR, odds ratio; T, reference allele.

F I G U R E 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. log10(P) (y axis) of the SNPs are shown
according to their chromosomal positions (x axis). The dashed line corresponds to a P = 5.0  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]

7
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F I G U R E 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  103) [Color figure can be viewed at wileyonlinelibrary.com]

was assessed as a linear trait, the relationship with OS was significant
under such analyses (G0 median survival = 499 days, G1 = 514 days,

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

G2 = 596 days, G3 = 687 days, HR = 0.92, 95% CI = 0.84-0.99,
P = 4.6  102, Table 2). Cetuximab increased the frequency of HFS

rs6783836 was borderline significant for HFS in patients treated with

in patients treated with XELOX (56/348, 16% with and 53/707, 8%

capecitabine from QUASAR2 (OR = 0.66, 95% CI = 0.42-1.03,

without cetuximab, P = 1.5  105) and FOLFOX (56/360, 16% with

P = .05) but with an opposite direction of effect to that found in

and 9/385, 2% without cetuximab, P = 2.7  108).

COIN and COIN-B (Table S2).

3.2 | Relationship between genetic variation
at ST6GAL1 and HFS

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

rs6783836 at 3q27.3 was associated with HFS at genome-wide signifi-

No other SNPs were associated with toxicities in COIN and COIN-B at

cant levels in patients treated with XELOX (OR = 3.1, 95% CI = 2.1-4.6,

genome-wide significant levels, but eight SNPs were suggestive of associ-

P = 4.3  108, Figure 2). Forty-six percent (50/108) of patients with

ation (P < 1.0  106, Table S3). No genes were associated with toxicities

G2-3 HFS carried rs6783836 in a heterozygous or homozygotes state for

after correction for multiple testing (data not shown). Four gene sets—

the minor allele as compared to 21% (200/934) of patients with G0-1

peripheral neuropathy with response to food, neutropenia with dendritic

HFS (Table 3). The association between rs6783836 and HFS was seen in

spine development, diarrhoea with co-receptor activity and skin rash with

patients treated with XELOX alone (OR = 3.3, 95% CI = 1.9-5.7,

blood vessel endothelial cell migration, were associated after correction

P = 2.7  105) and in those treated with XELOX + cetuximab

for multiple testing (Table S4).

4

(OR = 2.9, 95% CI = 1.6-5.1, P = 3.0  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%
CI = 0.44-1.7, P = .65) and the difference between regimens was signifi-

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

cant (Pinteraction = 1.0  103). rs6783836 was not associated with patient
outcome regardless of chemotherapy regime (XELOX ± cetuximab,

rs3887925 in intron 1 of ST6GAL1 was the lead SNP associated with

response OR = 1.0, 95% CI = 0.78-1.4, P = .82 and OS HR = 0.95, 95%

T2D (OR = 0.94, 95% CI = 0.92-0.96, P = 1.2  108, Figure 3),

CI = 0.82-1.1, P = .46; FOLFOX ± cetuximab, response OR = 0.77, 95%

although rs6783836 was not associated with T2D (OR = 0.93, 95%

CI = 0.54-1.1, P = .15 and OS HR = 1.0, 95% CI = 0.86-1.2, P = .78).

CI = 0.85-1.0, P = .07) nor diabetic skin lesions (OR = 1.1, 95%

rs6783836 maps to intron 4 of ST6GAL1 in a region involved in transcrip-

CI = 0.89-1.3, P = .44). rs3887925 and rs6783836 were not in link-

tional elongation (Figure 3) and was not an eQTL.

age disequilibrium (LD) (D0 = 0.26, R2 = .01). The rs6783836-T allele
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was associated with lowered lymphocyte count (beta = 0.0052,

linked with diet.41,42 Adopting vegetarianism has been shown to

95% CI = 0.0087 to 0.0018, P = 2.7  103) and lowered HbA1c

relieve symptoms in patients with diabetic neuropathy,43,44 and there

levels (beta = 0.0047, 95% CI = 0.0080 to 0.0013,

is evidence that taking multivitamins reduces the likelihood of a

P = 5.9  103, Figure 4) that withstood correction for multiple test-

patient experiencing CIMP.45 Our data adds weight to this promising

ing. rs6783836 was also associated with psoriasis (OR = 0.91, 95%

avenue for treatment of this toxicity.

CI = 0.85-0.98, P = 7.5  103).
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