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Abstract

Background: C-reactive protein (CRP) is a sensitive biomarker of inflammation
with moderate heritability. The role of rare functional genetic variants in rela-
tion to serum CRP is understudied. We aimed to examine gene mutation burden
of protein-altering (PA) and loss-of-function (LOF) variants in association with
serum CRP, and to further explore the clinical relevance.

Methods: We included 161,430 unrelated participants of European ancestry from
the UK Biobank. Of the rare (minor allele frequency <0.1%) and functional vari-
ants, 1,776,249 PA and 266,226 LOF variants were identified. Gene-based burden
tests, linear regressions, and logistic regressions were performed to identify the
candidate mutations at the gene and variant levels, to estimate the potential in-
teraction effect between the identified PA mutation and obesity, and to evaluate
the relative risk of 16 CRP-associated diseases.

Results: At the gene level, PA mutation burdens of the CRP (f=—0.685, p=2.87e-
28) and G6PC genes (=0.203, p=1.50e-06) were associated with reduced and
increased serum CRP concentration, respectively. At the variant level, seven PA
alleles in the CRP gene decreased serum CRP, of which the per-allele effects were
approximately three to seven times greater than that of a common variant in the
same locus. The effects of obesity and central obesity on serum CRP concentra-
tion were smaller among the PA mutation carriers in the CRP (Dipteraction = 0-008)
and G6PC gene (Pinteraction = 0-034) compared to the corresponding non-carriers.
Conclusion: PA mutation burdens in the CRP and G6PC genes are strongly as-
sociated with decreased serum CRP concentrations. As serum CRP and obesity
are important predictors of cardiovascular risks in clinics, our observations sug-
gest taking rare genetic factors into consideration might improve the delivery of
precision medicine.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | INTRODUCTION

C-reactive protein (CRP) is a sensitive biomarker of inflam-
mation and is routinely monitored in acute and chronic
inflammatory conditions, including infections, inflamma-
tory bowel diseases, autoimmune disorders, and cardio-
vascular diseases. Circulating CRP levels exhibit a drastic
increase in the acute phase of an infection/injury, but
often a constant and low-grade increase in the presence of
chronic inflammation. (Fu et al., 2020; Luan & Yao, 2018;
Sproston & Ashworth, 2018) Serum concentration of CRP
is found to be moderately heritable, with a twin-based her-
itability ranging from 0.1 to 0.65. (Sas et al., 2017) Genome-
wide association studies (GWAS) and fine-mapping
studies have extensively scanned genetic variants across
the human genome against serum CRP levels. (Kocarnik
et al., 2018; Ligthart et al., 2018; Raffield et al., 2020; Said
et al., 2022; Sinnott-Armstrong et al., 2021) A recent meta-
GWASs found 266 independently associated loci, of which
the lead SNPs together explained around 16.3% of the
CRP variance, and revealed essential roles of immune and
liver-related metabolic pathways in CRP-regulated mech-
anisms. (Ligthart et al., 2018; Said et al., 2022).

However, limited by statistical power, standard GWAS
could only interrogate genetic variants that are common or
of low frequency (minor allele frequency [MAF] >0.1%),
even in the case of the UK Biobank (UKB) where geno-
types were available for nearly half a million participants.
(Sinnott-Armstrong et al., 2021) In contrast to common
genetic variants, rare variants are characterized by lower
linkage disequilibrium (LD) with flanking variants, so
that inferring causal loci is more straightforward than in
a complex LD structure. (Momozawa & Mizukami, 2021)
Besides, it is observed that the effects of rare variants can
be potentially greater than the effects of common variants,
(Park et al., 2011) making rare variants ideal instruments
to identify biological mechanisms and prioritize therapeu-
tic targets. Therefore, to complement our current under-
standing of genetic influences on CRP and to gain novel
therapeutic insights, evidence from rare genetic variants
is warranted.

Because of their low frequency, rare genetic vari-
ants are often grouped together by function before being
subsequently associated with the trait of interest. (Lee
et al., 2014; Povysil et al., 2019) A commonly used ap-
proach is the gene-based burden test. Previously, Schick
et al. performed an exome-wide burden test for serum

CRP among 6050 European Americans and 3109 African
Americans and identified only one exome-wide signif-
icant signal in the CRP gene (OMIM accession number:
123260). (Schick et al., 2015) Recently, researchers have
analyzed the whole-exome sequencing (WES) data from
UKB. (Backman et al., 2021; Cirulli et al., 2020; Wang
et al., 2021) Backman and colleagues used a large sam-
ple size with 454,787 UKB participants and identified two
candidate genes associated with serum CRP in the burden
test, the CRP and G6PC (glucose-6-phosphatase catalytic-
subunit; OMIM accession number: 613742) genes.
(Backman et al., 2021) However, the previous UKB-based
studies investigated thousands of phenotypes simultane-
ously and there is a lack of follow-up analyses focusing
on serum CRP genetics to explore the clinical relevance of
the identified genes in-depth. Overall, our understanding
of the rare functional mutations on serum CRP has been
limited.

Besides genetic factors, obesity is another well-
established risk factor for chronic inflammation, with
higher serum CRP concentrations being a marker of el-
evated adiposity. (Timpson et al., 2011) Previous studies
using common genetic variants have observed that ge-
netic predisposition to higher serum CRP modified the
obesity-CRP relationship among both European and
Asian populations. (Curocichin et al., 2011; Dehghan
etal., 2011; Eiriksdottir et al., 2009; Teng et al., 2009) Both
serum CRP level and obesity play an important role in
the risk assessment of cardiovascular diseases, therefore
exploring the effect modification due to genetic factors
and obesity could guide a personalized risk prediction.
However, there is a lack of evidence for rare genetic mu-
tations in this regard. Moreover, the association between
rare functional variants and disease risks could further
facilitate the delivery of precision medicine, yet are still
unknown.

Consequently, we aimed to examine the whole exome-
wide mutation burden due to rare coding variants that
could lead to functional consequences, including protein-
altering (PA) and loss-of-function (LOF) mutations at
both gene and variant levels, in association with serum
CRP concentrations among 161,430 UKB participants
with European ancestral background. Furthermore, we
aimed to elucidate the clinical relevance of the identified
genetic factors by estimating the gene-obesity interac-
tion as well as the relative risk for a set of CRP-associated
diseases.
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2 | MATERIALS AND METHODS
2.1 | Ethical compliance

UK Biobank had obtained ethics approval from the
North West Multicentre Research Ethics Committee
(11/NW/0382 and 16/NW/0274) and informed consent
from all participants, which covered the approved use of
the data in the present analyses (Approved Research ID:
22224).

2.2 | Study population

The UKB is a large-scale prospective cohort study and
recruited >500,000 participants aged 40-69years from
across the United Kingdom. The initial assessment visit
was conducted during 2006-2010 and is referred to as
the baseline assessment in the present study. (Sudlow
et al., 2015) Participants are extensively phenotyped and
genotyped through various measurements, including
questionnaire surveys, physical measures, bio-sample as-
says, genome-wide array genotyping with imputation, and
whole-exome sequencing (WES). In addition, diagnoses
and death for all participants are followed up via hospital
inpatient data and mortality data.

Data extraction for the present analysis is summarized
in Figure S1; briefly, we included UKB participants whose
(1) serum CRP measurement (Field 30,710) is available
at baseline, (2) WES data are made available in the sec-
ond WES 200k release, and (3) self-reported ethnic back-
grounds (Field 21,000) are “white”. We then applied the
following exclusion criteria: (1) who withdrew from the
UKB study, (2) whose genotype-inferred sex (Field 22,001)
is different from the self-reported sex (Field 31), (3) ances-
tral outliers, defined by a >3 standard deviations (SD) from
the mean of genomic principal components (PCs) derived
from the 1000 Genomes reference panel (phase 3 EUR) and
the projected genomic PCs using arrayed genotype data in
UKB, (4) who failed sample quality control (QC) for WES,
namely had a >10% sample-wise missing rate across all
WES variants, (5) who failed sample QC for arrayed gen-
otypes, including those showing extreme heterozygosity
and missing rate across a set of high-quality markers (Field
22,027), putatively carrying sex chromosome aneuploidy,
and missing genomic PCs (UKB data showcase Resource
531 Sample-QC). The inclusion and exclusion procedures
above resulted in an eligible sample set with 177,242 indi-
viduals (i.e., the eligible set in Figure S1).

Next, we defined unrelated family clusters by group-
ing members with a third-degree or higher relatedness
(kinship coefficient>0.0442) to the same family cluster.
For each family cluster, we retained one random family

Mol I . ic Medici 30f15
olecular Genetics & Genomic t?_wl LEY

member such that all the study participants are unrelated
in the analysis (N=15,812 were excluded; Figure S1). For
the purpose of the whole exome-wide gene burden test,
we further separated the analysis set into two groups ran-
domly, with each containing 75% and 25% of the unrelated
participants and treated as the discovery and replication
set, respectively. The combination of discovery and rep-
lication samples yielded a total of 161,430 participants
and is referred to as the “meta-analysis set” throughout
(Figure S1).

2.3 | Genotypes

2.3.1 | WES genotypes
WES genotypes were made available for 200,643 UKB
participants in October 2020 (interim 200k release, Field
23,155-23,156), of which the sequencing procedure and
computation pipelines have been detailed elsewhere. (Van
Hout et al., 2020) The genetic variants of primary inter-
est were selected from the WES autosomal genotypes. We
first performed variant-wise QC by including (1) sites with
mean read depth > 10, (2) sites with missing rates <0.1, and
(3) variants with genotype quality scores >20. Next, we
restricted our analysis to coding sequence (CDS) regions
and rare variants, namely MAF <0.1% in the present study
population and in the gnomAD Non-Finnish European
population if the variant exists in the gnomAD exomes da-
tabase (Karczewski et al., 2020). We further annotated the
variants and predicted the functional consequences using
Ensembl Variant Effect Predictor (VEP 103.1), (McLaren
et al., 2016) Ensembl Homo sapiens reference database
(103_GRCh38), and the Ensembl canonical transcripts.

Specifically, two types of variants, PA and LOF variants,
are the focus of the present study. PA variants are single-
nucleotide variants (SNVs) or indels that lead to any of
the following functional consequences: splice acceptor
variant, splice donor variant, stop gained, frameshift,
stop lost, start lost, inframe insertion, inframe deletion,
and missense variant. To select deleterious variants, we
used two pathogenicity scores, SIFT (Sorting Intolerant
From Tolerant) (Ng & Henikoff, 2003) and PolyPhen
(Polymorphism Phenotyping), (Adzhubei et al., 2010)
to filter out benign missense variants (SIFT>0.05 and
PolyPhen <0.15). Of all PA variants, a subset with high-
impact consequences, including splice acceptor variant,
splice donor variant, stop gained, frameshift, stop lost,
and start lost, are classified as LOF variants. As a result,
1,776,249 PA and 266,226 LOF variants contributed to the
present analysis (Figure S2).

To perform the whole exome-wide gene-based bur-
den tests, we subsequently collapsed the PA variants
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according to the mapped gene regions (Ensembl Human
genes [GRCh38.p13]). That is, for each gene, participants
were assigned to value 1 if carrying at least one PA allele
in the corresponding gene region, i.e., mutation carriers,
and to value 0 otherwise, i.e., non-carriers. We excluded
the genes without PA mutation carriers, i.e., no genotype
variant observed among the present study population, and
analysed 21,270 genes in the PA mutation burden test.
Similarly, LOF variants were collapsed into 20,047 genes
in the LOF mutation burden test.

2.3.2 | Imputed genotypes and genomic PCs
Genome-wide arrayed and imputed genotypes are avail-
able for about 488,000 UKB participants and a detailed
measurement procedure was described previously.
(Bycroft et al., 2018) As a comparison for rare mutations,
we also explored a known strong CRP-associated common
genetic variant, rs1205 (C>T, allele frequency of T: 0.33)
located at the CRP gene on chromosome 1, from the im-
puted genotype data. In addition, we calculated the poly-
genetic risk score of CRP by summing the CRP-increasing
alleles over 58 SNPs weighted by their effects on serum
CRP. The SNP list and corresponding weights were deter-
mined from a previous meta-GWAS. (Said et al., 2022).

Genomic PCs in UKB were created from a representa-
tive set of LD-pruned, high-quality common variants using
arrayed genotypes. The methods of PC calculation were
described elsewhere (UKB document: Genotyping and
quality control of UK Biobank, a large-scale, extensively
phenotyped prospective resource) and the individual-level
data of PCs were directly downloaded from the UKB data
showcase (Resource 531 Sample-QC file).

2.4 | Phenotypes

241 | CRP

CRP (Field 30,710) was measured by the high-sensitivity
immunoturbidimetric assay. CRP level at baseline as-
sessment was analysed in the present study. The original
value of CRP (in mg/L) presented a skewed distribution.
Therefore, the natural logarithm of CRP was calculated
and used in the statistical analyses throughout.

2.4.2 | Obesity

We used two measures, BMI (unit: kg/m?, field 23,104
and 21,001) and waist circumference (unit: cm, field 48),
to define the obese and central obese status, respectively.

Continuous BMI values fall into four categories: under-
weight (<18.5 kg/mz), normal (18.5-24.9 kg/mz), over-
weight (25.0-29.9kg/m?), and obese (>30.0kg/m?).
Indexed by sex-specific waist circumference, the three cen-
tral obesity groups were normal fat distribution (women
<80cm or men <94cm), moderate central fat accumula-
tion (80cm <women <88cm or 94cm <men <102cm),
and high central fat accumulation (women >88 cm or men
>102cm) (Han & Lean, 2016).

2.4.3 | CRP-associated diseases

We examined a list of CRP-associated diseases in the
present study. The disease list was primarily selected
from a previous study (Prins et al., 2016). We excluded
diseases for which zero cases were observed among the
carriers of PA mutations of interest identified in the
present burden test, such that a relative risk can be esti-
mated by contrasting the risk among carriers with non-
carriers. The final CRP-associated disease list comprises
autoimmune and inflammatory (celiac disease, all types
of inflammatory bowel disease [IBD], Crohn's disease,
ulcerative colitis, psoriatic arthritis, rheumatoid arthri-
tis, type 1 diabetes, knee osteoarthritis), cardiovascular
(coronary artery disease, ischaemic stroke), metabolic
(type 2 diabetes, chronic kidney disease), neurodegener-
ative (Alzheimer's disease, Parkinson's disease) diseases,
and psychiatric (bipolar disorder, depressive disorder)
disorders.

We used three types of data sources to ascertain the
occurrence of a disease diagnosis, namely self-reported
health conditions, hospital inpatient data, and causes of
death. Table S1 lists relevant values and ICD codes used in
the disease ascertainment. All participants reported their
prevalent diseases (Field 20,002) and a recollected diagnos-
tic date through a questionnaire survey at baseline assess-
ment. In addition, we used International Classification of
Diseases (ICD) codes to determine the presence of a diag-
nosis in the primary and secondary causes of the hospital
inpatient episodes (ICD9 and ICD10) and of the death re-
cords (ICD 10). Using hospital inpatient episodes, the date
of diagnosis was proxied by the first non-missing value
across the following dates: episode start, admission to hos-
pital, episode end, and discharge from hospital. When the
diagnosis was detected as the cause of death, the death date
was assigned to the diagnostic date. We treated a diagnosis
occurrence captured by any source as the presence of a dis-
ease and the first occurrence date was defined as the ear-
liest diagnostic date across all occurrences. Self-reported
diagnoses were collected at the UKB baseline assessment;
inpatient data and death information are updated through
June 2021.
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2.4.4 | Other variables

We also described the distributions of a number of demo-
graphic, socioeconomic, behavioural, and anthropometric
factors, which are common factors of serum CRP, measured
at the baseline assessment, including age (Field 21,003), sex
(Field 31), education, physical activity, ever smoked (Field
20,160), daily alcohol intake, systolic blood pressure (Field
93 and 4080), glucose (Field 30,740), triglycerides (Field
30,870), and high-density lipoprotein (HDL) cholesterol
(Field 30,760). Years of birth (Field 34) were binned in a
10-year interval to indicate the cohort effect. Education,
physical activity, and daily alcohol intake were self-reported
and were derived from the questions of “qualification”
(Field 6138), “types of physical activity” (Field 6164), and
alcohol intake frequency (Field 1558), respectively. Three
education levels include high (college or university de-
gree), intermediate (A levels, O levels/GCSEs, CSEs, NVQ/
HND/HNC, other professional qualifications), and low (no
relevant qualifications); four categories of physical activity
are none (none), low (light do-it-yourself [DIY]), medium
(walking for pleasure, or other exercises), and high (heavy
DIY and strenuous sports); daily alcohol intake is defined
as those who reported “daily or almost daily” for alcohol
intake frequency. In addition, the release of WES data was
treated as a dichotomized covariate in the WES analyses
throughout because the samples in the initial 50k release
and the remaining samples in the second 200k release were
sequenced on different flow cell platforms.

2.4.5 | Statistical analysis

We first described the characteristics of the study population
at baseline and the features of the genetic variants and genes
included in the present analysis. Variant-wise, we summa-
rized the number and proportion of variants by functional
consequence types, as well as by MAF categories; gene-wise,
we described the gene length, the number of PA/LOF vari-
ants per gene, and the number of mutation carriers per gene.

2.4.6 | PA mutation-CRP associations at the
gene level

Next, we performed whole exome-wide burden tests by ag-
gregating PA variants into gene-based burden scores and as-
sociated those with serum CRP concentration. We adopted
a Combined Multivariate and Collapsing (CMC) method,
(Li & Leal, 2008) meaning that for the mutation burden of
each gene, we assigned 1 to individuals carrying at least one
PA/LOF allele within the corresponding gene region, and 0
to individuals otherwise. The effect sizes (5 coefficients and
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standard errors [SE]) measure the effect of the gene burden
due to the presence of any PA/LOF allele on natural log-
transformed CRP levels, with a positive value indicating a
CRP-increasing effect. We performed the CMC burden test
in both the discovery set and the replication set. The whole
exome-wide significance levels for PA and LOF mutation
burden were set to 2.35e-06 (=0.05/21,270) and 2.49e-06
(=0.05/20,047), respectively. Genes that reached the whole
exome-wide significance level in the Discovery set and a
<0.05 p value in the Replication set were considered signifi-
cant. Two sets of covariates were considered in the burden
tests, of which the first model controlled for age, sex, WES
release information, and 20 genomic PCs (Model 1), and the
second model additionally adjusted for BMI on top of the
first model (Model 2). All burden tests were fitted in Rvtests
(version: 20190205). (Zhan et al., 2016).

Using the summary statistics derived from the discovery
set, we further examined genomic inflation by comparing
the observed statistics against the expected statistics under
the null hypothesis of no association. Results of burden tests
and genomic inflations were visualized in Manhattan plots
and quantile—quantile (Q-Q) plots, respectively. LOF vari-
ants were examined in a similar manner.

To examine whether the effects of PA mutations were
independent of the common genetic variants, we next fit-
ted secondary models with additional adjustment for the
polygenic risk score (PRS) of CRP, which is derived from
58 common variants. In addition to the CMC burden test,
we also conducted sensitivity analyses by using two alter-
native gene-based methods in the discovery set. The first
one is the Morris-Zeggini (MZ) burden test, (Morris &
Zeggini, 2010) where the number of rare PA alleles within
the gene was treated as the value of gene burden. The sec-
ond method is the optimal sequence kernel association
(SKAT-O) test, (Lee et al., 2012) which is a combined bur-
den and variance-component test and is more powerful in
the presence of both trait-increasing and trait-decreasing
variants. To minimize a possible confounding effect due
to acute inflammation, we did a third sensitivity analy-
sis by excluding individuals whose baseline CRP values
were >10mg/L, and re-estimating the CMC burden tests
in the discovery set.

2.4.7 | PA mutation—-CRP associations at the
variant level

Once candidate genes from the above burden tests
were identified, a closer inspection at the PA-variant
level was performed. First, we estimated the single PA
variant-CRP association. Model covariates were the
same as in the burden test. Variants with false discovery
rate (FDR) <0.05 were considered candidate variants.
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Second, to contrast the per-allele effects of rare variants
with that of a common variant, we also estimated the
effect of the rs1205 (C>T, frequency of T allele =33.0%
in the Meta-analysis set), a top signal in the CRP gene.
Third, we performed “leave-one-out” variant analyses to
check the influence of every single variant on the overall
gene burden effect by re-estimating the burden test with
the exclusion of one variant from the total PA variant
list at a time.

2.4.8 | Interaction effect between PA
mutation burden and obesity categories

We examined the potential interplay between PA muta-
tion burden (genetic exposure) in the significant genes
and the obesity and central obesity categories (environ-
mental exposure), grouped by BMI and waist circum-
ference respectively, in controlling serum CRP level
(outcome). Two types of models were fitted: (1) serum
CRP being a function of obesity status in PA mutation
carriers and non-carriers, respectively (stratified mod-
els), where the PA status-specific effects of the BMI and
waist circumference categories on serum CRP were esti-
mated; and (2) serum CRP being a function of PA muta-
tion, obesity status, and a multiplicative term between
PA status and obesity categories (interaction models),
where the p value for the multiplicative term was re-
ported as the p value for interaction. All models were ad-
justed for age, sex, birth year category, WES release, and
20 genomic PCs.

2.49 | PA mutation burden and
CRP-associated diseases

Finally, we estimated the associations between PA mu-
tation burden and the risks of CRP-associated diseases
(listed in the “Method-CRP-associated diseases” section
previously). Logistic regression models were fitted to esti-
mate effect sizes (odds ratios [OR]). For each disease, we
fitted a model adjusting for age, sex, birth year category,
WES release, and 20 genomic PCs. FDR was used to cor-
rect multiple testing.

An overview of the study aims and analysis plan is
illustrated in Figure S3. Data management was performed
using vcftools 0.1.16, (Danecek et al., 2011) PLINK 2.0,
(Chang et al., 2015) and R 4.0.5; all statistical models were
fitted in Rvtests (version: 20190205) (Zhan et al., 2016) and
R 4.0.5; data visualizations were completed in R 4.0.5 with
functions loaded from the packages of “qqman”, “track-
Viewer”, and “ggplot2”.

3 | RESULTS
3.1 | Baseline characteristics of the study
population and the genetic variants

A total of 161,430 eligible and unrelated participants con-
tributed to the present analysis (meta-analysis set). All
participants, of whom 45.1% were men, had an average
age of 56.7years, a mean BMI of 27.3kg/m? and a median
serum CRP of 1.30mg/L. The baseline characteristics of
the discovery set were not appreciably different from the
replication set (Table 1).

The present study analysed 1,776,249 PA and 266,226
LOF variants, of which missense variants (81.7%) and
frameshift variants (53.9%) were the most common types,
respectively (Table S2). The MAFs of 70.2% PA and 75.9%
LOF variants fell into the category of 0.0001%-0.001%. A
total of 21,270 PA-harbouring genes were studied, cover-
ing a median number of 71 PA variants/gene; the corre-
sponding number was 12 LOF variants/gene for 20,047
LOF-harbouring genes (Table S3).

3.2 | PA mutation-CRP associations
at the gene level

Using the CMC gene-based burden test and a whole
exome-wide significant level (p <2.35e-06), we found
that PA mutation burden in the CRP and G6PC genes
was significantly associated with serum CRP concen-
tration (Figure 1; Table 2). Specifically, we controlled
two sets of covariates in the statistical models and the
G6PC gene reached significance only in Model 2, where
BMI was additionally adjusted for on top of Model 1
(Table S4; Figure S4). Genes, other than the CRP and
G6PC genes, did not show significant effects (Figure 1;
Figure S4).

Carrying any PA allele in the CRP gene decreased the
natural log-transformed CRP by 0.685 (equivalent to a
49.6% reduction on mg/L scale; p=2.87e-28 in the dis-
covery set and p=9.10e-12 in the replication set); on the
contrary, PA mutation carriers in the G6PC gene showed a
0.203 increase in the log serum CRP (equivalent to a 22.5%
increase on mg/L scale; p=1.50e-06 in the discovery set
and p=6.02e-04 in the replication set; Table 2). A Q-Q
plot did not suggest obvious evidence of an inflation con-
cern (Figure S5). The burden test for the LOF mutation
demonstrated that the CRP locus was the only significant
signal across the autosomal exome (= —0.753 [equivalent
to a 52.9% reduction on mg/L scale], p value=1.96e-10 in
the discovery set and p=1.13e-05 in the replication set;
Table 2 and Table S4).
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TABLE 1 Baseline characteristics of . L. )
. Discovery Replication Meta-analysis
the study population. a
set set set P
Number of participants 121,072 40,358 161,430
Age (year)® 56.7 (8.0) 56.6 (8.0) 56.7 (8.0) 0.21
Men® 54,583 (45.1%) 18,182 (45.1%) 72,765(451%)  0.92
High physical activity® 58,672 (48.6%) 19,400 (48.3%) 78,072 (48.5%) 0.18
Ever-smoker® 74,363 (61.6%) 24,825 (61.7%) 99,188 (61.7%)  0.72
Daily alcohol user® 25,773 (21.3%) 8486 (21.0%) 34,259 (21.2%)  0.27
BMI (kg/m?)° 27.3(4.7) 27.3(4.7) 27.3(4.7) 0.88
Waist circumference 90.0 (13.4) 90.0 (13.4) 90.0 (13.4) 0.89
(em)®
Systolic blood pressure 137.8 (18.5) 137.9 (18.5) 137.8 (18.5) 0.28
(mmHg)"
Serum biomarkers
Glucose (mmol/L)° 5.11 (1.18) 5.11 (1.18) 5.11(1.18) 0.56
Triglycerides 1.48 (1.09) 1.48 (1.09) 1.48 (1.09) 0.90
(mmol/L)*
HDL cholesterol 1.46 (0.38) 1.46 (0.38) 1.46 (0.38) 0.58
(mmol/L)°
CRP (mg/L)* 1.30 (2.03) 1.30 (2.05) 1.30 (2.03) 0.86
Natural logarithm 0.31 (1.05) 0.31 (1.06) 0.31 (1.06) 0.72
CRP®

Abbreviations: BMI, body mass index; CRP C-reactive protein; HDL, high-density lipoprotein.

?p for group difference between the discovery set and the replication set, estimated by Fisher's exact test,
t-test, and non-parametric median test, as appropriate.

YStatistics—mean (standard deviation).
“Statistics—number of participants (proportion).

dStatistics—median (interquartile range).

® CRP 1:159712289-159714589
25

20

—log1o(p)

10
G6PC 17:42900797-42914438 o

1 2 3 4 5 6 7 8 9 10 11 12 14 16 18 20

Chromosome

FIGURE 1 Associations between gene-based PA mutation burden and serum CRP in the discovery set.

Particularly, the genetic effects of PA mutation burden in
the CRP and G6PC genes largely remained the same after ad-
justing for the PRS of serum CRP, suggesting genetic effects
of rare mutations were independent of the common variants

(Table S5). Sensitivity analyses, including using the MZ bur-
den test, conducting the SKAT-O analysis, and excluding the
participants with >10mg/L CRP at baseline from the study
population, did not reveal additional signals (Figures S6-S8).
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TABLE 2 Whole exome-wide significant associations between PA/LOF mutation burden and natural log-transformed serum CRP

concentration.
Number of

Mutation and population individuals variants
PA mutation in the CRP gene

Discovery 120,687 52

Replication 40,231 52
PA mutation in the G6PC gene

Discovery 120,687 76

Replication 40,231 76
LOF mutation in the CRP gene

Discovery 120,687 12

Replication 40,231 12

No. of PA/LOF

No. of carriers of

PA/LOF alleles B (SE) p value
229 —0.685(0.062) 2.87e-28
83 —0.704 (0.103) 9.10e-12
496 0.203 (0.042) 1.50e-06
163 0.253 (0.074) 6.02e-04
63 —0.753(0.118) 1.96e-10
25 —0.825(0.188) 1.13e-05

Note: Beta regression coefficient of the PA mutation burden, SE standard error. Age, sex, WES release information, 20 genomic PCs, and BMI were controlled
in the statistical models (Model 2). Of the study population, 512 individuals had missing BMI at baseline; therefore, the numbers of individuals were slightly
different from those in Table S4. CRP gene: Chromosome 1 - NC_000001.11 using assembly GRCh38.p14; G6PC gene: Chromosome 11 - NC_000077.7 using

assembly GRCh38.p14.

The Manhattan plot shows the associations between
gene-based PA mutation burden and serum CRP (natural-
log transformed), estimated by CMC burden test in the
discovery set. Age, sex, WES release information, 20 ge-
nomic PCs, and BMI were controlled in the statistical
models (Model 2). Each dot represents a gene, of which
the location is determined by the chromosome and posi-
tion on X scale and the statistic value of -logl0(p) on Y
scale. The red horizontal line denotes the whole exome-
wide significant level (p<2.35e-06). Annotations, in-
cluding gene name, chromosome, and location, of the
exome-wide significant genes were displayed in the plot.
CRP gene: Chromosome 1 - NC_000001.11 using assembly
GRCh38.p14; G6PC gene: Chromosome 11 - NC_000077.7
using assembly GRCh38.p14.

3.3 | PA mutation-CRP associations
at the variant level

Next, we examined the PA mutation—-CRP association
at the variant level across the candidate loci, i.e., the
CRP and G6PC genes, using the Meta-analysis set. A
total of 52 PA variants, of which 12 were LOF variants,
were analysed in the coding region of the CRP gene;
the corresponding numbers for the G6PC gene were 76
PA variants and 16 LOF variants. In the present study,
with respect to any PA and LOF variants in the CRP and
G6PC genes, the mutation carriers were heterozygous
(Table S6).

Of the PA alleles in the CRP gene, a majority (n=43)
exhibited CRP-decreasing effects (Figure 2b; Table S6).
Seven PA variants (including four missense, two stop

gained, and one start loss variants) were associated with
serum CRP at an FDR significance level, and all of them
showed decreasing effect (Figure 2; Table 3). Of the FDR
significant variants, the smallest p value was observed for
a missense variant, 1:159714463:A:G, with 69 heterozy-
gous mutation carriers expressing a 0.66 lower level in the
log serum CRP (equivalent to a 48% reduction on mg/L
scale) compared to the non-carriers; a start loss mutation,
1:159714484:A:G, showed the largest effect size and seven
heterozygous mutation carriers on average showed a 1.25
reduction in the log serum CRP (equivalent to a 71% re-
duction on mg/L scale). The per-allele effect across the
seven FDR significant PA variants ranged from —0.65 to
—1.25, approximately three to seven times greater than
that of rs1205-C>T, a common variant and a strong sig-
nal in the CRP gene, of which the per-T-allele effect was
—0.175 (Table S7).

The G6PC gene encodes the enzyme of glucose
6-phosphatase and mutations in the G6PC gene could
cause an inherited disorder, glycogen storage disease
type I (GSDI). In the present study, we found 38 PA vari-
ants in the G6PC gene exhibited CRP-increasing effects
(Figure S9; Table S8). The variant with the smallest p value
(6.50e-03) was a frameshift variant, 17:42900952:TC:T,
with a total of 77 heterozygous carriers showing an in-
creased serum CRP by 0.326 on log scale (equivalent to a
38.5% increase on mg/L scale). However, none of the PA
variants in the G6PC gene reached the FDR significance
level (Table S8).

Moreover, the sensitivity variant analysis of “leave-
one-out” showed that none of the single variants could
alter the effect of aggregated PA mutation in the CRP gene
or the G6PC gene appreciably (Tables S9 and S10).
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FIGURE 2 PA variants in the coding sequence of the CRP gene and the associations with serum CRP in the meta-analysis set. (a)

The plot shows the location of PA variants in the coding sequence region of the CRP gene on X scale and the value of -log10(p) on Y

scale. LOF variants were displayed in triangles, while the remaining PA variants were displayed in circles, which contain the number of

mutation carriers. Consequence types were denoted by different colours. Variant IDs of the FDR significant variants were displayed in the

plot. (b) The volcano plot illustrates the effect sizes of PA variants on X scale and the value of -log10(p) in Y scale. Shape, colour, and text
annotations were the same as those in Panel (a). CRP gene: Chromosome 1 - NC_000001.11 using assembly GRCh38.p14.

3.4 | Interaction effect between PA
mutation burden and obesity categories

Of the 161,430 participants included in the present study,
313 individuals (128 men and 185 women) are heterozy-
gous carriers of any PA allele in the CRP gene. We com-
pared the population characteristics at baseline by the
status of PA mutation burden in the CRP gene, and found
carriers and non-carriers were not significantly differ-
ent, except for the serum CRP concentration (Table S11).
However, 663 carriers of PA alleles in the G6PC gene

were different from the non-carriers with respect to sev-
eral baseline characteristics, including higher age, greater
levels of systolic blood pressure, triglycerides, and serum
CRP, as well as lower levels of BMI, waist circumference,
and glucose (Table S12).

Using BMI and waist circumference, we observed that
23.5% and 32.9% of the study participants were classified as
obese and had high central fat accumulation, respectively.
The serum CRP concentrations at baseline were signifi-
cantly different across strata by the PA mutation burden
in the CRP and G6PC genes, BMI category, and waist
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TABLE 3 The associations between FDR significant PA variants in the CRP gene and serum CRP (natural-log transformed) in the meta-analysis set.

Alternate
allele

Number of
individuals

Consequense

type

p value

B (SE)

Amino acids frequency

CDS position

Genomic placement

Variant ID

1.76e-07

—0.657 (0.126)
—0.65 (0.131)
—1.074 (0.246)
—0.672 (0.194)
—1.251 (0.395)
—1.041 (0.33)
—1.07 (0.369)

2.14e-04

161,361/69/0
161,366/64/0
161,412/18/0
161,401/29/0
161,423/7/0

L/S
Y/*

23

Missense

:2.159714463A>G
:2.159714026G>C
:2.159714007G>A
:2.159713719C>T

NC_000001.11

NC_000001.11

1:159714463:A:G

Molecular Genetics & Genomic Medicine

6.40e-07

1.98e-04
5.58e-05

174
193
481

Stop gained

NC_000001.11

1:159714026:G:C

1.30e-05

R/C
G/S

Missense

NC_000001.11

1:159714007:G:A
1:159713719:C:T

5.33e-04
1.54e-03

8.98e-05

Missense

NC_000001.11

2.17e-05

M/T
R/P

W/*

Start lost

:2.159714484A>G
:2.159713583C>G
:2.159713531C>T

NC_000001.11

1:159714484:A:G
1:159713583:C:G
1:159713531:C:T

1.63e-03
3.77e-03

3.10e-05

161,420/10/0
161,422/8/0

617
669

Missense

NC_000001.11

2.48e-05

Stop gained

Note: Variant ID is in Chromosome: position: reference allele: alternate allele format; Genomic placement: GRCh38.p14 chromosome 1 used as reference subsequence; CDS position: relative position of base pair in

coding sequence; Amino acids: Reference/variant amino acids, R Arginine, C Cysteine, G Glycine, L Leucine, M Methionine, P Proline, S Serine, T Threonine, W Tryptophan, Y Tyrosine; Number of individuals: number
of reference allele homozygote, heterozygote, and alternate allele homozygote; Beta: regression coefficient of the alternate allele, SE standard error. CRP gene: Chromosome 1 - NC_000001.11 using assembly GRCh38.

pl4.

LIET AL.

circumference category (Tables S13 and S14). Modelling
the effects of these factors individually on serum CRP, we
found the obese status exhibited the largest effect with a
1.12(1.10, 1.13) increase in natural logarithm of CRP con-
centration, followed by “high central fat accumulation”
(0.94 [0.93, 0.95]), PA mutation burden in the CRP gene
(—0.68 [—0.79, —0.56]), overweight (0.52 [0.50, 0.53]), un-
derweight (—0.49 [—0.56, —0.42]), “moderate central fat
accumulation” (0.44 [0.43, 0.45]) and PA mutation burden
in the G6PC gene (0.17 [0.09, 0.25]; Table S11).
Particularly, we observed a significant interaction ef-
fect between PA mutation burden in the CRP gene and
obesity measured by BMI, as well as PA mutation burden
in the G6PC gene and central obesity indexed by waist
circumference. The relative effects of obesity on serum
CRP in the PA mutation carriers were different from that
in the non-carriers. Specifically, obese status increased
the log-transformed concentration of serum CRP by 0.75
(0.44, 1.07) in the PA mutation carriers in the CRP gene,
significantly smaller than an increase of 1.12 (1.10, 1.13)
in the non-carriers of PA alleles in the CRP gene (p for
interaction=0.008). Meanwhile, the CRP-raising effect
of high central fat accumulation was significantly differ-
ent by the presence of PA mutation in the G6PC gene.
High central fat accumulation carriers had smaller effect
on serum CRP levels (f [95% CI]|=0.76 [0.58, 0.93]) than
non-carriers with high central fat accumulation (f [95%
CI]=0.94[0.93, 0.95], Figure 3 and Table S16).

3.5 | PA mutation burden and
CRP-associated diseases

We estimated the relative risk of 16 CRP-associated dis-
eases related to the carriers of PA alleles in the CRP and
G6PC genes. Among the PA mutation carriers, we docu-
mented different numbers of cases across all the condi-
tions, ranging from 1 (0.3% for celiac disease) to 33 (10.6%
for depressive disorder) for the CRP gene and 1 (0.2% for
psoriatic arthritis) to 68 (10.3% for depressive disorder)
for the G6PC gene. However, we did not observe robust
evidence to support a relationship across the health out-
comes (Tables S17 and S18).

4 | DISCUSSION

We explored rare functional variants using WES data in
association with serum CRP among 161,430 UKB partici-
pants and found PA mutations in the CRP and the G6PC
gene to significantly influence serum CRP concentra-
tion, by a 49.6% reduction and a 22.5% increase, respec-
tively. Seven PA variants located in the CRP gene were
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«  1.12(1.10,1.13)
0.008
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Beta (95% Cl) p for interaction
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Reference
0.44 (0.43, 0.45)
0.36 (0.16, 0.55) 0.389
«  0.94(0.93,0.95)
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0.76 (0.58, 0.93)
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® Carriers of PA mutation in the GBPC gene 4  Non carriers

FIGURE 3 Associations between obesity, or central obesity, and serum CRP (natural log transformed) by PA mutation status in the

CRP and G6PC genes. () illustrates the beta coefficients of overweight and obese status among carriers and non-carriers of PA alleles in the

CRP gene. Underweight participants were excluded from the analysis because of small sample size (as we only observed one PA mutation

carrier in the CRP gene being underweight). The p values for interaction were tested by introducing the multiplicative terms between PA

mutation burden in the CRP gene and the BMI categories. All models were adjusted for age, sex, birth year category, WES release, and 20

genomic PCs. (b) illustrates the beta coefficients of central obesity status among carriers and non-carriers of PA alleles in the G6PC gene.
Annotations in (b) are the same as in (a). CRP gene: Chromosome 1 - NC_000001.11 using assembly GRCh38.p14; G6PC gene: Chromosome

11 - NC_000077.7 using assembly GRCh38.p14.

individually associated with lower serum CRP levels, and
those variants cannot be detected through array genotyp-
ing and imputation methods. We found the effect of PA
mutation burden to be independent of common genetic
variants. Particularly, obesity and central obesity influ-
enced the serum CRP levels to a lesser extent in the carri-
ers of the PA alleles in the CRP gene and the G6PC gene
compared to the non-carriers. In addition, we did not ob-
serve altered risks of CRP-associated diseases among PA
mutation carriers.

Several studies have tested rare functional variants at
the gene level in association with thousands of pheno-
types using different release rounds of WES data in UKB
previously. (Backman et al., 2021; Van Hout et al., 2020;
Wang et al., 2021) Of those studies, the one with the larg-
est sample size used data from 454,787 individuals and
found two exome-wide significant genes, the CRP and
G6PC genes, to be associated with serum CRP. (Backman
et al., 2021) Particularly, these gene-level associations
were successfully replicated in another independent
sample. (Backman et al., 2021) Using a smaller sample
size, the present analysis also identified these two serum

CRP-associated genes in the discovery and replication
sets. In our study, the G6PC gene passed the exome-wide
significance threshold only when BMI was adjusted for
in the burden test, suggesting the identified effect of the
G6PC gene was independent of BMI and accounting for
BMI in our model could potentially increase the statistical
power in the detection of serum CRP-associated genetic
variants.

The CRP gene is the direct coding sequence of the
C-reactive protein. We inspected the individual PA vari-
ants along the CRP gene region and identified seven vari-
ants that were individually associated with serum CRP
at an FDR significance level. Start loss mutations affect
the initiation codon and demonstrated the largest effect
on serum CRP concentration in the present analysis, with
seven carriers showing a 71% reduced serum CRP con-
centration on average compared to the non-carriers. It is
worth noting that all PA mutation carriers are heterozy-
gotes, which in part explains the detection of circulating
CRP in the presence of start loss mutation. Missense mu-
tations result in the replacement of one amino acid with
another and the pathogenicity of missense variants was
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predicted by computational algorithms using sequence-
based and structure-based predictive features. (Adzhubei
et al.,, 2010; Ng & Henikoff, 2003) Deleterious missense
mutations could alter the physiochemical properties of
the amino acids, subsequently leading to incorrect folding
and decreased stability of the proteins. (Stefl et al., 2013)
Besides, the amino acid substitution occurring at the signal
peptides can mislocalize the protein to the wrong cellular
part. We noticed that the carriers of four deleterious mis-
sense mutations expressed decreased CRP in the blood. Of
those variants, the missense variant of 1:159714463:A:G
influenced the signal peptide of CRP, which consists of 18
amino acids (Hage & Szalai, 2007), and 69 heterozygous
mutation carriers showed a 48% decreased serum CRP
level. Protein mislocation could be a possible explanation,
and future investigations are needed.

The G6PC gene encodes the enzyme of glucose
6-phosphatase, a key enzyme to maintain glucose homeo-
stasis. Mutations in the G6PC gene were found to cause
the glycogen storage disease type I (GSD1), a rare inborn
metabolic disorder. (Kishnani et al., 2014) At the variant
level, the top signal, frameshift variant 17:42900952:TC:T,
was associated with increased serum CRP in the present
study and is interpreted as the GSD1-related mutations in
the ClinVar database. (Medicine, 2022) GSD1 patients ex-
press excessive glycogen and fat in the liver and kidneys.
(Kishnani et al., 2014) Considering that adipose tissue also
produces CRP, accumulated fat might be the reason lead-
ing to an increased serum CRP concentration in the mu-
tation carriers. Interestingly, the associations between the
G6PC gene and serum CRP associations were observed for
rare mutations only, but not for common genetic variants
as the G6PC gene has not been reported in the previous
GWASs for serum CRP. Since GSD1 is a rare disease, the
increased blood CRP level in rare PA mutation carriers of
the G6PC gene could be a long-term consequence result-
ing from the progression of the disease. Evidence to eluci-
date the molecular mechanisms is warranted.

Moreover, we found a gene-environment interaction
between rare variants and obesity. The effect of obesity
in elevating serum CRP was smaller in the rare mutation
carriers than in the non-carriers. A similar interaction
was demonstrated for common genetic variants of CRP
in previous studies. (Curocichin et al., 2011; Dehghan
et al., 2011; Eiriksdottir et al., 2009; Teng et al., 2009)
Besides liver, adipose tissue is another major contributor
to the production of CRP. (Anty et al., 2006) In the pres-
ent study, due to the PA alleles in the CRP gene, hetero-
zygous carriers could exhibit impaired ability to produce
functional CRP in both liver and adipose tissue, therefore
explaining a weaker effect of obesity on serum CRP for PA
mutation carriers. Considering both serum CRP and obe-
sity status play an important role in the risk assessment

of cardiovascular disease, both genetic and environmental
factors need to be considered when interpreting the health
risks indicated by serum CRP levels in clinical settings, es-
pecially among rare mutation carriers.

Examining the clinical relevance of rare coding muta-
tions could reveal therapeutic insights for disease treat-
ment. We looked through a series of CRP-associated
diseases and did not find robust evidence for altered risks
among PA mutation carriers. Using polygenic risk scores
of serum CRP and the design of Mendelian randomiza-
tion, the genetic propensity to higher serum CRP was as-
sociated with a reduced risk of schizophrenia and prostate
cancer, as well as an increased risk of chronic obstructive
pulmonary disease. (Said et al., 2022) However, due to the
rarity of the PA alleles, the present study was likely to be
underpowered in the detection of disease risks. Studies
with larger sample sizes will be needed.

The present analysis comes with a few strengths, in-
cluding conducting several sensitivity and follow-up anal-
yses to interpret the clinical relevance of PA mutations. We
acknowledge several limitations. First, UKB participants
were invited to the study in their middle age. Therefore,
mutations that are not compatible with middle-aged sur-
vival cannot be studied in the present analysis. Second,
the disease diagnoses were ascertained from self-reported
information, inpatient data, and death register. Diseases
that are mainly captured by out-patient data could be
missed. Third, analyses were restricted to white British
ethnicity only.

In conclusion, we found rare PA mutation burdens in
the CRP and G6PC genes to be strongly associated with
altered serum CRP concentrations. The CRP level among
rare functional mutation carriers was less influenced by
obese status. As serum CRP and obesity status are import-
ant predictors of cardiovascular risks in clinics, our obser-
vations underscore the need to take rare genetic factors
into consideration to improve the delivery of precision
medicine.
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