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Klotho, PTSD, and advanced epigenetic age in cortical tissue
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This study examined the klotho (KL) longevity gene polymorphism rs9315202 and psychopathology, including posttraumatic stress
disorder (PTSD), depression, and alcohol-use disorders, in association with advanced epigenetic age in three postmortem cortical
tissue regions: dorsolateral and ventromedial prefrontal cortices and motor cortex. Using data from the VA National PTSD Brain
Bank (n = 117), we found that rs9315202 interacted with PTSD to predict advanced epigenetic age in motor cortex among the
subset of relatively older (>=45 years), white non-Hispanic decedents (corrected p = 0.014, n = 42). An evaluation of 211 additional
common KL variants revealed that only variants in linkage disequilibrium with rs9315202 showed similarly high levels of
significance. Alcohol abuse was nominally associated with advanced epigenetic age in motor cortex (p =0.039, n=114). The
rs9315202 SNP interacted with PTSD to predict decreased KL expression via DNAm age residuals in motor cortex among older white
non-Hispanics decedents (indirect 3 = —0.198, p = 0.027). Finally, in dual-luciferase enhancer reporter system experiments, we
found that inserting the minor allele of rs9315202 in a human kidney cell line HK-2 genomic DNA resulted in a change in KL
transcriptional activities, likely operating via long noncoding RNA in this region. This was the first study to examine multiple forms
of psychopathology in association with advanced DNA methylation age across several brain regions, to extend work concerning the
association between rs9315202 and advanced epigenetic to brain tissue, and to identify the effects of rs9315202 on KL gene
expression. KL augmentation holds promise as a therapeutic intervention to slow the pace of cellular aging, disease onset, and

neuropathology, particularly in older, stressed populations.
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INTRODUCTION

Longevity gene klotho (KL) has been linked to multiple biomarkers
of cellular aging and adverse health outcomes in both preclinical
and clinical studies [1-3]. Of particular interest are studies
associating KL genotype, expression, and protein levels to
phenotypes such as Alzheimer's disease [4], Alzheimer’s related
biomarkers (e.g., amyloid-beta; [5-7]), memory and cognitive
performance [8-12], prefrontal cortical brain volume and neural
connectivity [13, 14], hippocampal synaptic plasticity and neuro-
genesis [8, 9, 15], and axonal myelination [16, 17]. Evidence
suggests that KL expression serves a protective function against
age-related cognitive decline, with effects most evident among
older individuals [11, 15, 18], though null effects have also been
reported (e.g., [19]).

A separate line of research suggests that traumatic stress is
associated with various biomarkers of cellular aging, including
advanced epigenetic age, also known as DNA methylation
(DNAm) age, relative to chronological age [20-24]. That said,
these findings also have not been uniform across studies [25, 26].
Recently, in a sample of veterans with a high prevalence of
posttraumatic stress disorder (PTSD), we found that the associa-
tion between PTSD and several biomarkers of accelerated cellular

aging was dependent on the presence of the minor allele at a
single nucleotide polymorphism (SNP) in the KL gene [27].
Specifically, we examined 43 common SNPs in the KL gene and
found that carriers of the rs9315202 minor allele (A) evidenced a
strong association between PTSD symptom severity and advanced
epigenetic age in blood (per the Horvath index), increased
peripheral inflammation (C-reactive protein), and decreased white
matter integrity in right-lateralized tracts connecting prefrontal to
limbic regions. These effects were accentuated in subjects who
were aged 30 years or greater (the median age in that sample of
veterans returning from the Global War on Terror), consistent with
other research suggesting that the effects of KL are more evident
with increasing age [11, 15, 18].

Though numerous studies have found evidence of associations
between traumatic stress and advanced DNAm age measured in
blood (e.g. [22]), no study to date has examined associations
between traumatic stress and epigenetic aging in brain tissue.
Studies of advanced epigenetic age in postmortem brain tissue in
association with other psychiatric conditions have yielded mixed
results. Specifically, significant associations were reported
between a novel epigenetic age acceleration measure and major
depression in prefrontal and subgenual regions (n = 141; [28]), but
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not between the Horvath index and depression in prefrontal
cortex (two samples of n =40 and 58; [29]). Null effects were
reported for bipolar disorder with Horvath-derived estimates (n =
32 cases and 32 controls; [30]), though there was evidence of
bipolar-related advanced DNAm age in hippocampal tissue
among those >45 years of age). Studies of schizophrenia
[31, 32] and alcohol-use disorders [33] reported no significant
associations in frontal and/or temporal regions. Finally, heroin-use
was associated with slowed epigenetic age in orbitofrontal cortex
relative to controls and non-heroin-related suicide cases [34]. The
equivocal pattern of findings across studies may be related to
sample size, variability in brain regions evaluated, lack of
consideration of genetic (such as KL) and demographic (such as
age) modifiers of these associations, and/or differences arising
from the DNAm age algorithm or psychiatric diagnosis under
evaluation. The varied results of these studies highlight the need
for further evaluation of stress-related epigenetic age acceleration
in brain tissue.

AIMS AND HYPOTHESES
Based on the foregoing, we advanced the following aims and
hypotheses.

Aim 1

The first aim was to test the main and interactive effects of PTSD
and the KL SNP rs9315202 on advanced epigenetic age in
postmortem brain tissue obtained from the VA National PTSD
Brain Bank. Our primary hypothesis was that rs9315202 would
moderate the association between PTSD and epigenetic age
(relative to chronological age) in older decedents in the brain
bank, consistent with the pattern of results we previously
observed in blood and neuroimaging data [24]. To evaluate this,
we conducted regression analyses focused on this candidate SNP
X PTSD as a predictor of DNAm age residuals, evaluating effects in
a subset of the cohort who were age 45 years or greater (the
median). Models were also examined in those below the median
age and in the sample as a whole. Three brain regions were
evaluated: dorsolateral prefrontal cortex (dIPFC), ventromedial
prefrontal cortex (vmPFC), and motor cortex. Alterations in dIPFC
and vmPFC have commonly been associated with PTSD [35, 36]
and aging [37, 38]. Moreover, KL has shown particular associations
with right dIPFC [13, 14], suggesting this may be a primary locus
for KL-related neuropathology risk versus resilience. Motor cortex
was included given evidence of notable age-related cortical
thinning in this area [37] and the role of KL in motor disturbances.
Specifically, animal studies suggest that genetic manipulation of
KL leads to early onset of motor pathology, such as gait
disturbance [2], and that alterations in motor-related cells (e.g.,
anterior horn and Purkinje cells) in the central nervous system are
key features of KL knockout mice [39, 40].

Aim 2

The second aim was to examine the main effects of diagnoses
commonly comorbid with PTSD (major depression and alcohol
abuse/dependence, representing internalizing and externalizing
pathology, respectively; [41]) on epigenetic age in brain tissue
relative to chronological age. Based on prior research in blood [24]
and brain [28], we hypothesized that PTSD and both depression
and alcohol-use disorders would be associated with advanced
epigenetic age.

Aim 3

The third aim was to test the hypothesis that advanced epigenetic
age in brain tissue is associated with altered KL mRNA expression
and that the effects of rs9315202 and PTSD on altered KL
expression are indirect, via advanced epigenetic age. We used
mediation analysis to evaluate if rs9315202 X PTSD was associated
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with altered KL expression via advanced epigenetic age in the
older cohort.

Aim 4

The final aim was to examine the molecular effect of the candidate
SNP, rs9315202, on KL regulation, which is thus far unknown. To
do so, we cloned genomic DNA containing this SNP into a reporter
system, and evaluated the effects of rs9315202 on KL gene
expression. We hypothesized that the SNP would act as an
enhancer that regulates KL gene expression.

METHODS

PTSD brain bank

Participants and procedure. Postmortem tissue from N=117
brains was obtained from the VA National PTSD Brain Bank housed
at the VA Boston Healthcare System [42], which acquired the
tissue and clinical information from the Lieber Institute for Brain
Development at Johns Hopkins University [43]. Of this group, 2
were missing genotypes due to quality control concerns and were
removed from analyses. A total of n =85 were determined to be
of white, non-Hispanic ancestry (per genotype in concert with
medical record information) and were the primary sample
evaluated in analyses involving KL genotype (due to concerns of
population stratification). Analyses that did not include genotypes
(i.e., evaluation of main effects of PTSD comorbidity and main
effects of DNAm age residuals on KL expression) were based on
the full cohort with complete data regardless of ancestry (n =114
for methylation-only analyses and n=92 for analyses including
RNA expression data) to maximize statistical power and general-
izability. Left dIPFC (Brodmann Area [BA] 9/46) was taken at the
level of the genu of the corpus callosum, left vmPFC (BA 12/32)
was taken at the level of the genu of the corpus callosum, and left
motor cortex (BA 4) was taken at the superior central sulcus.
Neuropathological exams and toxicology evaluations were per-
formed by board-certified neuropathologists. Cause and manner
of death were determined by Maryland state medical examiners.

The neuropathology examination and diagnostic assessment
included medical record review and next-of-kin interviews to
determine medical and psychiatric diagnoses, including adminis-
tration of MINI International Neuropsychiatric Interview 6.0, the
PTSD checklist for DSM-5 (adapted for postmortem studies), and
the Lieber Psychological Autopsy Interview, which included
interviews with mental health clinicians where possible [43].
Psychiatric diagnoses were further reviewed by at least two
independent board-certified psychiatrists, with confidence in
PTSD determinations rated on a 1—5 scale [44]. Diagnoses rated
3 or higher were classified as PTSD cases. From these sources, we
obtained diagnoses of PTSD, major depression, and alcohol abuse
or dependence. Exclusion criteria were neurodegenerative dis-
ease, history of severe traumatic brain injury (or neuropathological
evidence of such), and neuritic pathology [44].

The full sample was 61.2% male with a mean age at death of
44.79 years (SD: 13.93, range: 17.35-92.25; Table 1). The median
age at death was 45 years. This median point was used to a priori
divide the sample into older vs. younger cohorts for age-group
specific analyses.

DNA, DNAm, and related statistical procedures. Procedures for
DNA extraction are described in Supplementary Materials.
Genotypes were determined from DNA extracted from motor
cortex samples and were interrogated on the Illumina Huma-
nOmMni2.5—8 array. Genotype imputation procedures (for second-
ary analyses) are described in the Supplementary Materials. DNAm
was assessed in the dIPFC, vmPFC, and motor cortex with the
lllumina Infinium MethylationEPIC array (Supplementary Materi-
als). The Horvath [45] DNAm age calculation was based on the 335
probes on the EPIC array that overlap those on the 450k array
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Table 1. Demographic characteristics of the sample.
All (n=114) White non-Hispanic (n = 85)
% or M (SD) % or M (SD)

Sex (male) 61.2 60.0

Ancestry

White 75.0 100

Black 25.0

Age at death 44.79 (13.93) 44.72 (13.57)

PTSD 40.5 41.2

Major depression 69.0 753

Alcohol Ab/dep 31.0 34.1

Control 24.1 21.2

BMI 30.75 (8.97) 31.00 (9.39)

Smoker 61.72 65.9

Suicide death 16.4 17.6

Substance use death 46.6 49.4

PMI (hours) 28.73 (8.23) 29.05 (8.81)

RIN 7.95 (1.32) 8.00 (1.21)

Self-reported ancestry is included in the table.

PTSD posttraumatic stress disorder, ab/dep abuse/dependence, BMI body

mass index, PMI postmortem interval, RIN RNA integrity.

used to develop the algorithm [46]. Estimated percentage of
neurons from each region was computed using the CETS method
[47] and included as covariates to control for cellular hetero-
geneity (Supplementary Materials). Two sets of ancestry principal
components (PCs) were calculated, each from 100,000 randomly
chosen common SNPs (at least 5% minor allele frequency;
see Supplementary Materials for details). The first set was
developed to capture ancestral variation across all ancestries in
the sample (global ancestry) and the second set was developed
within the white non-Hispanic subsample (the largest in the
cohort) to represent any cryptic population substructure within
that cohort. The top three PCs were included in each set of
analyses as covariates, as appropriate to the composition of the
cohort in a given analysis.

RNA sequence data and related statistical procedures. RNA was
extracted from each frozen tissue section, and library preparation
conducted using the Illlumina TruSeq Stranded total RNA kit with
globin depletion. Libraries were then sequenced using Hlseq 2500
(Supplementary Materials). The pipeline for determining gene
expression included adapter removal and quality filter of reads
with trimmomatic [48], alignment to the hg38 genome with STAR
[49], transcript quantification with Kallisto [50, 51], and quantifica-
tion of KL gene expression with the tximport Bioconductor
package and log transformed using the regularized log transfor-
mation (rLog) method implemented in DEseq2 [52]. Cell types
(astrocytes, endothelial cells, microglia, mural cells, neurons,
oligodendrocytes, and red blood cells) were estimated using
BraininABlender and controlled for in all RNA analyses.

Data analyses. We first calculated the Horvath DNAm age
estimates and compared them with age at death (i.e, chron-
ological age) using correlation. We then regressed age at death
out from the DNAm age estimates to generate “DNAm age
residuals” to index a dimension of residuals reflecting advanced to
slowed cellular aging for each brain region (i.e, the primary
dependent variable in subsequent analyses) and compared these
values across brain regions via correlation. Next, to test Aim 1, we
conducted multiple linear regression analyses in the white non-
Hispanic decedents (separately for each brain region). These
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analyses were conducted in the older cohort (where we
hypothesized an effect) with multiple testing correction across
the three regions (see below). We also tested for association in the
younger cohort and in the full cohort for completeness, using the
same multiple testing correction. In each of these models, we
included demographic covariates (the first three ancestry sub-
structure PCs, sex), methodological covariates (postmortem
interval, RNA integrity [RIN] value, percentage of neurons the
DNA was extracted from as estimated from the DNAm data), and
PTSD diagnosis in the first step of the model. The second step
added the SNP, and the third step added the interaction term for
PTSD X rs9315202. The multiple testing correction used a
procedure that permutes PTSD case status and adjusts the p
value based on the correlational structure among the DNAm age
residuals across the three brain regions (e.g., [24]). Significant
results were further evaluated in separate models by including
additional covariates in the model related to manner of death
(death by suicide, death by substance use). Although we were
focused on rs9315202 in interaction with PTSD, we wondered if
other KL variants might also relate to DNAm age residuals or
account for effects attributable to the candidate SNP. Therefore,
we conducted follow-up regressions (parallel to the models
described above) examining common variants in the gene (n=
211 variants beyond rs9315202) to determine if they showed
significant interactions with PTSD on DNAm age residuals
(Supplementary Materials).

To test Aim 2, we entered the main effects of several clinical
variables including PTSD comorbidity (major depression and
alcohol abuse/dependence diagnoses) and other lifestyle/beha-
vioral factors (body mass index [BMI], cigarette use) that have
previously been associated with epigenetic aging in blood [53, 54]
in a regression in the full sample, as we did not have a priori age-
related hypotheses regarding the main effects of psychopathol-
ogy and lifestyle factors on DNAm age (age-specific hypotheses
were only relevant to KL analyses and KL was not included in this
model). We followed the same permutation procedure for
multiple testing correction across the three regions as
described above.

To test Aim 3, we obtained KL expression levels and examined
the association between DNAm age residuals and KL expression,
controlling for 7 cell types the RNA was extracted from, age at
death, sex, RIN, PMI, and 3 ancestry PCs in the all-ancestry older
(hypothesized) cohort. To be thorough, we also conducted the
analysis in the full cohort and the younger cohort. We then
conducted a follow-up mediation model (path analysis) in which
we examined the indirect effects of rs9315202, PTSD, and their
interaction on KL expression via DNAm age residuals in the older
white non-Hispanic cohort.

Effects of rs9315202 on KL regulation
To test Aim 4 and determine the effects of rs9315202 on KL
regulation, we cloned the rs9315202 containing region into the
enhancer region of KL 4 kb promoter in firefly luciferase (FLuc) and
NanoLuc luciferase (NLuc) coincidence reporter [55]. To do so, the
3.5kb genomic DNA region flanking the rs9315202 variant was
PCR amplified from the human kidney cell line HK-2 genomic DNA
and cloned to replace the SV40 enhancer region of pNLCol1-5V40-
KL4000 using Clontech HiFi and In Fusion cloning kit according to
the manufacturer’s protocol using the following primers:

5-AAATCGATAAGGATCCATGAGTGGTTGCTAGCTAAT-3’ (Enhan-
cer forward)

5-ATACGCAAACGGATCCTCTCTATCTGACCCATCCATCTTCC-3/
(Enhancer reverse)

5-GGATCCGTTTGCGTATTGGGCGCTC-3’ (Vector forward)

5/-GGATCCTTATCGATTTTACCAC-3’ (Vector reverse).

The mutagenesis to produce rs9315202 was performed using
Clontech HiFi and In Fusion cloning kit using the following
primers:
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5/-ATGATAATCTGTCTTACTAGGTAGAGAGGCAGTAAAAC-3' (T var-
iant forward)

5-AAGACAGATTATCATTCCTTCCTCTGAATATATAGGATGGAGC-
3/ (T variant reverse).

Transfection was accomplished via HEK and HK-2 cells grown on
poly-D-lysine-coated plates in 96, 12, or 6-well formats. Twenty-
four hours after plating, cells reached 70—80% confluency and
were transfected with reporter plasmid or control plasmid.
Transfections were carried out using Mirus TransIT-X2 with 100
ng, 1 ug, or 2 ug of total plasmid DNA per well in 96, 12, or 6-well
plates, respectively. Transfection medium was removed and
replaced with fresh medium after 5 h.

For measurement of FLuc and NLuc expression, the coincidence
reporter vector under the KL promoter, Nano-Glo® Dual-
Luciferase® Reporter Assay System (cat. N1620, Promega) was
used according to manufacturer’s instructions. The luminescence
was measured using a plate reader (GloMax® Discover System,
Promega).

RESULTS

PTSD brain bank: DNAm age estimates

The correlation between Horvath DNAm age estimates and age at
death ranged from r =0.92 to r = 0.93 (ps < 0.001) across the three
brain regions. The estimates of DNAm age correlated with each
other across brain regions also at r = 0.92 to 0.93 (ps < 0.001). The
DNAm age residuals correlated with each other at r=0.50 to 0.51
(ps < 0.001) across the three regions.

Aim 1: rs9315202 X PTSD as a predictor of DNAm age residuals
To test our hypothesis for Aim 1, we entered PTSD, rs9315202, and
their interaction as terms in a regression predicting age residuals
in each region in the older white non-Hispanic cohort. After
controlling for covariates (Table 2), we found a corrected
significant positive interaction between PTSD and rs9315202 on
DNAm age residuals in motor cortex in the older cohort (p = 0.002,
corrected p=0.014; Table 2, Fig. 1). The positive association
between PTSD status and DNAm age residuals was evident among
those with the minor allele (A) but not those with the major allele
(G). In follow-up analyses, we additionally controlled for manner of
death covariates (death by suicide, death by substance use), and
found that neither was associated with DNAm age residuals in
motor cortex (p =0.15 and 0.17, respectively), while the interac-
tion term remained significant (p = 0.005). As expected, the effect
of rs9315202 X PTSD on DNAm age residuals in the motor cortex
was specific to the older subset: This effect was not observed in
the younger cohort (pmotor =0.78), nor was it evident in the
combined all-ages sample (Pmotor = 0.38, Paiprc = 0.57, Pumprc =
0.56; Table 2). We then examined additional common variants in
KL (n=211), and found that while several yielded similar or
identical significance values, these were all in high or complete
linkage disequilibrium (LD) with rs9315202 and none yielded
meaningfully more significant interactions with PTSD (or main
effects) in any region or cohort than the rs9315202 X PTSD
interaction effect in the older cohort in the motor cortex (Fig. S1
and Supplementary Materials).

Aim 2: PTSD comorbidity as a predictor of DNAm age residuals

We next examined the main effects of PTSD comorbidity and
behavioral factors in association with DNAm age residuals in the
full sample in each region. Results revealed a nominally significant
main effect for alcohol abuse/dependence diagnoses in associa-
tion with DNAm age residuals in motor cortex (p=0.039,
corrected p =0.100; Table S1; Fig. S2). Based on these results,
we ran additional analyses in which we included the aforemen-
tioned potential time-of-death confounds in the model and found
that none of the covariates were significantly associated with
DNAm age residuals in this region (smallest p=0.102) while
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alcohol abuse/dependence remained (nominally) significantly
associated (p=0.029). We also examined the same model
separately in men and women in motor cortex because our main
effects for psychopathology on DNAm age residuals in our
previous studies were conducted in veteran samples that were
nearly entirely male. Results suggested that the nominally
significant effect for alcohol abuse/dependence in the full sample
was likely driven by the men as alcohol abuse/dependence was
nominally associated with DNAm age residuals among the men
(p =0.021; Table S2) but not the women (p = 0.53, Table S2). The
effect was still significant (p =0.012) when the aforementioned
covariates were added to the male-only model.

Aim 3: advanced epigenetic age as a predictor of KL expression
We then examined the association between DNAm age residuals
in motor cortex and KL expression in the same region (i.e., the
region where we found an effect for PTSD X rs9315202 on DNAm
age residuals), controlling for 7 cell types the RNA was extracted
from, age, sex, RIN, PMI, and 3 ancestry PCs in the older cohort
(including all subjects, regardless of race as genotype was not
included in the model). We found that DNAm age residuals were
associated with decreased KL expression in motor cortex in the
older cohort (B=-0.022, std = —-0.434, p=0.032, Table 3,
Fig. S3). We next proceeded to test our planned mediation model
to examine the indirect effect of PTSD, rs9315202, and their
interaction on KL expression in motor cortex via DNAm age
residuals in motor cortex in the subset of older, white non-
Hispanic decedents. We found significant indirect effects of the
interaction term on KL expression through DNAm age residuals
(indirect B=—0.116, std indirect f = —0.198, p =0.027; Fig. S4),
controlling for 3 ancestry PCs, age, sex, RIN, and PML."? In total, the
model explained 37% of the variance in DNAm age residuals in
motor cortex and 43% of the variance in KL expression in motor
cortex.

The effect that we observed for DNAm age residuals as a
predictor of KL expression in motor cortex in the older cohort was
not evident when we ran the same regression model in the
younger cohort (3 = —0.008, std B =—0.178, p =0.265, Table 3).
The effect was significant in the combined-age sample (8=
—0.010, std B =—0.216, p =0.042, Table 3), but this was clearly
driven by the older members of the cohort given that the effect
was not significant in those below the median age.

Aim 4: molecular effects of rs9315202 on regulation of KL
expression

The KL variant (rs9315202) is located 1734 bps downstream of the
KL coding region (Fig. S5A). The region that contains the SNP of
either wild type (WT, i.e. common allele) or rs9315202 mutant (i.e.
minor allele) was cloned into a dual-luciferase enhancer reporter
system to evaluate the effects of allelic variation at rs9315202 on
KL gene regulation. In this system, Fluc and PEST-destabilized
NlucP are expressed off the same KL 4kb promoter using
ribosome skipping mediated by the P2A peptide (Fig. S5B). We
amplified 3.5 kb of genomic DNA sequence from HK-2 cells and
cloned into the enhancer region of the FLuc and NLuc luciferase
coincidence reporter containing the 4 kb or the 1.8 kb KL promoter

"Because this was a smaller subgroup analysis of older, white non-
Hispanic decedents, we dropped the seven cell type variables from
the path model so as not to overfit the model. None of the cell type
variables were significantly associated with KL expression in motor
cortex in the multiple regression models (Table 3).

’The path model fit the data well per standard fit indices: X2 (1,n=
43) = 0.17, p = 0.68, root mean square error of approximation < 0.001,
standardized root mean square residual = 0.012, confirmatory fit
index = 1.00, Tucker-Lewis index = 2.057. The model was estimated
with maximum likelihood estimation.

Neuropsychopharmacology (2021) 46:721-730



Klotho, PTSD, and advanced epigenetic age in cortical tissue

EJ Wolf et al.

725

VN 8960 L¥00 5000 €060 L£00 VN ¥6£0 €9C0— LS00~ 6¥¥L L8€0— VN 9890 80¥0 SL00 08€’L €990 asld
VN 640 T8C0 €€0°0 0S00 t100 VN 8790 6870 ¥80°0 7800 0¥0°0 VN 060 89C0— 6V00— LL00 6l00— INd
VN 780 8.T0 €€0°0 G9€0  LOLO0 VN 1060 SCL'0 €200 0650 .00 VN /T80 0CC0 0v0°0 9Ls'0  €LL0 NIy
VN 09€0 T¢60— 60L0—  €88C LS9CT— VN 1S6'0 7900 CLo0 8LC'S Lzeo VN 6£C0 86L'L— 8lCT0— OVOY L¥8Vv— SUOIN3N %
VN 7180 6£C0— 0€00—  £LZ60  LTTO— VN Sl90 £0S0— T600—  ST¥'L €CL0— VN 7860 €700 7000 ¥8€°L Leoo X3S
VN 8LL'0 T8SL €810 S00Y  vEE9 VN ¥2¥'0 0180 LZ1'0 Lov'L €66'S VN €¥T0 68L°L [44 4] €/€9 089/ €2d
VN Ll60 ZLLO €100 €98°€  LEYO VN L€60 /800— 8lO0— 896 980~ VN /80 TLTO 8100 006y  CTEEL ¢od
VN 0990 SSVO—  TSO00—  LL8€  19/°L— VN 7980 9/L'0— 9€00— /89/L 90lL€— VN G€80 O0OLZ0— 9€00— 6lCF S880— L2d
| dais
D4dwa
9ty 6L£0  ¥880 €810 €LVl 0STL ¥86" T8L0 6LT0 8600 0zr'e 9/9°0 7100  T000  Lov'E 0z80 865l  0€9'S aSld X dNS
€ daas
VN lOT0 68CL— /¥L'0— €890 0880— VN SLE€0 0C0'L— S9lL'0—  LZoL L0 L— VN ShT0 98L'L— S6L0— TL60 18O'L— 0TS Le6ss
z daas
VN /880 €L'0—  LLO0— 8460 OFLO— VN  £E€0 /60—  SLL'O—  LLSL LES'L— VN 940 /8TO 800 €vE'lL S8E0 aslitd
VN 1090 S¢S0— 6S00— €500 8TO0— VN /990 /LSO L60°0 ¥80°0 8700 VN /600 90/'L— 88T0— 0L00 6LL0— INd
VN SETO0  Z6l°L orL0 (40 VR A0] VN $9€0 1260 6¥1°0 €790 .50 VN 1L6€0 6980 13440 00S'0  tEVO NIY
VN SZl'0 €SSL vL1°0 SLEY €619 VN €70 SLLL 981°0 LES'L or'8 VN 6SL'0 Tv¥L YE€T0 Lov's L8 SUOIN3N %
VN 06L0 tT€EL 9G1°0 9660  8LE'L VN S080 6¥C0— L¥00—  00S'L €LE°0— VN €C00 08€T ¥6€°0 ¥8T'L  9S0°€ X3S
VN 660 SvO'L £11°0 lzey  9lsy VN €600 97CT LEVO 6SL'L (VAN VN 6V€E0 0560 0910 8¢9 9l6'S €2d
VN  £T¥'0 6610 0600 Logy  9ev'e VN $€00 LlCT 8LY'0 99€'0L  Sl6TT VN 160 [9C0— ¥¥0O0— v/8Y COEL— ¢od
VN  £890 9¥¥0 6700 9€Ty  688L VN 92€0 9660—  €8L0—  T6LLL  LTLLL— VN €S€0 L¥60 VA4V SOy  +¥89°€ L2d
L daig
1010\l
L19"  S95°0  //S0 €LLo Lsz’L  czTLo ¥08  L/¥O 0TLO 9/T0 LELT YeSL [44: A, A VS 4] €€C0 L10T  S69°L Aasld X dNS
¢ das
VN 200 ZP80— ¥600— tvC90 9TS0— VN 8€T0 €0CL— 60T0— 6880 690°L— VN 7€80 tlZ0— 9€00— LOOL  ¥LTO0— 20zsLe6sd
z daas
VN SPE0  LS60 8010 7680 8¥80 VN 790 S0€0 6500 08¢€’L LZv'0 VN 8/T0 +OL'L S81L0 ost’'L  009°L asid
VN 8lZ0 LPTL— 9€L0— 8700 0900— VN 2080 TSC0 S¥0'0 9/00 6100 VN /900 /68'L— SLEO0— SZ00 L¥l'O— INd
VN P¥LEO0  tLOL £11°0 69€0 Y¥/E€0 VN #2790 S6¥°0 £80°0 9290 04T°0 VN LPS0 8190 €010 SPS'0  LEEO NI
VN $280 €¢C0 S200 8€€'E  9v/L0 VN  ¥2L0 £SE€0 6900 £9€°9 LLze VN €080 LSC0— O0VO0— 969F 08L'L— SUOIN3N %
VN 8/T0 €60°L £21°0 7160 6660 VN 260 9970 L¥0°0 90€°L LYE0 VN TS€0 t¥60 Lo L €9€L X3S
VN 000 /8€0 [470V] GE6'E  €TSL VN €250 SP90 GEL'0 CLL9 [43%4 VN €€£0 t¥E0 8500 8G/9  ¥IET €2d
VN $9€0 ¥160 6600 098'€  [TS€E VN S¥90  S9%°0 9600 902’6 6Tt VN S0S0 S/90— 90L0 l66v  £9€°€ ¢od
VN ¥l00 60ST €470 L18'E  [TL'6 VN S6t'0 1690 9€1'0 €/¥'SL 9890l VN +¥00 660C £V€0 Lv9vy  LvL'6 L2d
| da1s
24dIp
1100-d d ] d pas 35 g Mod-d d ] d pas 35 g Mod-d d ] d pis ELS g 3|qenepn

(58 = u) 3|dwes pauiquiod

(sp = u) sieak Gp > aby

(¢ = u) s1eah gy 2 36y

'suolbal ulelq 321y} ssolde sjenpisal abe WyNQ U0 dS1d PUB ZOZSLEGS! UaMIS] suondelaiu|  °z 3jqel

SPRINGER NATURE

Neuropsychopharmacology (2021) 46:721 - 730



Klotho, PTSD, and advanced epigenetic age in cortical tissue

726

=
=
<]
b
Q
Q
-
n
0 | =
1z
s|a
<@
o
&
w A
el
1]
£
o
IS
(e}
Ul
=
=
<]
b
Q
Q
-
«
el
R
P )
)
<
Il
£
o | w
s |»n
9]
>
wn
<
\
]
o
<l
=
[}
Y
Q
Q
-
«
<slo
N
< | &
Il
£
2
w
2 |o»
>
wn
<
Al
o | &
9]
:<cn
c
=]
c
o
v
: Q
~N o)
2 .©
= =
<
s >

Step 2

NA —0.206 0976 —0.038 —0.211 0.834 NA —-0.812 0623 —-0.153 —1303 0.196 NA

0.055

0.898 —0.345 —1.990

—1.787

rs9315202

Step 3

.609

1757 —-0.199 —-0.718 0.478 .880 —0.229 2124 -0.039 —-0.108 0915 .999 —-0.727 1237 —-0.120 —-0.588 0.559

—1.262

SNP x PTSD

Sample was limited to the white non-Hispanic subjects due to concerns of population stratification and the PCs that were employed for these analyses were ancestry substructure PCs.

SE standard error, std standardized, corr corrected, dIPFC dorsolateral prefrontal cortex, PC principal component, RIN RNA integrity number, PMI postmortem interval, PTSD posttraumatic stress disorder, SNP single

nucleotide polymorphism, vmPFC ventromedial prefrontal cortex, NA not applicable.
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rs9315202
(# of minor
15.00 allele A)

0(GG)
T M1 (AG)
M2 (AA)

10.00

5.00

RETES I

-5.00

Horvath DNAm Age Residuals from Motor Cortex
(Mean)

Negative Positive

PTSD

Fig. 1 PTSD is associated with advanced epigenetic age in motor
cortex as a function of rs9315202. The figure shows mean (error
bars represent +/—1.96 SE) DNAm age residuals in the motor cortex
in the older cohort as a function of PTSD diagnosis and genotype at
rs9315202.

(Fig. S5B). We examined the enhancer activities of rs9315202 minor
allele and WT constructs by transfecting the dual-luciferase
reporter into HK-2 cells that express KL endogenously. The results
showed that single point C>T mutation (reverse strand as that
reported for brain bank cohort) at the SNP position resulted in
significant reduction in dual-luciferase reporter activities for both
KL 4 and 1.8 K reporter systems (Fig. 2). These results demonstrate
that the rs9315202 variant drives a change in KL transcriptional
activities.

The 3.5 kb genomic DNA from HK-2 cells was then sequenced
(Fig. S6). By searching ncRNA database in RNAcentral.org using the
sequence flanking SNP rs9315202, we found an ncRNA with ID
HSALNG0096254 that is 1729 bases in length (Fig. S6). We refer to
this ncRNA as ncRNA1729 for its length.® These data indicate that
the ncRNA1729 within the enhancer region alters KL gene
expression, suggesting that variation at rs9315202 may affect
the ncRNA function in KL gene expression.

DISCUSSION

The KL gene was named for the Greek goddess, Clotho, who was
said to spin the web of life and thereby determine human lifespan.
Our results underscore the apt naming of the gene, as Clotho
transcends mythology to promote accelerated epigenetic aging in
brain tissue. Specifically, we showed that the KL SNP rs9315202
moderated the association between PTSD and advanced epige-
netic age in motor cortex, such that PTSD was associated with
advanced DNAm age among those with the minor frequency
allele (A) at this locus. The effect was evident only in relatively
older decedents in the sample, consistent with our prior results in
living subjects which found that the impact of rs9315202 on the
association between PTSD symptom severity and advanced
epigenetic age in blood was accentuated in older adults [27].
No other KL variant (out of an additional 211 imputed genotypes)
evidenced a more significant association with DNAm age residuals
(alone or in interaction with PTSD) in any brain region or cohort.
Rather, variants in high LD with the candidate SNP showed
equivalent patterns of interaction with PTSD. These follow-up
analyses bolster our decision to focus on our candidate SNP in the
older cohort.

3The brain bank RNA sequence data did not have coverage of this
transcript thus we were unable to examine this ncRNA in the brain
bank data directly.
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Table 3. Effects of DNAm age residuals on KL expression in motor cortex.
Age 2 45 years (n =39) Age < 45 years (n =53) Combined Sample (n=92)

Variable B SE Std B t p B SE Std B t p B SE Std B t p
Astrocyte 0.031 0.118 0.067 0.264 0.794 -0.021 0.105 —-0.046 —0.200 0.843 —-0.029 0.070 —-0.064 —-0416 0.678
Endothelial 0179 0263 0266 0679 0504 0.141 0.143 0242 0983 0332 0.144 0.106 0234 1.362 0.177
Microglia —0.009 0.123 -0.018 —0.074 0942 -0.004 0.069 -0.010 -0.053 0.958 —0.020 0.050 —0.048 —0.403 0.688
Mural —0.526 0329 -—-0.641 —-1596 0.124 -0.299 0.154 —-0.443 -—-1.947 0.059 -0.369 0.125 —-0.505 —-2.962 0.004
Neuron —0.016 0.134 —-0.038 —0.121 0.905 0.033 0.146 0.056 0.223 0.825 0.008 0.089 0.016 0.091 0.928
Oligodendrocyte 0.088 0.089 0.219 0.984 0.335 0.114 0.072 0.343 1.600 0.118 0.097 0.049 0.273 2.007 0.048
Red blood cell —0.042 0.136 —-0.064 —-0.309 0.760 0.045 0.099 0.076 0451 0.655 0.023 0.070 0.037 0.322 0.748
Age @ death —0.004 0.008 —0.103 —0.532 0.600 —0.002 0.005 -0.075 -0429 0.670 -0.001 0.002 -0.070 -—0.618 0.539
Sex 0.132 0.079 0.308 1.660 0.110 0.010 0.070 0.025 0.143 0.887 0.055 0.044 0.133 1.257 0.213
RIN —0.041 0.059 —-0.168 —0.700 0.491 0.022 0.036 0.097 0.613 0.543 -0.003 0.026 —-0.013 —-0.121 0.904
PMI —0.001 0.005 -—-0.045 -—-0.227 0.822 -0.002 0.005 -—-0.076 —-0.431 0669 -0.003 0.003 -0.125 -1.145 0.256
PC1 0.262 0.520 0.102 0.504 0619 -0.342 0334 -0.166 —-1.023 0313 -0.178 0.230 -0.079 -0.775 0.441
PC2 0599 0475  0.243 1262 0220 -0.169 0.366 —0.069 —0.460 0.648 0.105 0.249 0.043 0423 0.673
PC3 —0.068 0.716 —0.017 -0.095 0925 -0.070 0.379 -0.029 -0.186 0.854 —0.227 0.282 —0.081 —0.806 0.423
DNAm Age Res  —0.022 0.010 —-0434 -—-2278 0.032 -0.008 0.007 -0.178 —1.132 0.265 —-0.010 0.005 —-0.216 —2.069 0.042

SE standard error, std standardized, RIN RNA integrity number, PMI postmortem interval, PC principal component, DNAm DNA methylation, Res residuals.

The interaction between rs9315202 and PTSD in these data was
indirectly linked to reduced KL mRNA expression in motor cortex
via advanced epigenetic age in this same region. This effect, too,
was driven by older decedents in the sample. Reduced KL
expression is thought to be a risk factor for weakened synaptic
activity and cognitive decline (e.g., [9]), particularly at older ages
where KL enhancement is needed to protect against age-related
neurocognitive loss. Examination of the molecular effects of allelic
variation at rs9315202 further supported our hypothesis that this
SNP exerts regulatory effects on KL expression as the polymorph-
ism was found to be associated with alterations in KL transcription
via ncRNA. Specifically, the 3.5 kb downstream region of KL may
act as an enhancer to regulate KL gene expression.

Long ncRNAs are significant in that they regulate gene
expression without directly transcribing the gene. These tran-
scripts are common throughout the genome and one of their
major roles is to alter chromatin structure, which has downstream
effects on gene expression [56]. This commonly occurs at DNAasel
hypersensitivity sites, which are located at open (and therefore
modifiable) ends of chromatin, known for their role in transcrip-
tional binding and gene regulation [57]. Thus, rs9315202 may
exert effects on KL expression in older, stressed populations
through intermediate effects on chromatin structure modifications
that promote accelerated aging. This is likely to be tissue-specific
given that the effect of this SNP on KL expression in the brain bank
data was indirect and moderated by PTSD. Additional molecular
work, such as identifying the expression patterns and cell types of
ncRNA1729 in brain tissue and using CRISPR gene editing
technology to study the effect of rs9315202 on KL gene regulation
via ncRNA1729 in cell lines, is needed to further characterize the
effects of rs9315202 on ncRNA1729 function and on KL gene
regulation.

In addition to replicating the results from our prior work in
blood demonstrating a PTSD X rs9315202 interaction on advanced
epigenetic age, we also replicated results from a distinct
longitudinal study [24] in which we found effects for alcohol
abuse/dependence on an accelerated pace of epigenetic aging
over time [24]. In this study, there was a nominally significant
association between alcohol abuse/dependence diagnoses and
advanced epigenetic age in motor cortex. Other labs have also
found evidence (albeit not consistently so) of associations

Neuropsychopharmacology (2021) 46:721 - 730

between alcohol misuse and advanced epigenetic age in blood
[33, 58, 59] and these results suggest that this effect may be
parallel across blood and brain tissue.

All the effects we observed were only in motor cortex, which
was not expected given prior evidence of associations between
both KL [13, 14] and PTSD [60] with dIPFC. However, motor cortex
shows substantial age-related changes, such as decreased cortical
thickness [37, 61]. As well, KL has known effects on age-related
motor phenotypes [2], including in a mouse study of Parkinson’s
disease [62] which found that KL augmentation ameliorated
Parkinson'’s disease pathophysiology and improved performance
on motor tasks in rodents. Similarly, enhancing KL expression in a
mouse model of amyotrophic lateral sclerosis, a fatal disease
defined by progressive and rapid skeletal muscle wasting and
paralysis, resulted in delayed disease onset, slowed disease
progression, longer lifespan, and reduced expression of a number
of inflammatory genes in motor cortex via reduced microglial
activation, both of which are thought to be major contributors to
progression in the disease [63]. The combined results highlight the
importance of examining multiple brain regions in postmortem
evaluation of accelerated biological aging, as differences in the
pace of epigenetic aging across regions may help to explain the
inconsistent pattern of results in prior studies of psychiatric
disorders and epigenetic age in postmortem brain tissue.

Study limitations and strengths

These results should be interpreted in light of several study
limitations. First, though our sample size in the PTSD brain bank
was among the largest to date to examine associations between
psychiatric conditions and epigenetic age in postmortem tissue,
the sample size was, overall, small and most of our effects were in
yet smaller subsets of the sample (e.g., the older cohort), which
can increase the risk of false-positive (and negative) results. We
attempted to mitigate this concern by testing specific hypotheses
in our analyses that were based on the results of prior studies.
Similarly, given the difficulty in obtaining PTSD-associated
postmortem brain tissue, we did not have access to a second
cohort to test for replication. We were also limited in the brain
regions available for analysis and, thus, we could not examine
other regions that might be of particular interest to aging, PTSD,
and KL, such as the hippocampus. Only left hemisphere tissue was
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Fig.2 Analysis of the effects of mutation on rs9315202 by a dual-luciferase reporter system in HK-2 cells. Firefly (FLUC), NLUC coincidence
reporter system under control of either KL 4Kb (a) or 1.8 kb (b) promoter. The enhancer activities of WT and rs9315202 T variant (Tovar)

constructs were analyzed by dual-luciferase assay.

obtained in the brain bank, thus we could not examine potential
right-lateralized effects. We also did not conduct cloning
experiments outside the rs9315202 region, thus it is possible that
other genotypes are also critical for KL expression in the brain.
These limitations are arguably off-set by the strengths of the
study, including analysis of genotype, DNAm, and mRNA
expression in a single study, evaluation of multiple psychiatric
and behavioral factors thought to relate to cellular aging,
consideration of potential confounds and covariates that might
account for our primary associations of interest, and the
examination of the molecular effects of rs9315202 on KL
regulation.

CONCLUSIONS

Results further highlight the importance of KL and rs9315202 for
the study of accelerated cellular aging in stressed populations. The
SNP moderated the association between PTSD and advanced
epigenetic age in those 45 years of age and older and indirectly
predicted reduced KL mRNA expression in motor cortex via
advanced epigenetic age, with experimental evidence suggesting
that the SNP influenced KL regulation. KL augmentation holds
promise as a therapeutic intervention to slow the pace of cellular
aging and stem the tide of premature disease onset and
neuropathology [55, 64, 65], especially in the populations at
greatest risk by virtue of their advanced age and psychiatric
history. The evidence that psychiatric stress accelerates aging and
is associated with early onset of age-related disease is substantial.
The time has come to extend beyond these observations to
determine the pathophysiology of advanced cellular aging and to
develop personalized therapeutics that will effectively lengthen
Clotho's thread and enhance health and wellness.
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