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Abstract

Background—~Protein products of klothog (KLB) and fibroblast growth factor receptor 4
(FGFR4) impact fibroblast growth factor 19-mediated feedback inhibition of hepatic bile acid
(BA) synthesis. Variants of KLBand FGFR4 influence colonic transit (CT) in diarrhea-
predominant irritable bowel syndrome (IBS-D).

Aim—The purpose of this study was to test the hypothesis that colesevelam’s slowing effects on
CT in IBS-D patients is influenced by genetic variants in KLB and FGFR4.
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Methods—We examined pharmacogenetic effects of KLBand FGFR4 coding variants (SNPs)
on scintigraphic CT response to the BA sequestrant, colesevelam 1.875 g b.i.d. versus placebo
(PLA) for 14 days in 24 female IBS-D patients.

Results—FGFR4rs351855 and KLBrs497501 were associated with differential colesevelam
effects on ascending colon (AC) half-emptying time (¢, £=0.046 and 2= 0.085 respectively)
and on overall CT at 24 h (geometric center, GC24: £=0.073 and P=0.042, respectively), with
slower transit for rs351855 GA/AA (but not for GG) and rs497501 CA/AA (but not CC)
genotypes.

Conclusion—FGFR4rs351855 and KLBrs4975017 SNPs may identify a subset of IBS-D
patients with beneficial response to colesevelam.

Keywords
Bile acid; Klothog, FGFR4

Background

A crucial mechanism in the control of bile acid (BA) homeostasis involves the fibroblast
growth factor 19 (FGF19)-mediated feedback inhibition of CYP7A1, the rate-limiting
enzyme in the hepatic synthesis of BA from cholesterol. This negative feedback requires
binding of the hormone FGF19 to the receptor fibroblast growth factor receptor 4 (FGFR4),
and its co-receptor klothoS (KLB) on the hepatocytes plasma membrane [1]. Walters et al.
[2] showed that patients with BA malabsorption (BAM) have low serum FGF-19 levels,
suggesting that impaired FGF19-mediated negative feedback leads to excessive hepatic BA
synthesis and secretion into the small intestine. Without increased ileal BA absorption
through the apical sodium-dependent BA transporter (ASBT, also called ileal BA transporter
or IBAT), this excess BA leaks into the colon, inducing colonic secretion and motility which
manifest as diarrhea.

Bile acid malabsorption is observed in around 30% of chronic functional diarrhea that is
otherwise unexplained [3]. This is based on measurements such as °SeHCAT retention [4]
as well as positive response to trials of BA binding therapy. When measurements of fecal
BAs or "°SeHCAT retention are not available, an empiric trial with a BA binder such as
cholestyramine is commonly used to “diagnose” BAM based on therapeutic response to
therapy. In patients with clinically diagnosed diarrhea-predominant irritable bowel
syndrome (IBS-D), Odunsi-Shiyanbade et al. [5] showed that the BA sequestrant,
colesevelam, reduces colonic transit. The reduction in colonic transit by colesevelam is
greatest in patients with high serum 7aC4, a surrogate marker of hepatic BA synthesis rate
previously validated against the "°SeHCAT retention test [6].

We have previously demonstrated that genetic variants of KLBand FGFR4, whose protein
products are critical to FGF19-mediated feedback inhibition of hepatic BA synthesis,
significantly influence baseline colonic transit in IBS-D [7]. We also observed that genetic
variants in KLB and FGFR4 influence the acceleration of colonic transit by treatment with
exogenous BA in IBS-C patients [8]. In this study, we aimed to test the hypothesis that
colesevelam’s slowing effects on colonic transit in IBS-D patients is influenced by genetic
variants in KLB and FGFRA4. In the present study, participants were not selected on the basis
of evidence of BAM.
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Study Design

Participants

We performed a pharmacogenetic analysis of data acquired in a previously published
double-blind, randomized study [5] of oral placebo versus colesevelam, 1.875 g, twice daily,
taken for 12-14 consecutive days, in 24 female IBS-D patients (mean age 42.7 years).
Patients met Rome |1 criteria for IBS.

The detailed information about these participants, recruitment and trial flow are described in
the previous publication [5] and summarized in Fig. 1.

Colonic Transit

Genotyping

Colonic transit was measured by a validated scintigraphic method using a delayed-release
capsule to deliver 111In-charcoal particles to the ileocolonic region [9, 10]. The primary
endpoints for CT were ascending colon emptying half-time (AC #,) and geometric center at
24 h (GC24), a validated measure of overall colonic transit.

Genotyping was performed on five common, non-synonymous, single nucleotide
polymorphisms (SNPs) in KLB (rs17618244 and rs497501) and FGFR4 (rs351855,
rs386618, and rs1966265), as shown in Table 1 [7]. Minor allele frequencies were > 15% for
all five SNPs. Genomic DNA was isolated from peripheral blood samples (usually drawn
from a forearm vein) using standard methods; the blood draw was obtained at the screening
visit, prior to any drug administration. TagMan SNP assay was used for genotyping as
previously described [7]. A single subject in the colesevelam treatment group did not give a
blood sample, so genotype data were not available for this subject.

Statistical Analysis

Results

An analysis of covariance was used to test for differential treatment effects on CT by
colesevelam across genotype groups using a dominant genetic model coding for genotype
(homozygotes of major allele vs. heterozygotes plus homozygotes of minor allele). The
ANCOVA models included terms for genotype (the covariate), treatment (colesevelam vs.
placebo) and the “interaction term” of genotype by treatment. This latter term is used to test
for differences in treatment effects depending on genotype. All reported P values are
unadjusted for multiple genes assessed, or multiple specific pair-wise (treatment group)
comparisons.

Hardy—Weinberg equilibrium (HWE) was assessed in healthy control patients in a previous
study (Table 1; [7]). HWE was satisfied in four of the five candidate SNPs in this study,
with the exception of FGFR4rs376618. However, there were no significant differential
treatment effects associated with this SNP. The distribution of participants’ genotypes for
the four other SNPs is shown in Table 2.

Effect of FGFR4 Genotype Variation

The functional genetic variant, FGFR4rs351855 (Gly388Arg), was associated with
differential colesevelam treatment effect on AC £, (P=0.046) and for GC24 (P=0.073).
In the rs351855 GA/AA genotype group, colesevelam significantly delayed CT, with
increased AC £, (23.46 £ 3.56 h vs. 9.95 + 2.70 h on placebo, 2= 0.04) and decreased
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GC24 (2.28 = 0.31 vs. 3.59 = 0.56 units on placebo, £=0.05). In contrast, in the rs351855
GG genotype group, there was no significant effect of colesevelam treatment on CT with
either AC #, (13.38 £ 2.79 h vs. 18.50 £ 5.33 h on placebo, = 0.43) or GC24 (3.49 £ 0.59
vs. 3.10 + 0.40 units on placebo, P=0.56, see Fig. 2). No significant differential
colesevelam treatment effects were detected in the two other FGFR4 SNPs tested.

Effect of KLB Genotype Variation

There was a differential treatment effect on CT associated with KLBrs4975017 (P = 0.048).
In the CA/AA genotype group, colesevelam treatment compared to placebo was associated
with lower GC24 value (P=0.042), and a numerically longer in AC #, (P=0.085) on
colesevelam versus placebo (Fig. 3). No such significant treatment effects were observed in
the group with CC genotype (P> 0.30 for both GC 24 and AC 4).

The functional variant KLBrs17618244 (Arg728GIn) was associated with numerical though
not statistically significant differential colesevelam treatment effects on AC 4, and GC24.
Modest treatment effects were observed in the GG genotype (P = 0.14 for AC &5, P=0.12
for GC24), but not in the GA/AA genotype (P> 0.8, see Fig. 4).

Discussion

We have shown that the polymorphisms FGFR4rs351855 and KLBrs4975017 may
influence the colonic transit response to colesevelam in female patients with IBS-D. These
data provide further evidence that genetic variations in the FGF19-FGFR4-KL B pathway
that are critical for feedback inhibition of hepatic BA synthesis may affect colesevelam-
mediated delay of colonic transit in IBS-D. These data also indirectly support the relevance
of the FGF19-FGFR4-KL B pathway in the control of colonic transit.

We have investigated the association of genotype with potential differential treatment effects
on colonic transit in patients with IBS, i.e. the impact of pharmacogenetics on the transit
responses to treatment of IBS-C patients.

First, the GG genotype of KLB SNP rs17618244 is associated with accelerated colonic
transit [7]. FGFR4 SNPs appear to be functioning, since the FGFR4 SNPs modulate the
actions of KLB. Thus, we showed KLBrs17618244, with either FGFR4rs351855 or
FGFR41rs1966265, influenced colonic transit in IBS-D patients in the absence of any
pharmacological therapy [7].

Second, in a separate pharmacogenomics study, we also showed that genetic variants in
KLBand FGFR4 influence the degree of acceleration of colonic transit in IBS-C patients
mediated by treatment with chenodeoxycholate (CDC), a primary bile salt [8]. For example,
in IBS-C patients, KLBrs17618244 GG genotype was associated with accelerated AC £,
with 500 and 1,000 mg CDC doses, whereas GA/AA genotype showed accelerated transit
with 1,000 mg, but not with the 500 mg CDC [8].

The present study has shown that, in specific genetic subgroups, there is a very significant
effect on colonic transit of colesevelam compared to placebo. This effect is manifest in the
overall assessment of colonic transit with the geometric center measurement at 24 h, as well
as with prolongation in the emptying time of the ascending colon, which would allow
greater time for absorption of water in the proximal colon and change in stool frequency and
consistency. We have previously demonstrated [10] that a 1 geometric center unit difference
at 24 h corresponds to a ~ 0.58 unit change in stool consistency as measured by the Bristol
stool form scale and a change in stool frequency of 0.44/day. In addition, the magnitude of
difference in AC £, observed with colesevelam compared to placebo (difference in mean
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values ~ 13 h) is greater than the effect of alosetron (difference in mean values 5.2 h) in AC
i in patients with IBS-D [11].

Our analysis of the genotype-intermediate phenotype association did not correct for the five
tested gene variations and, therefore, the data are hypothesis-generating and require
replication. Nevertheless, the results are quite remarkable, as they are based on a well-
characterized intermediate phenotype (colonic transit measurement) and on a sample of only
12 patients treated with colesevelam and 12 treated with placebo. These data are also
helpful, since they provide the basis for calculating the sample size required in future
replication studies.

The three other SNPs were non-contributory in this association analysis of the effect of
colesevelam on colonic transit. This may reflect the fact that FGFR4rs351855 and KLB
rs4975017 had the highest MAFs of 30-40% among the five SNPs studied, whereas the
three other SNPs had MAF of only 18-23%. Thus, the lack of association with other SNPs
may reflect a type Il error. This is particularly relevant to the assessment of the association
of KLBrs17618244 with the effects of colesevelam on colonic transit and AC emptying, as
shown in Fig. 4. For KLBrs17618244, the distribution of genotype was ~ GG for each GA/
AA, and the randomization yielded roughly balanced subgroups in each treatment. The
difference (colesevelam vs. placebo) in GC24 values was essentially zero in the GA/AA
genotype, while it was ~ 0.9 in the GG genotype. Thus, if the treatment effect in a future
study were to replicate the mean data observed in the current study, that is, a differential
treatment effect on colonic transit (GC24) of 0.1 in GA/AA group (e.g. 3.2 vs. 3.1), and 1.3
in the GG group (e.g. 3.3 vs. 2.0), 176 subjects would be needed to document a
pharmacogenetic effect of this SNP on response to colesevelam with 80% power. Thus,
while we cannot exclude a type Il error in assessing the effects of the three non-significant
SNPs, their impact seems unlikely to be clinically relevant.

Bile acid malabsorption is increasingly recognized as a cause of chronic, functional diarrhea
which is otherwise unexplained. It is also considered that BAM contributes to diarrhea in
patients with IBS-D, since there is significant overlap of symptoms of functional diarrhea
and IBS-D, and BA binding with colesevelam retardation of colonic transit was significantly
associated with BA synthesis, measured by the surrogate serum 7aC4 [4]. Given the claim
that ~ 30% of patients with chronic functional diarrhea [3] and ~ 20% of patients with IBS-
D [12] have evidence of BAM, it is clinically relevant to screen for BAM in patients with
symptoms of functional diarrhea or IBS-D [2, 3, 13]. For example, these prevalence rates are
much higher than the estimated 0.4-4% of such patients who have celiac disease [14-16].
Given the observations in our current study, we believe that, in addition to screening for
BAM in patients presenting with IBS-D or functional diarrhea, it is appropriate to include a
therapeutic trial of a BA-binding medication. Larger studies are needed to determine
whether the genotype assay would help identify optimal responders to this form of therapy.

The current screening tests for BAM are measurement of fecal BAs and the "°SeHCAT
retention test. Regrettably, fecal BA measurements are not widely available, and

the 7°SeHCAT retention test is not available in the United States as the isotope was never
approved for clinical testing. Our data suggest that the FGFR4rs351855 and KLB
rs4975017 polymorphisms may facilitate identification of a subset of IBS-D patients with
significant beneficial response to BA sequestration with colesevelam.
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1 withdrew consent
2 withdrew because
of concomitant illness

31 signed consent

28 underwent baseline transit

transit

4 did not qualify
based on baseline

24 comple

ted studies

Placebo, n=12

Colesevelam, n=12

BMI 289 1.8 31.8 1.5
Age 43.3 3.7 421 4.0
Baseline GC 24h 34 0.3 34 0.2

Fig. 1.

Trial flow, participant demographics and baseline features
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rs351855 GA/AA GG GA/AA GG
N= 7 5 4 7 7 5 4 7

Fig. 2.

Association of FGFR4 variation (SNP rs 351855) and colonic transit response to
colesevelam and placebo. The number of participants with specified genotype in each

treatment group is provided
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Fig. 3.

Association of KLB variation (SNP rs 4975017) and colonic transit response to colesevelam

and placebo. The number of participants with specified genotype in each treatment group is

provided
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Fig. 4.

Association of KLB rs 17618244 variation and colonic transit response to colesevelam and
placebo. The number of participants with specified genotype in each treatment group is

provided
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Table 2

Distribution of genotypes in the different treatment groups, separated according to the dominant genetic model

Genotypes Placebo Colesevelam

KLBrs17618244 GAIAA: GG 2:10 4:7

KLBrs4975017 CA/AA: CC 75 8:3
FGFR4151966265 GA/AA: GG 5.7 3:8
FGFRA41s351855 GA/AA: GG 57 74
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