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Abstract

Introduction: In this study (PRECISE), we assess the clinical utility of a germline 

DNA sequencing‐based test (ToxNav) for mutations in DPYD and ENOSF1 genes to 

alter clinician‐prescribed fluoropyrimidine doses and the use of a digital application 

(PROMinet) to record patient‐reported chemotherapy toxicity.

Materials and methods: Adult patients with a histological diagnosis of colorec-

tal cancer (CRC) who consented to fluoropyrimidine‐based chemotherapy were re-

cruited prospectively and given a digital application to monitor and record associated 

toxicities. Patient samples were analyzed for 18 germline coding variants in DPYD 

and 1 ENOSF1 variant.

Results: Genetic testing was performed for 60 patients and identified one patient at 

increased risk of fluoropyrimidine‐based toxicities. Uptake of genetic testing was 

high and results were available on average 17 days from initial clinical encounter. 

Patient‐reported chemotherapy toxicity identified differences in 5‐fluorouracil vs 

capecitabine regime profiles and identified profiles associated with subsequent need 

for chemotherapy dose reduction and hospital admission.

Discussion: The PRECISE clinical trial demonstrated that a germline DNA sequenc-

ing‐based test can provide clinically relevant information to alter clinicians' fluo-

ropyrimidine prescription. The study also obtained high volume, high granularity 

patient‐reported toxicity data that might allow the improvement and personalization 

of chemotherapy management.
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1 |  INTRODUCTION

5‐fluorouracil (5‐FU) and its oral prodrug capecitabine are 

the most commonly prescribed chemotherapeutic agents for 

treating colorectal cancer (CRC) and feature prominently 

in many chemotherapy regimens. A significant proportion 

(20%‐30%) of patients treated with these drugs develop se-

vere side effects,1-4 usually observed in the first cycle of treat-

ment, which may result from inborn deficiencies of enzymes 

or drug transporters used by the body for drug break down 

and deactivation.2,5-7

Severe toxicity and toxic deaths among patients receiving 

chemotherapy arise from two main mechanisms. Firstly, the 

patient has an unrecognized enzyme deficiency and is pre-

scribed a “standard” chemotherapy dose, resulting in severe 

side effects developing during the first chemotherapy cycle.8-11  

Secondly, severe toxicity may occur in patients who have 

under/unreported or unrecognized chemotherapy toxicities.12 

To prevent severe toxicity, it is important to develop new 

methods to recognize pharmacogenetic differences in drug 

metabolism that predispose a patient to suffer severe toxic-

ities. There is also a need to develop improved methods to 

accurately record patient toxicity.

Dihydropyrimidine dehydrogenase (DPYD) plays the 

dominant role in 5‐FU and capecitabine degradation, and re-

duced enzyme activity leads to toxicity resulting from toxic 

metabolite accumulation.13,14 Large‐scale meta‐analyses 

have highlighted the importance of DPYD germline polymor-

phisms in causing toxicities in CRC clinical studies. Toxicity‐

associated alleles are rare and seen in between 1.7% and 3.1% 

of the population.13,15 To assess 5‐FU and capecitabine tox-

icity‐associated alleles, a 19 single nucleotide polymorphism 

(SNP) panel consisting of germline polymorphisms in DPYD 

and ENOSF1 was determined and diagnostic accuracy was 

evaluated in 888 patients from the QUASAR 2 clinical trial.16 

In brief, this study built on genome‐wide association stud-

ies and meta‐analyses performed using data available from 

a number of studies, including QUASAR 2, where genetic 

markers of toxicity resulting from fluoropyrimidine‐based 

therapies in the DPYD and ENOSF1 genes were identified 

and assessed for their clinical utility.15,17

The 19 germline genetic variants assessed for predicting 

fluoropyrimidine‐related toxicities (18 SNPs in DPYD and 

1 SNP in ENOSF1) comprise the ToxNav test, a test which 

demonstrated superior performance when compared with 

other diagnostic tests for assessing fluoropyrimidine‐re-

lated toxicities currently available in the United Kingdom.16 

Following on from the clinical trial, the first objective of the 

PRECISE pilot study was to assess the feasibility of ToxNav 

test delivery within 2  weeks of initial patient consultation 

and whether clinicians will use the ToxNav test to change, a 

priori, previously prescribed fluoropyrimidine‐based chemo-

therapy doses.

Poor chemotherapy toxicity recognition is a problem recog-

nized by clinicians. Some patients use a paper diary; however, 

the range and depth of information recorded are highly vari-

able and subjective to personal experience.18-21 Therefore, the 

utility of a digital mobile application (app), PROMinet, was 

assessed as the second objective. The app allows the prompted, 

daily self‐reporting of toxicity data as the patient proceeds 

through chemotherapy. It is hypothesized that this data will im-

prove the breadth and depth of chemotherapy toxicity record-

ing, identify patients at risk of severe side effects, and increase 

clinical awareness of needing formal dose reductions.

2 |  MATERIALS AND METHODS

2.1 | Clinical trial

Ethical approval was obtained from the Oxford Ethics 

Committee to recruit patients into the PRECISE trial (REC ref-

erence: 16/LO/0915). The trial was a cohort observation clini-

cal utility study. Patients were included if they had a histological 

diagnosis of CRC, age >18 years, and were to be prescribed 

fluoropyrimidine‐based chemotherapy. Exclusion criteria in-

cluded patients previously treated with 5‐FU‐based chemother-

apy, those with known contraindications to 5‐FU, pregnancy or 

breast‐feeding, and an inability to use a mobile digital device.

2.2 | ToxNav genetic testing

The ToxNav test is a sequencing‐based analysis of 18 genetic 

variants in DPYD and one in ENOSF1. Genetic markers were 

identified through the use of microarray genotyping and in-

cluded if they met one of the following criteria: 1. Minor al-

lele frequency (MAF) <1%, identified in patients with DPYD 

deficiency (three of these markers were also associated with 

toxicity at P < .05). 2. MAF >1% and associated with global 

capecitabine‐related toxicity with an odds ratio >1.5 at path-

way level significance and associated with an individual tox-

icity at genome‐wide significance. This approach identified 

that these DPYD variants had a high sensitivity and speci-

ficity when toxicity‐induced death or grade 4 hematologi-

cal toxicities are the outcome of interest (100% sensitivity, 

98% specificity, negative predictive value (NPV) 1.0, posi-

tive predictive value (PPV) 0.1 (death); 75% sensitivity, 98% 

specificity, NPV 1, PPV 0.14 (hematological toxicities).16

Written consent was obtained from each patient for genetic 

testing. Five milliliter of blood was taken into an EDTA bot-

tle, and anonymized with a unique identifier code. DNA was 

extracted from whole blood with samples processed within 

96 hours of blood collection. Twenty‐eight PCRs were per-

formed to provide full coverage of DPYD (23 exons) and the 

variant region of ENOSF1. Interpretation of these data was 

performed according to a predesigned algorithm, ColoTox 

software v8.0.0.2, and a risk report result based on the known 
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penetrance of the variance to chemotherapy toxicity, made 

available to the treating physician designating them into one 

of four categories (Table 1, Supplementary Figure S1).

2.3 | Digital mobile application assessment

Digital mobile application (app)‐based monitoring of toxici-

ties was performed through the use of a mobile tablet that was 

given to the patient or through an app downloaded to their 

mobile device (PROMinet), developed by Oxford Medical 

Intelligence. The app functions through the prompted, daily 

questionnaire of toxicity data as the patient proceeds through 

chemotherapy, and patients were given training on how to 

use the app before starting chemotherapy.

2.4 | Statistics and toxicity data analyses

Toxicity data were analyzed within the R statistical package 

(version 3.5.2). App responses were averaged across treat-

ment for each patient to give average responses for each 

week and across the 12‐week monitoring period.

3 |  RESULTS

3.1 | Patient characteristics

Sixty patients were recruited into the PRECISE study. The 

median age of patients in the study was 63  years (stdev 

12.5  years, range 31‐77  years). The majority of patients 

had stage III CRC and were prescribed CAPOX chemo-

therapy (75%), though FOLFOX (16.7%), single‐agent 

capecitabine (6.7%), and FOLFIRI (1.7%) were also ad-

ministered (Table 2).

3.2 | Genotyping data

ToxNav testing was performed on 59/60 patients in the trial. 

The test was not performed in one patient where the blood 

specimen was not received within the required 96 hours sam-

ple processing window. Results were available at a median 

of 17  days following the initial clinic appointment (stdev 

8.1  days). However, for the last 10 patients tested, results 

were available at a median of 12.5 days (stdev 5.4 days).

From the test result, a risk classification was designated 

(Table 1). No patients were identified with a critical risk 

variant, one patient was identified with high‐risk variant 

A551T (DPYD Exon 13). Variants were frequently found 

in the ENOSF1 (rs2612091) and DPYD intronic regions, 

rs7548189 and rs12132152 (Table 3, Supplementary Table 

S1).15 Positive results in rs72549303 were initially identified 

in three patients, but subsequently not validated.

3.3 | Chemotherapy dose guided by 
ToxNavTM assay

One patient received a ToxNavTM test that suggested predis-

position to a high risk of 5‐FU‐based chemotherapy toxicity. 

This patient had the initial dose reduced to 80% and subse-

quently experienced minimal/mild (Common Terminology 

Criteria for Adverse Events‐  CTCAE 0/1) side effects. 

Patients predicted to be at high risk of hand‐foot syndrome 

(HFS) were not dose‐reduced, but encouraged to use inten-

sive moisturizing regimes and avoid astringent detergents.

During the study evaluation stage, outside of the PRECISE 

trial, two patients with upper GI cancer who had received one 

cycle of 5‐FU/cisplatin suffered severe (grade 4) neutrope-

nia, sepsis, and subsequently died from their toxicities. These 

patients were genotyped retrospectively and found to have 

rs115232898 (high‐risk) and rs55886062 (critical risk) vari-

ants, respectively.

3.4 | Chemotherapy toxicities—
clinician recorded

About 58 of 60 patients started their chemotherapy regime, one 

patient's CRC progressed rapidly precluding chemotherapy 

and one patient withdrew consent. Of these, 52 patients had 

complete clinician‐reported toxicity data. Clinician‐graded 

toxicities identified that 55.8% (29/52) experienced minimal/

mild side effects (CTCAE 0/1), 32.7% (17/52) experienced 

moderate side effects (CTCAE 2), and six patients had severe 

side effects (CTCAE 3) that required hospitalization due to 

colitis and/or diarrhea. About 38.5% of patients had their ini-

tially prescribed chemotherapy regime changed (20/52): four 

had their chemotherapy stopped, 11 had their chemotherapy 

dose‐reduced (due to gastrointestinal side effects, n = 6; HFS, 

Risk classification Risk classification criteria

Critical risk Patient carried two deficiency alleles (homozygous for a single DPYD 

deficiency allele or heterozygous for two DPYD deficiency alleles).

High risk Patient carried one copy of a DPYD deficiency allele.

Standard risk Patient carried no copies of DPYD deficiency alleles or HFS‐associ-

ated alleles.

Standard risk with 

high risk of HFS

Patient carried no copies of DPYD deficiency alleles but one or more 

alleles associated with increased risk of HFS.

T A B L E  1  Risk classification criteria 

for assigning a risk classification to patients 

based on the genetic sequencing results from 

the ToxNav test
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n  =  2; cardiac events, n  =  4; oxaliplatin‐related toxicity, 

n = 4), five started a new chemotherapy regime due to toxicity 

or disease progression. Patients who received infusional 5‐FU 

were significantly less likely to experience moderate/severe 

side effects (CTCAE 3/4) (Chi‐squared P = .034).

3.5 | Digital mobile application 
toxicity monitoring

Of 60 patients, 53 were recruited for PRECISE participated 

in the PROMinet app trial. Of these, 30 patients were pro-

vided with a tablet for recording toxicity severity responses 

and 23 patients downloaded the app onto their own mobile 

device.

Patients using their own devices were significantly more 

likely to record app responses (87.0% vs 46.7%, P < .005). 

App responses were recorded for 34 patients, giving an up-

take of 64.2%. A mean of 758 data points was collected for 

each patient, consisting of scores for 13 toxicity variables. 

The app response frequency recorded for each patient greatly 

varied, ranging from 10.6% to 97.6%, giving an average of 

68.6% of days while on chemotherapy. Toxicity profiles for 

patients across the course of their chemotherapy regime were 

generated (Figure 1A). Toxicity profiles for each patient were 

distinct, but reproducible across chemotherapy cycles (Figure 

1B).

3.6 | Correlation between digital mobile 
application toxicity scores and clinician score

Patient toxicity is determined by the clinician at each clini-

cal encounter. As patients also recorded their own toxicities 

using the app, we sought to understand if these toxicity meas-

ures were correlated. We found that of the 13 app‐measured 

parameters, “tiredness” was significantly linked to clinician‐

graded toxicity (clinician‐reported “severe” vs “moderate” or 

“mild,” P  <  .05 for both, Figure 2). Trends were also ob-

served for incidence of “hand‐foot reactions,” “nausea,” and 

“sore mouth” whereby higher incidences were reported for 

patients where a “severe” clinician‐graded toxicity was given 

in comparison to patients where clinician‐graded toxicity was 

given as “moderate” or “mild,” though these were not statisti-

cally significant.

3.7 | CAPOX vs 5‐FU chemotherapy

App responses for 13 symptom toxicities were analyzed 

for patients receiving either CAPOX/single‐agent CAP 

(n = 27), or FOLFOX/FOLFIRI (n = 6). In patients receiv-

ing CAPOX/CAP, the incidence of HFS (0.539 vs 0.082, 

P < .001) and sore mouth (0.163 vs 0.056, P < .01) was sig-

nificantly higher. Patients receiving FOLFOX/FOLFIRI ex-

perienced a higher incidence of constipation (0.118 vs 0.245, 

P  <  .001) (Figure 3). Higher incidences of nausea (0.251 

vs 0.133) and diarrhea (0.274 vs 0.126) were also observed 

for CAPOX/CAP‐treated patients, whereas the incidence of 

hair loss (0.154 vs 0.270) was higher in patients treated with 

FOLFOX/FOLFIRI, though these trends were not statisti-

cally significant.

T A B L E  2  Baseline characteristics of patient and chemotherapy 

indication and regime given

  No. (%)

Sex

Male 32 (53.3)

Female 28 (46.7)

Age

Median/ Std (y) 63/13.0

Tumor location

Small bowel 1 (1.7)

Cecum 4 (6.7)

Ascending Colon 4 (6.7)

Hepatic Flexure 3 (5.0)

Transverse Colon 4 (6.7)

Splenic Flexure 4 (6.7)

Descending Colon 4 (6.7)

Rectosigmoid 26 (43.3)

Rectum 10 (16.7)

Microsatellite

Microsatellite stable 48 (80.0)

Microsatellite instability 2 (3.3)

Not available 10 (16.7)

T‐stage

pt1 2 (3.3)

pt2 3 (5.0)

pt3 26 (43.3)

pt4 19 (31.7)

Not available 10 (16.7)

N‐stage

n0 12 (20.0)

n1 24 (40.0)

n2 14 (23.3)

Not available 10 (16.7)

Chemotherapy indication

Adjuvant 41 (68.3)

Metastatic 18 (30.0)

Neoadjuvant 1 (1.7)

Chemotherapy regime

Single‐agent CAP 4 (6.7)

CAPOX 45 (75.0)

FOLFOX 10 (16.7)

FOLFIRI 1 (1.7)



   | 5LEE ET AL.

T A B L E  3  Germline variants analyzed in the ToxNav test and frequencies observed in the PRECISE clinical cohort

ToxNav ID Gene Variant Allele count Allele freq % Patient freq %

Variant3 DPYD Intronic rs12132152 4 3.39 6.78

Variant4 DPYD Intronic rs7548189 15 12.71 23.73

Variant5 DPYD Exon 13 A551T 1 0.85 1.69

Variant6 TYMS/ENOSF1 rs2612091 54 45.76 66.10

F I G U R E  1  A, Individual patient chemotherapy toxicity profiles generated using app responses over the 84 day period. The star plot size for 

each toxicity is relative to the range of scores for each individual toxicity. B, Illustrative toxicity profiles demonstrate that profiles for each patient 

are consistent and reproducible across time 

A

B
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3.8 | Digital mobile application early 
predictors of need for dose reduction

Several patients had their starting chemotherapy dose reduced 

during subsequent cycles. We therefore sought to identify 

within app data for week 1 if there were potential factors that 

might identify patients where a subsequential chemotherapy 

dose reduction would be required. A linear regression model 

was utilized, and in patients who had subsequential chemo-

therapy dose reduction, severity of three toxicities signifi-

cantly differed. “Hand‐foot reaction” was inversely correlated 

with subsequent need for dose reduction (P = .002), whereas 

“vomiting” (P = .021) and “diarrhea” (P = .024) were higher 

during week 1. The inverse relationship with HFS is surpris-

ing, but might suggest a non‐cell cycle effect as HFS is caused 

by perivascular lymphocytic and eosinophilic infiltrates.22

3.9 | ToxNav and digital mobile application 
recording for hand‐foot syndrome

The ToxNav test also identifies patients at potential risk 

of developing “hand‐foot reactions/syndrome” (HFS). To 

assess utility, app responses for “hand‐foot reactions/syn-

drome” were compared to the ToxNav HFS risk score.

Of the patients who provided app responses, 22/34 were 

classified as “high‐risk HFS” and 12/34 as “low‐risk HFS” 

by the ToxNav test. For patients classified as “high‐risk 

HFS,” there was a trend for app‐recorded HFS severity to 

be higher during week 1 (0.209 vs 0.118) and week 2 (0.346 

vs 0.167) of the app monitoring period, though this did not 

reach statistical significance (P = .392, P = .404, respec-

tively). HFS was identified by treating physicians for three 

patients, of which one was identified as “high‐risk HFS” by 

the ToxNav test.

3.10 | Hospital admissions and digital 
mobile application toxicities

Patients with severe toxicities (CTCAE 3/4) may require 

acute hospital admission. Three patients recruited into the 

PRECISE study, who participated in the app trial, were ad-

mitted to hospital during the study monitoring period. These 

patients received CAPOX chemotherapy and were hospital‐

admitted during the first three cycles. We therefore sought to 

establish if the app toxicity data could better identify toxicity 

profiles of these patients by comparing app toxicity responses 

from patients who required hospitalization with those who 

did not. The spectra of toxicity were different between these 

groups and severity of “diarrhea” and “altered hand‐foot” 

was significantly elevated in patients requiring hospitaliza-

tion, with lower scores for “constipation” and “sore mouth” 

(Figure 4).

4 |  DISCUSSION

A small proportion of the population carry rare genetic vari-

ants that likely account for the toxicity experienced in pa-

tients undergoing chemotherapy. Our understanding of the 

germline genetic determinants of 5‐FU‐based chemotherapy 

toxicity has advanced markedly and a significant proportion 

of this risk can be explained by DPYD and ENOSF1 variants. 

By empowering clinicians with knowledge of their patient's 

genetic susceptibility, and enabling them to combine this 

with their clinical judgment, we propose this might reduce 

chemotherapy toxicities.

To date, the use of germline pharmacogenomic biomarkers 

has had a limited effect on clinical practice. Mutation profil-

ing of the TPMT gene for patients receiving azathioprine and 

testing for HLA‐B*1502 for Asian patients being prescribed 

carbamazepine23 have entered clinical practice. In cancer 

F I G U R E  2  Digital mobile application patient recorded toxicity 

scores for “tiredness” during week 2 of chemotherapy. Patient 

recorded toxicity scores were significantly higher during week 2 

of chemotherapy for patients classified as “severe” by clinicians 

compared to those classified as “mild” (1.215 vs 0.676, P = 0.048) or 

“moderate” (1.215 vs 0.615, P = 0.039)

F I G U R E  3  Toxicity profiles for patients receiving oral capecitabine vs intravenous 5‐fluorouracil chemotherapy regimens. Changes to hand 

and foot reactions and sore mouth were significantly more severe for patients treated with CAPOX/CAP whereas constipation was less severe.  

***P < .001, **P < .01, *P < .05, NS = not significant
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research, there is no paucity of pharmacogenomic studies that 

have identified gene polymorphisms on chemotherapy toxic-

ity; however, few have been assessed in routine clinical care.

Through the increasing availability of germline genetic 

sequencing tests, we predict that more clinically important 

information will become available to clinicians. Challenges 

will need to be surmounted to integrate germline variants as-

sociated with prognosis, disease response, or treatment tox-

icities and combine it with existing tests to maximize patient 

outcomes. The first aim of this clinical utility study was to 

determine whether a germline DNA sequencing‐based test, 

ToxNav, can provide clinically relevant information to assist 

and/or affect treatment decision‐making in patients receiving 

5‐FU‐based chemotherapy. This study demonstrates that this 

is indeed achievable in the current UK oncology clinical prac-

tice and provides meaningful information in a timely manner.

Limitations to this pharmacogenomic aspect of the 

PRECISE study should be acknowledged. Firstly, germ-

line DNA variants were identified from large cohorts of 

the UK‐based CRC patients. While it is reasonable to ex-

pect that they would predispose patients to fluoropyrim-

idine toxicity in other cancer or ethnicity settings, this 

requires validation. Secondly, this study does not claim to 

make any assertions of the efficacy of the ToxNav test in 

reducing overall patient toxicities and improving patient 

outcomes. Germline toxicity‐associated alleles are present 

in such a low frequency in the population (1.7%‐3.1%), that 

a much larger validation study would be required to assess 

ToxNav test efficacy and this study is currently recruiting. 

However, with regard to patients genotyped in this study, 

one patient at high risk of toxicity was dose‐reduced ab ini-

tio and tolerated chemotherapy without problems, whereas 

retrospective testing of two patients admitted with grade 4 

neutropenia/sepsis were correctly identified as high risk. It 

is reasonable to speculate that if the test was available to 

these individuals they could have avoided severe fluoropy-

rimidine toxicity.

We believe this trial is important because it attempts to 

address a major issue which is unresolved in the field of phar-

macogenomic research. Namely, that chemotherapy toxicity 

is a challenging phenotype to identify and quantify. Toxicity 

is subjective, a continuous variable, varies each day across 

a 2‐3 week chemotherapy cycle, entirely dependent on phy-

sician/patient recorded outcomes, and with no surrogate 

quantifiable biomarkers. Therefore in addition to assessing 

the pharmacogenetic test, we also utilized a novel mobile 

application (PROMinet) to collect patient feedback for 13 

different chemotherapy‐associated toxicities. This mobile 

application addresses many of the limitations of identifying 

and quantifying chemotherapy toxicities. Our exploratory 

analyses suggest that the app could discriminate differences 

in chemotherapy toxicity profiles between patients receiving 

oral capecitabine and intravenous 5‐FU. We identified differ-

ing toxicity profiles for patients who subsequently required 

either a dose reduction or hospital admission. We anticipate 

the app will fit well in conjunction with existing clinical care 

and provide cost‐effective real‐time data, which may be used 

to reduce the likelihood of hospital admission by reducing 

chemotherapy dose and/or managing toxicities.

However, limitations to the app trial should be appreci-

ated. The patient app response rate widely varied, resulting in 

differences in the quantity and quality of results obtained over 

the 84 days monitoring period. Furthermore, larger validation 

cohorts would be required to determine and demonstrate the 

accuracy and reliability of the PROMinet app (or equivalent) 

to identify patients who are likely to be admitted to hospital 

and/or have subsequential chemotherapy dose reduction.

Nevertheless, we demonstrate that the app improves the 

breadth and depth of toxicity data available. Future app develop-

ment will enable it to give patient advice on managing individ-

ual side effects, and will in addition, alert clinicians to patients 

developing high‐grade toxicity that need to be contacted, and 

identify those who might benefit from preemptive contact.

In summary, the accurate pharmacogenomic prediction 

and monitoring of severe toxicity and toxic deaths among 

chemotherapy‐receiving patients have the potential to re-

duce morbidity and mortality. In this clinical utility study, 

we demonstrate that a genomic ToxNav test with concurrent 

monitoring using the PROMinet app provides potentially 

useful information to treating physicians and warrants further 

larger scale studies.
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