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a b s t r a c t 

Background: Studies have demonstrated a higher risk of developing colorectal cancer (CRC) in individuals 

with Cystic Fibrosis (CF), and also a potentially increased risk in carriers of cystic fibrosis transmembrane 

conductance regulator (CFTR) mutations. Life expectancy for those with CF is rising, increasing the num- 

ber at risk of developing CRC. 

Methods: The incidence of CRC amongst individuals with CF was calculated using data from CORECT- 

R and linked UK CF Registry and Secondary User Services (SUS) data. Crude, age-specific and age- 

standardised rates were compared to those without CF. The presence of CFTR mutations in individuals 

with CRC was assessed using 10 0,0 0 0 Genomes Project data. 

Findings: The crude incidence rate of CRC in the CF population was 0.29 per 1,0 0 0 person-years (28 

cases). The CF population were significantly younger than those without (median age at CRC diagnosis 52 

years versus 73 years; p < 0 ·01). When age-adjusted, there was a 5-fold increased CRC incidence amongst 

individuals with CF compared to those without (SIR 5.0 95%CI 3.2–6.9). When compared to other pop- 

ulation studies the overall prevalence of CFTR mutations in the CRC population was significantly higher 

than expected ( p < 0 ·01). 

Interpretation: CF is linked to an increased risk of CRC. The incidence of CFTR mutations in the CRC 

population is higher than would be expected, suggesting an association between CFTR function and CRC 

risk. Further research is needed to develop effective screening strategies for these populations. 

Funding: Cancer Research UK (grants C23434/A23706 & C10674/A27140) 

© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 
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. Introduction 

In the UK, there are over 10,500 adults and children with Cystic 

ibrosis (CF) and the carrier frequency is one in 25 [1] . The median

ge of the UK population with CF continues to increase (18 in 2010 

o 21 in 2020 [2] ) as does median predicted survival which has 

isen, from 43 ·5 years in 2007–2011 to 50 ·6 years in 2016–20,20 2 .
itkowska, K.1, 2; Wood, S. M.1, 2. 1Genomics England, London, UK. 2William Har- 

ey Research Institute, Queen Mary University of London, London, EC1M 6BQ, UK 
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n 2017, 21% of individuals with CF in the UK were aged over 40 

ears and this is expected to increase to 36% by 2030 [3] . 

The risk of developing cancer of the digestive tract, and notably 

olorectal cancer (CRC), appears to be greater in people with CF 

han the general population [4] with the incidence being accentu- 

ted by solid organ, especially lung, transplantation [ 5 , 6 ]. The in-

reased risk of GI malignancy was highlighted in a large CF registry 

ohort study in the USA. Alongside this increased incidence, CF it- 

elf may result in a more aggressive form of CRC due to mutations 

f the cystic fibrosis transmembrane conductance regulator (CFTR) 

ene [7] . 

Over 20 0 0 mutations of the CFTR gene have been identified 

8] with around 400 shown to be associated with CF or defined 

s CF causing [9] . While carriers of the CFTR gene may be predis-

osed to an increased prevalence of respiratory disease, there is 

till debate as to whether it alters the risk of malignancy. Earlier 

tudies found no association [ 10 , 11 ], however, more recently stud- 

es looking at F508del alone reported it as being elevated in sev- 

ral types of cancer, including CRC [12] . While F508del is the most 

ommon CFTR mutation, present in over 70% of CF [13] , other mu- 

ations are more common in different ethnic groups [14] making it 

ital to extend the analysis of carriers beyond this mutation alone. 

The introduction of highly effective CFTR modulators heralds a 

ew era where treatment can finally target the underlying defect 

ather than disease complications for 90% of CF genotypes. While 

his will have the beneficial impact of increasing life expectancy, it 

ay also put individuals with CF at greater risk of developing CRC, 

s incidence is significantly associated with age. In the UK over 

0% of CRC cases occur in individuals aged 75 and above [15] . 

Due to the relatively small CF population and its low median 

ge there is currently a scarcity of evidence available to quantify 

ancer risk and, hence, inform optimal screening strategies. This 

tudy aims, therefore, to quantify any excess risks of CRC in the CF 

opulation in England. It will also assess any association between 

utations of the CFTR gene and CRC in carriers and those affected. 

. Methods 

.1. Data 

Analyses were undertaken using three different data sources: 

he COloRECTal cancer data Repository (CORECT-R) [16] , Linked 

ystic Fibrosis Trust UK CF Registry data and Secondary Use Statis- 

ics (SUS) and the version 10 release of the Genomics England 

0 0,0 0 0 Genomes Project [17] . 

.2. CORECT-R 

This resource contains linked information for all individuals di- 

gnosed with a colorectal cancer (ICD10 C18-C20) within the En- 

lish National Health Service (NHS) between 1st January 2007 and 

1st December 2017. Information on age at CRC diagnosis, sex, tu- 

our site within the colorectum (right colon – caecum, appendix, 

scending colon, hepatic flexure & transverse colon. Left colon –

plenic flexure, descending colon & sigmoid colon. Other – over- 

apping lesion of colon, colon, unspecified, rectosigmoid & rectum) 

nd year of CRC diagnosis was obtained from the National Cancer 

egistration and Analysis Service (NCRAS) component of this re- 

ource. 

Information about the diagnostic reasons for hospital admis- 

ions preceding the diagnosis of the relevant colorectal can- 

er were obtained from Hospital Episode Statistics (HES) within 

ORECT-R. Individuals were classified as having CF if the relevant 

CD10 code (E84) was recorded during an inpatient stay in an NHS 

ospital at any point (both prior and post CRC diagnosis). Previ- 

us studies have demonstrated an over capture of CF when us- 
500 
ng hospital records alone to identify the condition [18] . The study 

emonstrated that the false positives were commonly due to a sus- 

icion of CF being reported as a diagnosis, alongside the incorrect 

lassification of CFTR mutation carriers as CF positive and incor- 

ect coding of multiple complex health conditions. To minimise the 

mpact of this and reduce false positives, individuals with fewer 

han 2 records of CF were classified as not having CF. This was se- 

ected as each individual with CF is admitted to hospital once a 

ear on average [19] . The age profile of those with a single record 

as examined and the median age (67 (IQR 60–88)) was deter- 

ined to be higher than would be expected for individuals with 

F with a single admission to hospital by clinical experts and it 

as thought that these individuals were likely miscoded (median 

ge for individuals with > 1 admission was 52 years (IQR 40–68)). 

iven the limitations in identifying CF in the available cancer reg- 

stration data a second data source (UK CF Registry) was used to 

alidate the crude incidence rates obtained. 

Solid organ transplant status was determined using relevant 

CD10 & OPCS4 codes (Supplementary Table 1) recorded during a 

ospital inpatient admission at any point prior to the CRC diagno- 

is. 

.3. UK CF registry 

This resource contained information regarding patients who 

ad consented to participate in the UK CF Registry between 1 Jan- 

ary 2009 and 31 December 2020 (covering approximately 99% of 

he CF population of the UK) [20] . Cystic fibrosis information was 

btained from UK CF Registry, and cancer information (site of ma- 

ignancy) was obtained from SUS data. Used in isolation, hospital 

ecord data may underestimate cancers in certain cases [21] , with 

verestimation of cases in older individuals, meaning that the in- 

idence rate calculated for the UK CF Registry analysis is expected 

o be lower than that observed in the CORECT-R analysis. 

.4. Population figures 

Total population figures for the CF population were obtained 

rom the Cystic Fibrosis Trust UK CF Registry for the years 2007–

020 [20] . General population figures were obtained from the Of- 

ce for National Statistics Mid-Year Population estimates [22] for 

he time period 2007–2017. The data were aggregated across all 

ears in line with the five year age bands (0–4, 5–9, 10–14, 15–19 

tc.), used to calculate the European Standard Population, and by 

ex. 

.5. Genomics analysis 

The carrier analysis was performed using whole genome se- 

uencing data from the blood samples of 2023 colorectal can- 

er patients, obtained from Genomics England 10 0,0 0 0 Genomes 

roject [17] . 

.6. Statistical analysis 

.6.1. Characteristics of the population 

Using the CORECT-R data, a nonparametric test of medians was 

ndertaken to compare age at CRC diagnosis between those with 

nd without CF. χ2 analysis was performed to test for significant 

ifferences in age group at CRC diagnosis, sex and tumour site 

right sided colon, left sided colon and rectum) between those 

ith and those without CF. 

.7. Crude incidence rates 

The populations included are considered dynamic as it was not 

ossible to determine the vital status of the individuals with CF 
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ver the course of the study period. Due to this incidence rates 

ere calculated using the total number of CRC cases diagnosed 

ver the period as the numerator and the mean of the mid-year 

opulation estimates multiplied by the number of years of fol- 

ow up included in the study as the denominator, resulting in an 

ncidence rate per 10 0 0 person years [23] . Given the limitations 

escribed around the identification of individuals with CF in the 

ORECT-R dataset this analysis was replicated using data from the 

K CF Registry linked to SUS data (including individuals diagnosed 

ith CRC between 2009 and 2020). Poisson confidence intervals 

ere calculated for the person-years rates using the mid-P exact 

est methodology. 

A standardised incidence ratio (SIR), the ratio of observed to 

xpected cancers, was calculated for those with CF, using the inci- 

ence rate of CRC those without CF (both from the CORECT-R data) 

o calculate the expected rates. The number of expected CRC cases 

n the CF population was calculated using the age-specific (5-year 

ge-bands) incidence rate amongst those without CF, multiplied by 

he total person-years during which the population was followed 

p (in the case of the CORECT-R the mean CF population x 11). 

The rate difference, defined as the difference between the rate 

mongst those exposed (in this case those with CF) and those 

ithout exposure (those without CF) was calculated from these 

gures and is presented per 10 0 0 person-years. 

.8. Age-specific incidence rates 

Age specific incidence rates per 10 0 0 person-years were calcu- 

ated using the same method as the crude incidence rates in the 

ORECT-R data. The age groupings were created in line with the 

redicted median survival (49 ·1 years 2 ) for individuals with CF in 

he UK at the end of the study period and further divided to re-

ect the age of the commencement of CRC screening in the UK 

 < 40, 40–49, 50–69 & ≥70). 

.9. Genomics analysis 

Samples were processed as part of the Genomics England stan- 

ard pipeline, being sequenced to approximately 30X coverage on 

he Illumina HiSeq X platform. Reads were aligned to the human 

enome GRCh38Decoy assembly using Isaac v03.16.02.19 [24] , and 

ariants called by Strelka v2.4.7 [25] . 

All variants in the 31st July 2020 Variant List History from the 

FTR2 resource not classed as “non-CF causing” that were present 

n at least 10% of the reads for each sample were collated. 

The proportion of individuals present in the colorectal cancer 

ata who were identified as having one or more of the mutations 

resent in the Variant History List was calculated. A total propor- 

ion higher than 4% was considered to demonstrate a higher than 

xpected incidence in this population as 1 in 25 individuals are es- 

imated to be a carrier of a CFTR mutation 

1 . The prevalence of spe-

ific mutations was compared to that seen in other studies [ 12 , 26 ].

he statistical significance of any difference was assessed using a 

wo-tailed test of significance between independent proportions. 

Statistical analyses were undertaken in Stata 16 ·0. 

.10. Role of the funding source 

This study was funded by Cancer Research UK RB and 

D were both funded from by grant C23434/A23706. HW and 

Q were funded by the CRUK OPTIMISTICC Grand Challenge 

C10674/A27140). 

The funder had no role in the design of the study, analysis, in- 

erpretation of the results or decision to submit for publication. 
501 
. Results 

.1. Characteristics of the population 

Using the CORECT-R data, 28 individuals with CF and CRC were 

dentified. The median age at CRC diagnosis was significantly lower 

n the population with CF (52 years (IQR 40–68)) compared to 

he population without CF ( n = 364,399) (73 years (IQR 63–81; 

 < 0.01). The distribution of ages differed between those with and 

ithout CF, with a quarter (25.0%) of those with CF and CRC being 

ged < 40, compared to 2.0% of those without CF. The CF popula- 

ion had a higher proportion of females, 60 ·7% versus 44 ·5% in the 

opulation without CF ( Table 1 ). Half (50 ·0%) of the tumours iden-

ified in those with CF were located in the right side of the bowel 

C18 ·0-C18 ·4). In the population without CF 26 ·5% of tumours were 

ocated in the right colon ( Table 1 ). Due to the very small numbers

 < 5 cases) of solid organ transplant no further analysis was under- 

aken regarding transplant status. 

.2. Crude incidence rates 

The identification of 28 individuals with CF and CRC, in a mean 

F population of 8894 individuals (mean population for years 

007–2017), represents a crude incidence rate of 0.29 per 1000 

erson-years (95%CI 0.19–0.41). This compares to a rate of 0.62 

er 10 0 0 person-years (95%CI 0.62–0.62) in individuals without CF 

 Table 2 ). The results from the UK CF Registry analysis found 28 

ases of cancer of the colon, rectosigmoid or rectum (ICD10 C18- 

20) present between 1 January 2009 and 31 December 2020 in 

 mean population of 10,242 individuals with CF included in the 

egistry at the start of this time period. This represents an inci- 

ence of 0.23 per 10 0 0 person-years (95%CI 0.15–0.32) with CF, 

omparable to that which was observed using the CORECT-R data. 

.3. The SIR demonstrated a significantly increased incidence of CRC 

mongst individuals with CF when compared to those without (SIR 

.0 (95%CI 3.2–6.9) ( Table 2 ).Age-specific incidence rates 

In both those with and without CF the incidence of CRC was 

igher amongst those aged ≥50 ( Table 3 ). Individuals with CF aged 

0–69 had 1.65 extra cases of CRC per 10 0 0 person-years of follow- 

p compared to those without CF, and for those aged 40–49 there 

ere less than 1 (0 ·73) extra cases of CRC per 10 0 0 person-years

 Table 3 ). 

.4. Genomics analysis 

When compared to the prevalence of CFTR mutations in other 

opulation studies [ 12 , 26 ] the overall rate of mutations in the 

RC population was significantly higher than expected ( p < 0.01). 

f the 2023 individuals with CRC for whom genetic information 

as available, 141 (6 ·9%) were heterozygotes for a CFTR muta- 

ion with 38 mutations identified ( Table 5 ). Overall 62 (3 ·1%) car- 

ied the F508del mutation which was not significantly different 

rom that observed in other studies including noncancer patients 

3.15% 

12 ). However the rate of R117H mutation was significantly 

igher ( p < 0 ·01) and the prevalence of G551D was significantly 

ower ( p < 0 ·01) than has been observed in other studies of het-

rozygotes without cancer [26] . F508del and R117H accounted for 

ver half of all CFTR mutations observed in this cohort (F508del 

44 ·0%) and R117H (12 ·8%)) ( Table 5 ). The intron-8 polythymidine 

equence was not available. Of the 419 mutations listed in the 

FTR2 database as being CF causing or of varying clinical conse- 

uence, 378 (90 ·2%) mutations were not identified in the colorectal 

ata. 
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Table 1 

Characteristics of the study population (CORECT-R data). 

Cystic fibrosis No cystic fibrosis 

P value 
n % n % 

Median age at CRC diagnosis (IQR) 52 (40–68) 73 (63–81) 0 ·001 

Age 

at 

CRC 

diagnosis 

< 40 7 25.0 7316 2.0 0.001 

40–49 6 21.4 13,674 3.8 

50–69 8 28.6 129,125 35.4 

≥70 7 25.0 214,287 58.8 

Sex Male 11 39 ·3 202,128 55 ·5 
Female 17 60 ·7 162,271 44 ·5 0 ·09 

Tumour 

site 

Right colon 14 50 ·0 121,759 33 ·4 
Left colon 8 28 ·6 96,741 26 ·6 
Other ∗ 6 21 ·1 145,899 40 ·4 0 ·09 

Total 28 364,399 

∗Including tumours of the colon, unspecified, rectum and rectosigmoid. 

Table 2 

Crude incidence rates, per 10 0 0 person-years. 

Observed cases of CRC Expected cases of CRC Crude rate (per 10 0 0 person-years) (95%CI) SIR (95%CI) 

CORECT-R data 

Cystic fibrosis 28 5 ·57 0.29 (0.19–0.41) 5.0 (3.2–6.9) 

No cystic fibrosis 364,399 – 0.62 (0.62–0.62) 

Table 3 

Age-specific incidence rates (per 10 0 0 person-years) (CORECT-R data). 

Incidence rate per 10 0 0 person-years Rate difference 

Age group Cystic fibrosis No cystic fibrosis 

< 40 0.08 0.02 0.06 

40–49 0.90 0.16 0.73 

50–69 2.60 0.95 1.65 

≥70 24.92 3.06 21.86 

Table 5 

Mutation frequency, reported where frequency > 2 counts below that are 

available in supplementary information (variant cDNA name, variant pro- 

tein name and rsID provided in Supplementary Table 2). 

Variant legacy name Number of patients % 

Wild type (no CFTR mutations) 

Wt 1882 93.0 

Heterozygous mutations of CFTR gene 62 7.0 

F508del 62 3 ·1 
R117H 18 0 ·9 
L967S 7 0 ·3 
P750L 6 0 ·3 
A349V 4 0 ·2 
621 + 1G- > T 3 0 ·1 
296 + 28A- > G 3 0 ·1 
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. Discussion 

This study demonstrates an increased risk of CRC amongst in- 

ividuals with CF and a higher than expected incidence of certain 

FTR mutations amongst those with CRC. When age-standardised 

he incidence of CRC was five times higher in individuals with CF. 

his increase in predisposition is likely to be multifactorial due to 

 combination of factors such as CFTR dysfunction, increased lo- 

al and systemic inflammation, altered gut microbiota and the use 

f high fat and low fibre diets [27–29] . The study also suggests a

igher predominance of right sided tumours and an increase in- 

idence in females, compared to the population without CF. This 

s a significant finding as right sided tumours of the colon have 

een shown to have worse survival [30] and are frequently diag- 

osed at a later stage due to their symptom profile [31] making 
502
his group key to any interventional strategies around screening. 

urther work is needed to determine whether this increase in right 

ided tumours and CRC in females is also seen in the carrier pop- 

lation. 

Previous studies have demonstrated an increased risk of malig- 

ancy following a solid organ transplant, especially in lung trans- 

lant recipients with CF, where the level of immunosuppression is 

igher 5 . Fewer than 5 of those with CF included in this study had 

ndergone a solid organ transplant at the time of their CRC diagno- 

is. In the UK over 450 individuals with cystic fibrosis underwent 

n organ transplant during the time period covered by this study 

 2 , 32 ], this suggests that our finding of fewer than 5 individuals

eans transplant is not over represented in the CRC population. 

urther work is required to characterise the true risk in this cohort 

f patients and optimise screening in those who have or are about 

o receive a solid organ transplant. 

It is only relatively recently that the number of adults with 

F ( > 18 years of age) has exceeded the number of children, but 

espite this the median age of the UK population in 2020 was 

till only 21 years. However, survival is likely to increase signifi- 

antly following the introduction of highly effective CFTR modula- 

ors, which target the underlying defect and have resulted in sig- 

ificant clinical improvement and stability. While these drugs may 

rove beneficial in reducing the risk of CRC in the longer term, by 

artially correcting CFTR, survival benefits may be negated by the 

ncreased risk of CRC associated with an ageing population, previ- 

usly naïve to modulators in early life. Alternatively, they may not 

educe the risk if the microbiome or other associated factors are 

ot corrected. 

In people with CF, the development of early onset CRC and pre- 

ursors to CRC before the age of 50 (the age at which individuals 

ill be eligible for Quantitative Faecal Immunochemical Test (qFIT) 

creening in the United Kingdom) highlights the need to con- 

ider targeted screening at a younger age. Colonoscopy remains the 

old standard investigation for CRC and its precursors and along 

ith qFIT was recently estimated to be cost effective in the CF 

opulation [ 33 , 34 ]. Despite the gradual increase in the uptake of 

olonoscopy screening, there are differing views about the bene- 

t and cost effectiveness of screening, the age at which screening 

hould start and the interval between procedures. The CF Founda- 
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ion has produced comprehensive guidelines and recommend that 

ndividuals with CF should be screened from the age of 40 years, 

ith re-screening every five years [33] . In solid organ transplant 

ecipients, screening should start at 30 years [33] . Standard bowel 

reps in CF, pre colonoscopy, are often inadequate and relatively 

ggressive regimens are used to maximise bowel clearance and im- 

rove diagnostic accuracy. There is growing evidence to suggest 

hat the CF population has the potential to benefit from a tailored 

creening program but further work is needed to determine what 

orm that should take. This study was unable to determine the im- 

act of screening on the incidence of CRC as only diagnosed CRC 

as included in the sample, meaning it was not possible to quan- 

ify how many cancers were prevented through the screening pro- 

rammes. Future work should include an analysis of route to can- 

er diagnosis for individuals with CF compared to those without in 

rder to assess this. 

It is thought that up to 15% of CRC cases are due to muta- 

ions or cancer syndromes [35] with the most common of these 

eing Lynch syndrome, which is present in up to 8% of all CRC can- 

ers [ 36 , 37 ]. This study identified an apparent association between 

FTR carrier status and CRC was identified, with a higher than ex- 

ected proportion of individuals with CRC identified as carrying 

ne or more CFTR mutations. Although one in 25 (4%) of the pop- 

lation of the UK are thought to carry a mutation 

1 , in the present

tudy the incidence of mutations was higher (7%) and comparable 

o the incidence of Lynch syndrome. With an estimated popula- 

ion of 56 ·2 million people in England in 2021 this increase poten- 

ially has implications for between 1 ·69 and 2 ·25 million people. 

his supports other studies that have suggested CFTR carriers may 

ave an increase incidence of CRC [ 12 , 38 ], Whilst the incidence of

508del in this study was comparable to previous studies [12] , and 

lose to the 4% quoted as the background carrier rate, the inclusion 

f additional mutations alongside F508del, suggests that the rela- 

ionship may extend beyond this mutation alone. The incidence of 

117H and the lower than expected prevalence of G551D in this 

ork demonstrates the need for further investigations into the re- 

ationship between CFTR mutations and cancer risk, particularly 

round a possible association with class of mutations and resid- 

al function of the CFTR protein. The impact of R11H7 on CFTR 

xpression largely depends on the polythymidine sequence, with 

T, 7T and 9T types all being present but with 5T being associated 

ith the most severe loss of function. There has been little work 

o investigate this in the context of cancer risk. 

This study is limited by small numbers due to the fact CF 

s a rare disease. In a small sample size, the approach used to 

dentify CF and CRC can significantly affect the results, by in- 

uencing the ability to identify the conditions. To mitigate this, 

he analyses were undertaken using multiple data sources, one 

f which contains the gold-standard for cancer registration data 

CORECT-R) and one of which is the gold-standard for CF regis- 

ration data (UK CF Registry). As expected, the crude results from 

he UK CF Registry and SUS data analysis ( Table 2 ) were lower

han the primary analysis, suggesting that the approach taken in 

his study was appropriate, accurate and not failing to capture a 

ignificant number of cases. There was insufficient power to per- 

orm any detailed analysis of relationship with transplant status, 

his has been demonstrated to be a significant factor when as- 

essing cancer risk, and further work is required to quantify this 

elationship. 

Individuals with CF and carriers of the CF gene are at increased 

isk of CRC. This risk may further increase in the CF population 

ollowing the recent introduction of highly effective modulators, 

hich will inevitably result in improved survival and a more rapid 

ncrease in the age of the population, a key risk factor for CRC. 

 better understanding of the role of CFTR dysfunction in the de- 

elopment and natural history of CRC cancer is needed to inform 
503 
creening, and possibly treatment strategies for those with CFTR 

utations. 
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