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Abstract

Background: Longevity gene klotho (KL) is associated with age-related phenotypes including 

lifespan, cardiometabolic disorders, cognition, and brain morphology, in part, by conferring 

protection against inflammation. We hypothesized that the KL/inflammation association might be 

altered in the presence of psychiatric stress and operate via epigenetic pathways. We examined KL 
polymorphisms, and their interaction with posttraumatic stress disorder (PTSD) symptoms, in 

association with KL DNA methylation in blood. We further examined KL DNA methylation as a 

predictor of longitudinal changes in a peripheral biomarker of inflammation (C-reactive protein; 

CRP).

Methods: The sample comprised 309 white non-Hispanic military veterans (93.5% male; mean 

age: 32 years, range: 19-65; 30% PTSD per structured diagnostic interview); 111 were reassessed 

approximately two years later.
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Results: Analyses revealed a methylation quantitative trait locus at rs9527025 (C370S, 

previously implicated in numerous studies of aging) in association with a Cytosine-phosphate-

Guanine site (cg00129557; B = −.65, p = 1.29 X 10−20), located within a DNase hypersensitivity 

site in the body of KL. There was also a rs9527025 x PTSD severity interaction (B = .004, p 
= .035) on methylation at this locus such that the minor allele was associated with reduced 

cg00129557 methylation in individuals with few or no PTSD symptoms while this effect was 

attenuated in those with elevated levels of PTSD. Path models revealed that methylation at 

cg00129557 was inversely associated with CRP over time (B = −.14, p = .005), controlling for 

baseline CRP. There was also an indirect effect of rs9527025 X PTSD on subsequent CRP via 

cg00129557 methylation (indirect B = −.002, p = .033).

Conclusions: Results contribute to our understanding of the epigenetic correlates of 

inflammation in PTSD and suggest that KL methylation may be a mechanism by which KL 
genotype confers risk vs. resilience to accelerated aging in those experiencing traumatic stress.
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1. Introduction

Polymorphisms in the gene klotho (KL) have been associated with lifespan and age-related 

phenotypes in numerous preclinical and clinical studies (Kuro-o et al., 1997; Kurosu et al., 

2005; Dubal et al., 2014; Abraham et al., 2016). The gene and the protein it encodes were 

named for the mythological Greek goddess, Clotho, who was said to have spun the thread of 

human life (Hamilton, 2011). The gene and its protein have been linked to a wide variety of 

age-related processes including cardiometabolic function (Arking et al., 2002), recovery 

following experimentally-induced cardiac damage (Ramez et al., 2019), kidney function 

(Drew et al., 2017), late-life cognition (Dubal et al., 2014; Yokoyama et al., 2015), white 

matter integrity (Chen, Sloane et al., 2013; King, Rosene & Abraham, 2012), motor function 

(Kuro-o et al., 1997), and lifespan (Kuro-o et al., 1997; Kurosu et al., 2005; Dubal et al., 

2014). Greater KL expression in old age is thought to confer protection against age-related 

declines in neural integrity and cognition (Dubal et al., 2014).

KL exerts its neuro- and cardio-protective effects by reducing inflammation (Hui et al., 

2017; Maekawa et al., 2009; Xia et al., 2016; Zhu et al., 2018; Zeldich et al., 2019) and 

oxidative stress (Yamamoto et al., 2005; Zeldich et al., 2014). Inflammation and oxidative 

stress are well known biomarkers of cellular aging, with increasing levels of each known to 

play a mechanistic role in age-related adverse outcomes and cellular senescence (Ridker et 

al., 2002; Frasca & Blomberg, 2016; Fülöp et al., 2016). KL is known to suppress nuclear 

factor κB (NF-κB) signaling via inhibition of IκB phosphorylation and expression of tumor 

necrosis factor alpha (TNFα; Guo et al., 2018; Maekawa et al., 2009), which in turn reduces 

oxidative stress and endothelial cell inflammation (Maekawa et al., 2009). In vivo, KL 
expression (i.e., mRNA; Martín-Núñez et al., 2017) and circulating KL proteins (Prystupa et 

al., 2016) tend to be inversely correlated with pro-inflammatory biomarkers, including C-

reactive protein (CRP), while in vitro studies have shown KL to reduce inflammatory 

cytokines (Sedighi et al., 2019). In the choroid plexus, the anatomical barrier between the 
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periphery and brain ventricles, KL has been found to play a pivotal role in preventing 

peripheral inflammatory molecules from reaching the central nervous system (Zhu et al., 

2018). The KL protein also influences endocrine fibroblast growth factor pathways that 

impact phosphate and calcium metabolism (Kuro-o, 2019) and insulin regulation (Donate-

Correa et al., 2016), and KL impacts Wnt signaling, which is critical for determination of 

cellular fate and progenitor cell senescence (Liu et al., 2007).

Environmental factors are also known to contribute to cellular aging. Traumatic stress and 

other forms of psychological stress are positively associated with age-related conditions, 

including inflammation and cardiometabolic pathology (for reviews, see Miller, Lin et al., 

2018; Wolf & Morrison, 2017). Posttraumatic stress disorder (PTSD) has been associated 

with elevated CRP, interleukin (IL)-6, IL1β, and TNFα (Miller, Lin et al., 2018; Miller, 

Maniates et al., 2018; Passos et al., 2015; Michopoulos et al., 2015; Rosen et al., 2017). Its 

association with CRP, an acute-phase protein that responds quickly to inflammation and 

helps to activate innate immunity to bacterial infection (Black et al., 2004; Sproston & 

Ashworth, 2018), is not consistent across all studies (Miller, Lin et al., 2018). However, this 

association is of particular interest because chronically elevated CRP is a marker for 

cardiovascular disease risk (Ridker et al., 2002) and a signature of inflammation-related 

biological aging (Frasca & Blomberg, 2016). A better understanding of the mechanisms by 

which PTSD relates to CRP could shed light on novel treatment approaches to reduce 

inflammation and associated age-related comorbidities.

PTSD is also positively associated with epigenome-wide DNA methylation [DNAm] 

markers of advanced cellular age (e.g., advanced “epigenetic age” also known as “advanced 

DNAm age,” Wolf et al., 2016; Wolf, Logue et al., 2018; Wolf, Maniates et al., 2018; Wolf, 

Logue et al., 2019). In a recent study that forms part of the basis for this one, we found that 

the strength of the association between traumatic stress and both advanced epigenetic age 

and CRP was impacted by KL genotype (Wolf, Morrison et al., 2019) such that the 

association was accentuated among those with the minor frequency allele (A) of the KL SNP 

rs9315202. This SNP was also found to interact with PTSD to predict reduced integrity of 

two white matter tracts that connect prefrontal and limbic regions (Wolf, Morrison et al., 

2019). The SNP is located just downstream of the gene. The minor allele (C) of a second KL 
polymorphism, rs398655, was associated with reduced epigenetic age among those with 

chronic pain. That SNP is upstream of the gene and was previously associated with better 

cognitive function (Mengel-From et al., 2016). The minor allele (C) of a third KL SNP, 

rs9527025 (also known as C370S, located in an exonic coding region), was directly 

associated with slowed epigenetic age. This latter finding was consistent with many prior 

studies suggesting that this SNP, which is part of a haplotype comprised of SNPs in 100% 

linkage disequilibrium (LD) referred to as KL-VS, is associated with improved health in 

humans across various markers of biological aging, including cognition (Dubal et al., 2014; 

Yokoyama et al., 2015), prefrontal cortex morphology, and longevity (Arking et al., 2002, 

2005; Revelas et al., 2018). One study suggested that the minor allele at rs9527025 altered 

the protein product of the gene in such a way as to enhance its co-receptor functioning for 

fibroblast growth factor signaling (Zhou et al., 2013). The direct molecular consequences of 

rs9315202 and rs398655 are unknown.
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To our knowledge, no studies have yet examined the possible role of KL methylation in 

mediating the relationship between KL genotype and inflammatory processes associated 

with aging. Research on KL methylation published to date has been limited in scope and 

focused primarily on cancer, kidney-related, and brain aging phenotypes. Those studies 

suggest that hypermethylation of the KL promotor region is associated with reduced KL 
expression (e.g., Lee et al., 2010; Rubinek et al., 2012; King et al., 2012) and is a signature 

of cancerous tumors (Lee et al., 2010; Rubinek et al., 2012), cancer-related death (Zhu et al., 

2019), and kidney fibrosis (Azuma et al., 2012). One study expanded this work to cognitive 

aging and found that KL promoter hypermethylation was positively associated with mild 

cognitive impairment in a Chinese sample (Luo et al., 2015). However, this effect was not 

replicated in a second Chinese sample in the same study. Finally, a study in rhesus monkeys 

found increased kl methylation in the promoter region of prefrontal white matter in older 

monkeys and also found that this alteration was associated with decreased kl transcription, 

possibly contributing to brain aging phenotypes (e.g., impaired cognition, lack of myelin 

integrity; King et al., 2012). However, the role of KL methylation in human biological aging 

remains an open question.

1.1. Study aims

The primary aim of this study was to address this question by examining the effects of the 

three previously implicated KL variants (rs9315202, rs398655, and rs9527025) and PTSD 

on KL methylation levels. The second aim was to examine if KL methylation, in turn, 

contributed to changes in a peripheral marker of inflammation (CRP) over time, such that 

the association between PTSD and CRP was indirect, via KL methylation. This study was 

based on the same sample of white non-Hispanic military veterans with a high prevalence of 

PTSD in which we previously reported KL genotype X PTSD effects on measures of 

biological aging (Wolf, Morrison et al., 2019). This study expanded on that prior cross-

sectional investigation in that we examined potential molecular mechanisms (KL 
methylation) that may link KL genotype and PTSD to changes in a biomarker of aging 

(inflammation) over time.

2. Methods

2.1. Participants and Procedure

Participants in cross-sectional analyses in this study were 309 white non-Hispanic military 

veterans (93.5% male, mean age = 32 years, Table 1) who deployed as part of the Global 

War on Terror; 111 of these veterans were included in the longitudinal analyses based on a 

follow-up assessment that was completed on average approximately two years later (M = 

1.96 years, SD = .65 years, range = 0.98 to 4.78 years).1 Analyses were restricted to this 

ancestral group (from a larger baseline sample of n = 458 veterans of mixed ancestry) due to 

genetic population stratification and insufficient sample size to proceed with these analyses 

in other ancestral groups. Veterans participated in The Translational Research Center for 

1Data collection for this multi-wave protocol is on-going and is released for data analyses at various points in time. There were no 
statistical differences in PTSD severity or age among those who did versus did not yet return for follow-up, however, a greater 
percentage of women (65% vs. 40% of the men) returned for the follow-up by the time of the data release that was used in this study 
(p = .028). Sex was included as a covariate in all analyses.

Wolf et al. Page 4

Psychoneuroendocrinology. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TBI and Stress Disorders (TRACTS) research protocol (McGlinchey et al., 2017), an on-

going longitudinal study of deployment stress and psychological, cognitive, metabolic, and 

neurological health among veterans aged 18 – 65 years. Recruitment efforts and exclusion 

criteria were described in detail previously (McGlinchey et al., 2017). In short, veterans 

were excluded primarily due to serious active psychopathological processes that posed an 

immediate risk (e.g., suicidality) or prevented data collection, presence of neurological 

condition other than that related to mild traumatic brain injury, and due to standard 

neuroimaging exclusionary criteria. Participants completed psychological interviews and 

cognitive testing administered by doctoral-level staff; they also had peripheral blood drawn 

by a certified phlebotomist into 2 X 10ml EDTA tubes for DNA extraction and metabolic 

and inflammation panels and underwent magnetic resonance imaging of the brain. The most 

common trauma exposure type was combat (64.08%), with the sudden and unexpected loss 

of a friend or loved one next most common (41.42%). On average, participants had 

experienced 1.84 different types of traumatic experiences (SD: 1.73). The study was 

reviewed and approved annually by the hospital institutional review board.

2.2. Measures

2.2.1. PTSD.—PTSD was assessed with the Clinician Administered PTSD Scale (CAPS) 

for DSM-IV (Blake et al., 1995). The CAPS was administered by doctoral-level 

psychologists, and both symptom severity ratings and PTSD diagnosis were tabulated 

according to standard scoring rules (Weathers et al., 1999). Diagnoses were based on expert 

consensus team review of the CAPS. Descriptive statistics pertaining to PTSD are provided 

in Table 1. Analyses focused on PTSD symptom severity ratings in the past 30 days (current 

PTSD severity).

2.2.2. CRP.—As described elsewhere (Miller, Maniates et al., 2018), serum CRP levels 

were obtained from a commercial laboratory (Quest Diagnostics; Cambridge, MA) with a 

nephelometric assay using CRP monoclonal antibodies. Samples were shipped to the lab the 

same day they were collected and processed within 24 hours. Lab procedures were 

standardized by the International Federation of Clinical Chemistry and Laboratory 

Medicine, the Bureau Communautaire de Référence, and the College of American 

Pathologists. The analytic sensitivity of the test was 0.10 mg/dL. Regrettably, the clinical lab 

did not provide information regarding inter/intra-assay variation. Descriptive statistics for 

CRP are listed in Table 1. The reference range for normal values is < .80 mg/dL. The CRP 

values for one participant at Time 1 (T1) and for a different participant at Time 2 (T2) were 

set to missing as they were extreme outliers (12 SDs beyond the mean).

2.3. DNA-Related Methods and Statistical Processing

DNA was extracted from whole blood and genotyped on the Illumina HumanOmni2.5-8 

array as described in Logue et al. (2013) and in the Supplementary Materials. We restricted 

our analysis to genetically confirmed white non-Hispanic subjects identified using SNP 

weights (Chen, Pollack et al., 2013) according to the PTSD-GWAS consortium criteria 

(Logue et al. 2015). Principal components (PCs) reflecting ancestry were computed within 

the white non-Hispanic subsample for inclusion as covariates in analyses (see 

Supplementary Materials). These PCs were included to prevent false positives due to 
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unmeasured population substructure within the white non-Hispanic subjects. The three SNPs 

that were evaluated in this study were in Hardy-Weinberg equilibrium (all p > .35).

DNAm was interrogated using the Illumina Infinium MethylationEPIC array (approximately 

850K sites) per manufacturer’s protocol (Supplementary Materials). For subjects assessed at 

a single time point (cross-sectional cohort), sample positions on the methylation arrays were 

balanced for PTSD diagnostic status and sex. For longitudinal DNAm data, sample position 

on the arrays was balanced for PTSD diagnostic status, sex, and time (i.e., the T1 and T2 

DNA samples from the same subject were included on the same array). We applied the 

Psychiatric Genomics Consortium PTSD Epigenetics workgroup pipeline for methylation 

data screening, processing, cleaning, and quality control procedures (Ratanatharathorn et al., 

2017), which we have used in the past (see e.g. Sadeh et al. 2016), and which we will only 

briefly describe here. Missingness filters were used on CpG sites (>10%) and subjects 

(>5%). Sites cross hybridizing to non-autosomal chromosomes were excluded. DNAm data 

were normalized with the beta mixture quantile dilation (BMIQ) method (Pidsley et al., 

2013), and batch correction was performed using the ComBat method (Leek et al., 2017). 

The identity of the samples was confirmed by examining genomic variants assessed on the 

EPIC array and matching genotypes to the corresponding SNP array. The proportions of 

different white blood cell (WBC) types in each blood sample were estimated from the 

methylation data, inclusive of CD8-T, CD4-T, natural killer, B-cells, and monocytes (Aryee 

et al., 2014; Fortin et al., 2017). Additional details pertaining to DNA extraction for the 

cross-sectional and longitudinal cohorts and the statistical pipelines are provided in Wolf et 

al. (2016), Wolf, Logue et al. (2019), and in the Supplementary Materials.

2.4. Data Analyses

We first evaluated the three SNPs as candidate methylation quantitative trait loci (meQTLs; 

i.e. methylation associated SNPs), by testing their association (using hierarchical regression) 

with 10 KL DNAm loci which passed cleaning and variability filters in the cross-sectional 

dataset of n = 309 white non-Hispanic military veterans. Linear regression was used given 

the dimensional nature of DNAm data as the response variable; we focused on identification 

of meQTLs so as to identify SNPs that were regulatory with respect to KL DNAm. DNAm 

probes were selected for analysis if they met all quality control criteria (Wolf, Logue et al., 

2019; Ratanatharathorn et al., 2017) and had sufficient variability (range > .10, per Logue et 

al., 2017). This model included the covariates age, sex, WBCs estimated from the DNAm 

data, the first three ancestry substructure PCs, as well as the main effect of current PTSD 

symptom severity in a first step of the model. The SNP was entered in a second step of the 

model to determine the unique contribution of each SNP. As we found significant 

correlations across the 10 KL DNAm loci, a Bonferroni correction for the evaluation of SNP 

to DNAm associations would be overly conservative. Therefore, we used a permutation 

procedure to derive multipletesting corrected p-values that accounted for the three SNPs and 

10 DNAm loci in the model. This procedure permuted the genotypes randomly between 

subjects (with 10,000 replicates) while preserving the correlational structure within the 

SNPs and within the DNAm loci. Each replicate was analyzed, and the minimum p-value 

across SNPs and CpGs was noted. The percentile of the uncorrected p-value in this 

minimum-p distribution is the corrected p-value. These analyses were conducted in RStudio 
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v.1.0.153 running R version 3.6.1. After determining which SNPs were associated with KL 
DNAm probes in step 2 of the regression, we built upon the model described above by 

adding a third step to the cross-sectional model that included the interaction between PTSD 

severity and SNPs identified as meQTLs in the first set of analyses to determine if the 

association between PTSD symptom severity and DNAm differed as a function of genotype.

A longitudinal path (i.e., regression) analysis was performed next to examine SNP and 

PTSD severity main effects and SNP X PTSD interactions on T1 DNAm, and to 

simultaneously examine the intermediate effect of T1 DNAm on T2 CRP, controlling for T1 

levels of CRP. This mediation model examined the indirect effects of the SNP, PTSD, and 

their interactions on T2 inflammation via T1 DNAm (i.e., a direct test of our hypothesis that 

KL DNAm was a mechanism linking KL genotype X PTSD to later CRP). Because we 

controlled for baseline levels of CRP, the model predicted residualized change in CRP (e.g., 

levels of the T2 biomarker that were not simply due to the T1 level of the same biomarker, 

Allison, 1990; Shutz, 1989). The direct effects of the SNP, PTSD, and their interaction on T2 

inflammation were also included in path models to account for potential effects that did not 

operate via KL DNAm, as were the direct effects of several covariates (age, sex, top three 

PCs). Although our primary mediation models focused on residualized change in CRP (as 

the only T2 variable included in the model), we also conducted additional analyses in which 

we included T2 PTSD and T2 methylation and allowed for the direct effects of the SNP, T1 

CRP, T1 PTSD and T1 methylation on each of these variables in order to more 

comprehensively assess autoregressive and cross-variable longitudinal associations in the 

data. Path models were examined in Mplus 8.2 (Muthén & Muthén, 1998-2018) using an 

estimator that is robust to non-normality (MLR). Model fit was evaluated using established 

guidelines (Hu & Bentler, 1999). Unstandardized regression coefficients are presented in the 

text unless otherwise noted. The path models were conducted in the subset of 111 

participants with follow-up data.

3. Results

3.1. SNP, PTSD, and SNP X PTSD Effects on KL DNAm: Cross-sectional Sample

Table 2 shows the descriptive statistics pertaining to KL variants and DNAm loci that were 

evaluated. Table S1 lists the full results for each model predicting KL DNAm. Results 

revealed two meQTLs: The KL-VS SNP (rs9527025) evidenced corrected significant main 

effect associations with methylation levels at cg027066582 (B = −.55, p = 1.3 X 10−19, 

corrected p < .0001) and cg00129557 (B = −.65, p = 1.29 X 10−20, corrected p < .0001; 

Table S1). These loci are 215 bp apart within a DNase hypersensitivity site in the body of 

KL (GRCh37 chr13:33607361-33607915 as identified in the ENCODE-project database 

wgEncodeRegDnaseClusteredV3 as accessed through UCSC Genome Browser). They are 

highly correlated (r = .69 in these data), hence they likely represent association between 

rs9527025 and methylation across a broad genomic region, and are not independent effects. 

Given the high correlation between the two associated KL methylation loci, we proceeded to 

conduct our primary analyses with just cg00129557, which showed the strongest association 

2cg refers to cytosine guanine and is the standard nomenclature for identifying DNAm loci.
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with rs9527025 (but replicated results with cg02706658 and also examined effects 

predicting mean methylation values across the two loci as a potential indicator of 

methylation in this region, see Supplementary Materials for details). Figure 1 shows the 

location of the three SNPs, cg00129557, and the DNase hypersensitivity site. Table 3 shows 

the zero-order correlations between the primary variables in the path model.3

The same SNP (rs9527025) also evidenced a nominally significant main effect on 

cg19154940 (B = .12, p = .03, corrected p = .54; Table S1). We were not able to detect 

meQTL effects for the other two SNPs examined, although rs398655 was nominally 

associated with methylation values at cg00129557, cg02706658, cg17806623, and 

cg09886946, but not at a level that survived multiple testing correction (Table S1).

We next expanded the model examining rs9527025 in association with cg00129557 by 

adding the PTSD severity X SNP term in a third step. This analysis revealed a significant 

interaction between PTSD severity and rs9527025 in association with DNAm at cg00129557 

(B = .004, p = .035; Table 4; Figure 2). The minor allele of rs9527025 (C) was associated 

with less methylation at cg00129557 when PTSD severity was low, but this effect was 

attenuated at higher levels of PTSD severity. The residuals from the model were examined 

and found to be normally distributed. Results held when this model was rerun using 

dominant coding for the SNP, which compared those with 0 copies vs. 1 or 2 copies of the 

minor allele at this locus (B for SNP = −.69, p < .001; B for SNP X PTSD = .006, p = .015). 

In analyses described in the Supplementary Materials, we added potential confounds to our 

cross-sectional model (the main and interactive effects of current cigarette use, major 

depressive disorder, alcohol-use disorder, and body mass index) and found that none 

accounted for the significant main effect of rs9527025 or the interaction between this SNP 

and PTSD severity.

3.2 Path Models Predicting Residualized Change in Peripheral Inflammation: Longitudinal 
Subsample

The first path analysis evaluated the main and interactive effects of the KL-VS SNP 

(rs9527025) and PTSD severity on residualized change in CRP values at T2 via T1 

methylation levels at cg00129557 (i.e., indirect effects), controlling for age, sex, and the first 

three ancestry substructure PCs. Because the number of participants with two copies of the 

minor allele at this locus was small in the longitudinal subsample (n = 2), these analyses 

proceeded with dominant allele coding (n = 78 with 0 copies of minor allele vs. n = 33 with 

1-2 copies). The direct effects of the SNP and PTSD (and their interaction) on residualized 

change in CRP values was also included in the model. Results revealed that T1 methylation 

at this locus was associated with residualized change in CRP values over time (B = −.14, p 
= .005). Methylation at this locus was predicted by the SNP (B = −1.20, p < .001) and by the 

interaction between the SNP and PTSD severity in this subset of the data (B = .01, p = .004; 

Figure 3 for standardized results). The indirect effect of the interaction term on residualized 

3We did not have access to a suitable complete dataset to test for replication of the meQTL involving rs9527025 and cg00129557. 
This locus was also not included in publicly available datasets that we identified. However, we had a subset of genotype and DNAm 
data available from an on-going study of veterans who screened positive for PTSD (n = 133; see Supplementary Materials) and we 
used this genetic data to examine replication of the meQTL. We found that this SNP and DNAm locus correlated with each other at r = 
−.46, p = 1.91 X 10−8, which is within .01 of the coefficient reported in Table 3.
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change in CRP values via methylation at this locus was also significant (B = −.002, 

standardized β = −.13, p = .033). In total, the model explained 30% of the variance in CRP 

values at T2 and 24% of the variance in methylation at cg00129557. We added to this model 

by including the estimated WBCs as covariates of methylation at this locus. Again, the 

pattern of results was unchanged with a significant indirect effect of the interaction term on 

residualized change in CRP values over time (B = −.002, standardized β = −.11, p = .04). 

The fit of the path models is shown in Table S2. Fit statistics suggested that all models were 

consistent with good model fit.

We also reran this model using additive genotype coding at this locus and found that the 

results were nearly identical, with the exception of an additional direct effect of rs9527025 

on residualized changes in CRP (B = −.26, p = .049). The indirect effect of the SNP X PTSD 

on residualized changes in CRP via methylation at cg00129557 remained unchanged (B = 

−.002, p = .044; standardized β = −.13, p = .037).

Next, we added T2 methylation and T2 PTSD severity to the model and examined the direct 

effects of rs9527025, T1 PTSD severity, T1 CRP and T1 cg00129557 levels on these T2 

variables. We found that T2 PTSD severity was predicted by T1 PTSD severity (B = .80, p 
< .001), but not by T1 CRP, methylation, or the SNP (Figure S1 for standardized path 

results). T2 methylation at cg00129557 was associated with T1 methylation at this same 

locus (B = .30, p = .002) and evidenced a residual association with rs9527025 (B = −.48, p 
= .002) that was not accounted for by the effect of this SNP on T1 methylation at this locus. 

There were no effects of T1 PTSD or CRP on methylation at this locus at T2. Other than 

these autoregressive effects and the additional effect of the SNP on T2 methylation, the 

results of the analysis were otherwise unchanged from that without these T2 variables 

included in the model. Specifically, the indirect effect of PTSD severity X rs9527025 on 

residualized change in CRP at T2 via T1 methylation at cg00129557 remained significant (B 

= −.002, p = .042, standardized β = −.13, p = .035). Results for the correlated DNAm locus 

(cg02706658) are shown in Figure S2.

4. Discussion

The primary finding of this study was that effects of the KL genetic variant rs9527025 and 

PTSD on residualized changes in inflammation over a two-year interval are mediated, at 

least in part, by KL methylation. Many of the age-related effects of KL are thought to 

operate through inflammatory pathways (Hui et al., 2017; Maekawa et al., 2009), and the 

results of this study implicate methylation at the cg00129557 locus as a causal factor. 

Though the minor allele of rs9527025 is known to confer protection against a host of age-

related phenotypes (Arking et al., 2002) and was similarly associated with decreased CRP 

levels over time (and with reduced KL methylation at cg00129557) in this study, we found 

that this SNP also interacted with PTSD severity such that its protective effect was 

diminished in those with greater PTSD symptom severity. Specifically, those without 

substantial PTSD symptoms exhibited reduced methylation at this locus, consistent with the 

main effect of the genotype. In contrast, those with greater PTSD severity evidenced higher 

levels of methylation at this locus, despite having the protective variant, and this was 

associated with increased inflammation. These changes likely operate via reduced KL 
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expression, as supported by data from the Genotype-Tissue Expression (GTEx) Project’s 

online database (version 8 release).4 Specifically, although gene expression was not 

examined in this study, the GTEx reference data suggested that rs9527025 is an expression 

quantitative trait loci (eQTL), with the minor allele predictive of lower KL expression in 

whole blood (normalized effect size [NES] = −.13, p = 8.1 X 10−5) in 670 subjects. Per 

GTEx, the SNP also showed significant associations with KL expression in at least two brain 

regions, including nucleus accumbens (NES = .18, p = .01, n = 202) and hippocampus (NES 

= −.11, p = .03, n = 165), further supporting the relevance of this SNP for alterations in KL 
expression in the periphery and brain.

Epigenetic modifications are thought to reflect both genetic and environmental influences 

and here we found that PTSD interacted with genotype to predict KL methylation (and 

indirectly, residualized CRP values over time). One way to conceptualize this association is 

to consider symptoms of PTSD as part of the environment that interacts with at risk 

genotypes (i.e., G X E) to promote cellular aging. Evaluation of genotype in an at-risk PTSD 

population could provide useful clinical information as to who is at greatest risk for 

increasing inflammation. This could encourage targeting of lifestyle and pharmacological 

interventions to those with the greatest need. As well, the role of cg00129557 in linking 

PTSD and genotype to inflammation may prove useful in developing new pharmacological 

therapies to reduce inflammation in those at risk (e.g., personalized medicine).

To our knowledge, this is the first study to link DNAm at cg00129557 to inflammation. This 

locus is located mid-way through the gene in a region identified as a “DNase hypersensitive 

site” per the Encode project (GRCh37 chr13:33607361-33607915). Hypersensitive sites are 

regions that are easily cleaved by the nuclease DNAse I. They occur at open ends of 

chromatin allowing for binding of transcriptional factors and as such, they are thought to be 

regulatory (Thurman et al., 2012). Increased methylation at these sites is associated with 

reduced chromatin binding availability, and therefore, reduced expression (Thurman et al., 

2012). Thus, methylation at cg00129557 may be a mechanism linking the KL-VS SNPs to 

various age-related phenotypes identified in the literature previously, but replication in other 

samples and cell types is clearly needed.

The identification of a KL DNase hypersensitivity site that links genotype to inflammation 

further highlights the importance of pursuing KL-related interventions. Previous studies 

suggest that circulating KL is increased as a function of exercise (Ramez et al., 2019; 

Amaro-Gahete et al., 2019), and that KL expression is increased by cholesterol-lowering 

medications (Janić et al., 2019). Targeting KL promoter region using CRISPR technology 

has also been associated with alterations in KL expression in neural and kidney cell lines 

(Chen et al., 2018), suggesting a possible therapeutic approach for increasing KL levels and 

protecting against neurobiological health decline. Thus, there may be multiple avenues to 

pursue in the development of interventions to alter the modifiable aspects of KL expression 

and potentially protect against a range of age-related adverse cardiac, renal, and cognitive 

health outcomes.

4Accessible at: https://www.gtexportal.org/home/
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The association between KL and CRP is important as CRP has been shown to interact with 

the NF-κB signaling pathway to promote greater inflammation and reactive oxygen species 

(Zhong et al., 2015). CRP can be used as a marker for “inflammaging” (Frasca & Blomberg, 

2016), in which low, but chronic, levels of inflammation increase risk for age-related 

disease, health decline, and mortality (Franceschi et al., 2000). For example, in a large study 

of adults aged 65 or older, CRP was found to be negatively associated with functional ability 

(e.g., activities of daily living), and cognition, and it predicted mortality in survival analyses 

(Puzianowska-Kuźnicka et al., 2016). Similarly, CRP was one of the strongest correlates of 

having multiple physical health diagnoses in an epidemiological sample of over 50,000 

adults (Stepanova et al., 2015). CRP has also been shown to predict worse psychiatric 

outcomes in depression (Eswarappa et al., 2019), although this finding is not consistent (Chu 

et al., 2019; Lamers et al., 2019), suggesting that its predictive value may be more 

meaningful for physical rather than psychological health outcomes. The association between 

PTSD and CRP has also been inconsistent in the literature, with some studies finding 

evidence of this and others reporting null effects (see Miller, Lin et al., 2018 for a review). 

The results of this study raise the possibility that one reason for variability in these findings 

is that the association between PTSD and CRP is dependent on genotype. Collectively, 

results contribute to our understanding of the importance of CRP as a risk-factor for age-

related morbidity and mortality, particularly in populations at risk by virtue of their 

psychiatric status and genetic makeup.

4.1. Study limitations

There are several limitations to this study that should be considered in evaluating these 

results. First, although the EPIC array is currently the most comprehensive commercially 

available BeadChip, assaying more than 850K sites, its coverage of the genome is not 

complete, and it may well be that there are other sites near cg00129557 (and cg02706658) in 

the hypersensitivity site that alone, or in aggregate, are causally linked to CRP. Similarly, we 

could not determine whether the causal SNP in this case was actually rs9527025 or some 

other genetic variant in LD with this SNP. This may be resolved in the future by examining 

PTSD cohorts with other ancestries where patterns of LD may differ or via sequencing of 

the entire KL gene. DNAm data were obtained from whole blood, thus we could not 

examine cell type specific methylation patterns and instead (and as is standard) covaried for 

estimated cell type. It is also unknown if results would generalize to other tissue (e.g., neural 

tissue). We did not obtain other inflammatory markers, which would allow for a more 

comprehensive examination of the effects of PTSD and KL on inflammation and 

inflammaging. Results from our cohort of white non-Hispanic mostly male veterans may not 

generalize to other demographic groups or other PTSD samples. The longitudinal analyses 

were conducted over a relatively short period of time (approximately two years), which may 

be too short an interval to observe substantial changes in biomarkers and the follow-up 

sample was small, limiting our statistical power. As well, there are numerous unmeasured 

potential confounds (such as new disease onset, unmeasured daily life stressors occurring 

between T1 and T2, and participation in mental health treatment) that could affect our 

longitudinal results. We also did not obtain mRNA or KL protein levels on these 

participants, so could not directly test the impact of KL methylation on expression. We did 

not have access to a suitable replication dataset and it is critical to test if these effects 
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replicate in independent cohorts. Given these concerns, additional research is necessary to 

examine the replicability of these results and to test their robustness in the broader PTSD 

population.

4.2. Conclusions

These limitations notwithstanding, our results provide initial evidence of longitudinal effects 

of KL genotype and PTSD symptom severity on residualized changes in CRP over time via 

KL methylation. Results help to address questions regarding individual differences in 

inflammatory outcomes in PTSD samples by suggesting that associations between PTSD 

and CRP levels, which are well documented in the literature (Eswarappa et al., 2019; Rosen 

et al., 2017; Michopoulos et al., 2015), are at least partially dependent on KL genotype and 

methylation status. This highlights the importance of identifying the subpopulations of 

individuals who are at greatest risk for adverse PTSD-related health outcomes, including 

premature aging. Efforts to alter the transcriptional effects of circulating levels of KL (that 

has been shed from transmembrane KL; Chen et al., 2018) may ultimately prove beneficial 

in mitigating the health burden associated with psychiatric stress, and in promoting health 

and wellbeing into old age.
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Figure 1. 
The figure shows the region of the KL gene, including the three SNPs that were evaluated 

(yellow lines labeled by rs #), cg00129557, and the DNase hypersensitivity site just below 

this DNAm locus (as indicated by the vertical blue line). The figure was generated using the 

University of California, Santa Cruz (UCSC) Genome Browser (Kent et al., 2002).
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Figure 2. 
The figure shows the nature of the interaction between KL SNP rs9527025 and PTSD 

symptom severity on raw (beta) methylation levels at the KL locus cg00129557 for n = 308 

participants in this cross-sectional analyses. The protective effects of the minor allele (C) 

were attenuated at high levels of PTSD symptom severity. This SNP is located on 

chromosome 13 at 33,628,193 bp; cg00129557 is located on chromosome 13 at 33,607,618 

bp. There were 9 participants homozygous for the minor allele (CC), 88 heterozygous (CG), 

and 211 (GG) homozygous for the major allele.
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Figure 3. 
The figure shows the results of the path model examining the direct and indirect effects of 

the KL-VS SNP (rs9527025), PTSD severity, and their interaction on residualized changes 

in CRP levels over the course of approximately two years via methylation at the KL locus 

cg00129557 (n = 111). Standardized coefficients are presented.

*p < .05. **p < .01. ***p < .001
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Table 1

Participant Characteristics

Baseline (n = 309) Follow-up (n = 111)

Variable M (SD) or n (%) M (SD) or n (%)

Male 289 (93.5) 101 (91.0)

Age (years) 32.04 (8.40) 33.97 (8.86)

Current PTSD dx 198 (64.1) 56 (50.5)

Current PTSD sev 52.45 (29.62) 43.51 (29.93)

CRP (mg/dL) .23 (.24) .18 (.12)

Note. Raw CRP values are reported here but log-transformed CRP values were analyzed. Dx = diagnosis; sev = severity; CRP = C-reactive protein.
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Table 3.

Bivariate Associations Among Key Study Variables

Variable 1 2 3 4

1. rs9527025

2. cg00129557 at T1 −.45***

3. PTSD severity at T1 .08 .06

4. CRP at T1 −.01 −.09 .17**td

5. CRP at T2 −.05 −.22* .13 .43***

Note. N = 309 for cross-sectional associations and n = 111 for longitudinal associations. PTSD = posttraumatic stress disorder; CRP = C-reactive 
protein, T1 = time 1, T2 = time 2.

*
p < .05.

**
p < .01.

***
p < .001.
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Table 4

Effects of rs9527025 and PTSD on KL DNAm at cg00129557

cg00129557

Variable B SE p

Step 1: Covariates

 Age −.01 .01 .054

 Sex −.21 .16 .198

 CD8-T 3.24 1.20 .007

 CD4-T 4.47 .91 1.63 X 10−06

 NK 6.28 1.40 1.00 X 10−05

 B cells 3.44 1.91 .072

 Mono −1.44 1.72 .404

 PC1 −.90 .79 .257

 PC2 .69 .79 .382

 PC3 −.94 .77 .221

 PTSD sev −.001 .001 .641

Step 2: SNP

 rs9527025 −.65 .07 1.29 X 10−20

Step 3: IX w/PTSD sev

 rs9527025 .004 .002 .035

Note. Beta values (i.e., regression coefficients) are unstandardized. Main effect results for other SNPs and CPGs that were either not associated 
with each other or were only nominally significant are shown in Table S1. NK = natural killer; mono = monocytes; PC = principal component; 
PTSD sev = posttraumatic stress disorder severity; SNP = single nucleotide polymorphism, w = with; IX = interaction.
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