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Genetic influence shapes who develops posttraumatic stress disorder (PTSD) after traumatic events. However, the genetic variants
identified for PTSD may in fact be associated with traumatic exposures (e.g., interpersonal violence), which appear heritable as well.
Childhood cancer survivors (CCS) are at risk for PTSD, but genetic influences affecting cancer are unlikely to overlap with those
affecting PTSD. This offers a unique opportunity to identify variants specific to PTSD risk. In a genome-wide association study
(GWAS), 3984 5-year survivors of childhood cancer of European-ancestry from the Childhood Cancer Survivor Study (CCSS) were
evaluated for discovery and 1467 survivors from the St. Jude Lifetime (SJLIFE) cohort for replication. Childhood cancer-related PTSD
symptoms were assessed using the Posttraumatic Stress Diagnostic Scale in CCSS. GWAS was performed in CCSS using logistic
regression and lead markers were replicated/meta-analyzed using SJLIFE. Cross-associations of identified loci were examined
between CCS and the general population. PTSD criteria were met for 671 participants in CCSS and 161 in SILIFE. Locus 10926.3 was
significantly associated with PTSD (rs34713356, functionally mapped to ECHS1, P=1.36 x 108, OR 1.57), and was replicated in
SJLIFE (P = 0.047, OR 1.37). Variants in locus 6q24.3-g25.1 reached marginal significance (rs9390543, SASH1, P =3.56 x 1075 OR 0.75)
in CCSS and significance when meta-analyzing with SJLIFE (P=2.02 x 1078, OR 0.75). Both loci were exclusively associated with
PTSD in CCS rather than PTSD/stress-related disorders in general population (P-for-heterogeneity <5 x 1076). Our CCS findings
support the role of genetic variation in PTSD development and may provide implications for understanding PTSD heterogeneity.
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INTRODUCTION

Cancer survivors face significant stress at diagnosis and during
treatment, as they often face uncertainty, aversive and painful
medical procedures, insecure prognosis, and possible death or
disfigurement [1, 2]. Childhood cancer survivors (CCS) are
particularly vulnerable to long-term psychological effects, as
cancer and its treatment may profoundly disrupt their physical
and emotional development [3]. Studies indicate that survivors are
at increased risk of developing posttraumatic stress disorder
(PTSD) compared to their cancer-free siblings [4], and as many as
20% are symptomatic many years after treatment completion
[5, 6]. PTSD significantly impacts survivors’ health and quality of

life [3]. Therefore, it is important to identify CCS at risk for PTSD
early and provide appropriate treatment. Prior research on CCS
has identified potential treatment-related risk factors for PTSD,
including radiation at a young age (<4 years) and more intensive
cancer treatment [4]. PTSD symptoms in early adulthood are more
commonly reported by female or unmarried survivors and
those with lower socioeconomic status [4, 7]. However, little is
known about why some survivors develop PTSD symptoms and
others do not.

In the general population, emerging data lend support to a
genetic influence on PTSD [8], with a heritability of 38-46% in twin
studies including both sexes [9, 10]. An increasing number of
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genetic markers of PTSD have been identified by the Psychiatric
Genomics Consortium (PGC) [11] and in the veteran population
[12, 13]. However, the estimated heritability in genome-wide
association study (GWAS) is lower, ranging from 5-20% depend-
ing on sex and subpopulation [11]. In addition to genetic
variations not captured by GWAS, the missing heritability in PTSD
GWAS compared to twin studies is likely due to the heterogeneity
created by different PTSD measurements and different traumatic
events preceding PTSD. A PTSD diagnosis requires both exposure
to a traumatic event and development of a constellation of
symptoms in response. Although trauma exposures are typically
considered external events, interpersonal traumatic events (e.g.,
childhood abuse and interpersonal violence) have been shown to
be significantly heritable [60% in a twin/sibling study and
5.7-12.3% in GWAS] [9, 14] and to overlap with genetic influences
on psychopathology, including PTSD [15]. The genetic effects on
traumatic events suggest that some risk loci may impact risk for
traumatic exposures and some impact risk of developing PTSD
after traumatic exposure, whereas other loci may influence both
[8]. Moreover, in previous GWAS of PTSD [11-13, 16], not all
control participants (those without PTSD) had been exposed to a
traumatic event. Loci detected in prior GWAS are those that stand
out from the heterogenous traumatic exposures experienced by
the entire cohort. In contrast, CCS were all exposed to the same,
non-interpersonal traumatic event, and the genetic contribution
to childhood cancers is relatively small (8-12%) [17, 18] and
therefore less likely to overlap with PTSD psychopathology. This
offers a unique opportunity to identify genetic variants specific to
risk for PTSD.

Leveraging two unique large cohorts of CCS, we aimed to
investigate the genetic contribution to PTSD risk in CCS and
advance our understandings of the potentially shared genetic
markers in relation to PTSD following other traumatic events.

MATERIALS AND METHODS

Study population

A GWAS was conducted using the Childhood Cancer Survivor Study (CCSS)
[19]. The CCSS is a retrospective cohort with longitudinal follow-up that
enrolled 25,665 survivors of childhood cancer diagnosed between 1970
and 1999 from 31 collaborating centers in the USA and Canada, and
enumerates long-term health status, including behavioral and socio-
demographic outcomes [20]. Participants were recruited from individuals
treated for an initial diagnosis of leukemia, central nervous system (CNS)
malignancy, Hodgkin lymphoma, non-Hodgkin lymphoma, kidney cancer,
neuroblastoma, soft-tissue sarcoma, or malignant bone tumors at the
collaborating centers, diagnosed before age 21, and survived >5 years.
Among the original cohort diagnosed between 1970 and 1986 there were
20,267 eligible survivors, with 14,024 (81%) survivors enrolled. The eligible
CCSS population is estimated to include about 40-45% of all U.S. 5-year
survivors from that time period [20]. Genotype data were available for 5739
(41%) participants who were diagnosed during 1970-1986 and 5149
responded to the follow-up questionnaire assessing PTSD symptoms. After
excluding participants who did not complete the PTSD assessment
(n=720), first-degree relatives (having identity-by-descent sharing >0.70
as described elsewhere [21]; n = 61), and non-European-ancestry [as there
were too few to conduct a statistically sufficient analysis; n = 384 (84 cases
and 300 controls)], 3984 European-ancestry participants were included for
analysis. Institutional review boards at each collaborating center approved
the CCSS protocol; all study participants provided informed consent.

The St. Jude Lifetime Cohort Study (SJLIFE) [22] was employed as the
replication cohort. SILIFE is a retrospectively identified and prospectively
followed cohort study of 5-year CCS treated at St. Jude Children’s Research
Hospital (SJCRH). Patients who were treated for a malignancy at SJCRH
between 1962 and 2012 and survived =5 years are eligible for inclusion. At
the time of analysis, SILIFE has enrolled 5017 survivors; among those, 3006
were whole genome sequenced and 2815 completed PTSD assessment.
After excluding the overlapping samples with the CCSS, we included 1467
European-ancestry individuals for analysis. The study was approved by the
SJCRH institutional review board and written informed consent was
obtained from all participants.
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Ascertainment of PTSD

In the CCSS cohort, we assessed PTSD symptoms specifically related to
participants’ childhood cancer experience with the Posttraumatic Stress
Diagnostic Scale (PDS). The PDS has been previously validated and yielded
an 82% agreement with structured clinical interview for PTSD [23]. As part
of the CCSS Follow-up 2 survey, which was administered on average 23.7
(SD 4.6) years after cancer diagnosis, the PDS was sent to all eligible
survivors (n =9308) and completed by 7040 (76%). The PDS includes 17
questions covering re-experiencing, avoidance, and arousal symptoms.
Frequency of each symptom in the prior month is rated on a 4-point scale
from 0 (“not at all or only one time”) to 3 (“almost always”). Symptoms
rated >0 were counted as present. Using these scoring criteria, the PDS has
been shown to have good internal consistency and test-retest reliability, as
well as satisfactory convergent and concurrent validity [24]. Based on the
DSM-IV criteria, participants were classified as probable cases of PTSD if
they had =1 re-experiencing symptom(s), =3 avoidance symptoms, and >2
arousal symptoms. As the secondary outcome, a total score of PTSD
symptoms was calculated by summing the scores of 17 symptom items
and converting it to z-score for analysis. Subscores for re-experiencing,
avoidance, and arousal symptoms were also derived.

In the SJLIFE cohort, the PTSD Checklist Civilian Version (PCL-C) was used
on average 21.0 (SD 8.2) years after cancer diagnosis to evaluate PTSD
symptoms without reference to a specific traumatic event. The PCL-C
includes 17 symptom items on a Likert-scale ranging from “not at all” to
“extremely.” A total score was calculated by summing 17 items (range
17-85), and following published standards, those with a score >44 were
classified as probable cases of PTSD [25]. The PCL-C has been validated in
cancer patients [26] and has shown good internal consistency in SJLIFE [7].

Functional status and psychological adjustment

In the CCSS cohort, functional status was evaluated by using the RAND
Health Status Survey Short Form-36 (SF-36) [27]; and psychological
adjustment was assessed by using the Brief Symptom Inventory-18 (BSI-
18) at the time of PTSD assessment [28]. Consistent with a prior CCSS study
[4], functional impairment was defined as t-score<40 on the “role
limitations due to emotional health” factor, and psychological distress was
defined as t-score = 63 on the Global Status Index scale or t-score = 63 on
any two Depression, Anxiety, and Somatization factors.

Genotyping, imputation, and quality control

In the CCSS cohort, DNA was extracted using standard methods from
blood, saliva, or buccal cells, which were collected at a mean age of 31.7
(SD 8.5) years and on average 23.0 (SD 5.8) years after cancer diagnosis.
DNA was sequenced using the lllumina HumanOmni5Exome array (San
Diego, CA). As described elsewhere [21] and in Supplementary Methods,
information on 26,135,905 single-nucleotide polymorphisms (SNPs) and
small insertions or deletions was available after imputation. In the SJLIFE
participants, DNA were extracted from blood samples obtained at a mean
age of 30.8 (SD 8.8) years and on average 22.1 (SD 8.7) years after cancer
diagnosis. Whole genome sequencing was done using the lllumina HiSeq
X10 sequencers (30x average coverage). After quality control, information
on approximately 84.3 million autosomal single-nucleotide variants and
small insertions and deletions (indels) was available.

Statistical analysis

GWA analysis. In CCSS participants, GWAS was performed using logistic
regression for the analysis of PTSD cases and linear regression for PTSD
symptom score in PLINK (version 1.90) [29]. Analysis was restricted to
variants (n=1,165,557) with minor allele frequency (MAF)=>0.01 and
imputation quality score (INFO) = 0.90. In Model 1, estimates were adjusted
for sex and top 10 principal components (PCs). As described elsewhere
[30-32], PCs were separately calculated by cohort among survivors of
European-ancestry to adjust for the fine-scale population stratification.
Model 2 estimates were additionally adjusted for clinical factors (including
age at diagnosis, cancer type, surgery, chemotherapy, and radiotherapy as
categorized in Supplementary Table 1) and demographic variables
(including educational level, employment status, personal income, and
marital status) as these factors may mediate (rather than confound) the
association between genetic factors and PTSD. Missing values were coded
as an additional category “unknown”. For variants with a P-value <5 x 107
(marginal significant) in Model 1, associations were further assessed in the
SJLIFE cohort followed by a meta-analysis using METAL [33]. P-value < 0.05
in the SJLIFE was considered as nominally significant. Variants with a
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Table 1. Demographic and clinical characteristics of childhood cancer survivors in the CCSS and SJLIFE—mean + SD or N (%).

Individuals, N

Sex
Female
Male

At cancer diagnosis
Age, year

Year of diagnosis
1960-1969
1970-1975
1976-1979
1980-1989
1990-1999
2000-2004

Cancer type
Bone
Central nervous system
Hodgkin's lymphoma
Kidney
Leukemia
Neuroblastoma
Non-Hodgkin’s lymphoma
Soft-tissue sarcoma
Other

Chemotherapy
No
Alkylating agents
Anthracyclines
Both
Other drugs
Unknown

Radiotherapy
No
Radiation to brain
Radiation but not to brain
Radiation, site unknown
Unknown

Surgery
No
Yes
Unknown

At interview
Age, year

Education
High school or less
Some college
College or more
Unknown

Employed
No
Yes

Unknown

Translational Psychiatry (2022)12:342

No PTSD
3313

1753 (52.9)
1560 (47.1)

8.14+5.95

820 (24.8)
769 (23.2)
1,724 (52.0)

286 (8.6)
378 (11.4)
468 (14.1)
335 (10.1)
1049 (31.7)
240 (7.2)
261 (7.9)
296 (8.9)

688 (20.8)
639 (19.3)
285 (8.6)
925 (27.9)
621 (18.7)
155 (4.7)

1126 (34.0)
47 (1.4)
1055 (31.8)
956 (28.9)
129 (3.9)

663 (20.0)
2489 (75.1)
161 (4.9)

31.82+7.73

500 (15.1)
1111 (33.5)
1,702 (51.4)

269 (8.1)
3009 (90.8)
35 (1.1)

CCss
PTSD
671

381 (56.8)
290 (43.2)

8.49+5.87

158 (23.5)
168 (25.0)
345 (51.4)

68 (10.1)
114 (17.0)
95 (14.2)
38 (5.7)
216 (32.2)
30 (4.5)
45 (6.7)
65 (9.7)

134 (20.0)
145 (21.6)
52 (7.7)
182 (27.1)
131 (19.5)
27 (4.0)

187 (27.9)
19 (2.8)
204 (30.4)
244 (36.4)
17 (2.5)

145 (21.6)
499 (74.4)
27 (4.0)

32.18+7.44

140 (20.9)
244 (36.4)
287 (42.8)

128 (19.1)
534 (79.6)
9 (1.3)

P-value

0.067

0.165
0.559

<0.001

0.698

<0.001

0.456

0.252
<0.001

<0.001

No PTSD
1306

595 (45.56)
711 (54.44)

8.56 +5.67

69 (5.28)
47 (3.60)
44 (3.37)
306 (23.43)
688 (52.68)
152 (11.64)

88 (6.74)
212 (16.23)
156 (11.94)
75 (5.74)
388 (29.71)
53 (4.06)
85 (6.51)
81 (6.20)
168 (12.86)

272 (20.83)
170 (13.02)
225 (17.23)
521 (39.89)
118 (9.04)

646 (49.46)
299 (22.89)
361 (27.64)

81 (6.20)
1225 (93.80)

29.37+8.15

376 (28.79)
399 (30.55)
434 (33.23)
97 (7.43)

330 (25.27)
968 (74.12)
8 (0.61)

SJLIFE
PTSD P-value
161 -

0.112
84 (52.17)
77 (47.83)

9.63 +£6.02 0.025
0.193
11 (6.83)
8 (4.97)
8 (4.97)
47 (29.19)
68 (42.24)
19 (11.80)
0.004
13 (8.07)
13 (8.07)
26 (16.15)
6 (3.73)
42 (26.09)
7 (4.35)
23 (14.29)
12 (7.45)
19 (11.80)
0.013
22 (13.66)
15 (9.32)
24 (14.91)
87 (54.04)
13 (8.07)
0.006
77 (47.83)
23 (14.29)
61 (37.89)

0.996
10 (6.21)
151 (93.79)

31.99+7.65 <0.001
<0.001
69 (42.86)
44 (27.33)
32 (19.88)
16 (9.94)
<0.001
71 (44.10)
87 (54.04)
3 (1.86)
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Table 1. continued

CCSS
No PTSD PTSD
Personal income
Below $20,000 1344 (40.6) 372 (55.4)
$20,000-39,999 951 (28.7) 141 (21.0)
$40,000 or above 931 (28.1) 140 (20.9)
Unknown 87 (2.6) 18 (2.7)
Marital status
Single 1309 (39.5) 309 (46.1)
Married or living as married 1,767 (53.3) 299 (44.6)
Widowed, divorced, or separated 208 (6.3) 60 (8.9)
Unknown 29 (0.9) 3 (0.4)
Cigarette smoking
Never 2416 (72.9) 432 (64.4)
Ever 532 (16.1) 102 (15.2)
Current 362 (10.9) 137 (20.4)
Unknown 3 (0.1) 0 (0)
Physical activity
Active 2115 (63.8) 384 (57.2)
Inactive 1,165 (35.2) 278 (41.4)
Unknown 33 (1.0) 9 (1.3)
Health insurance
Insured 2980 (89.9) 588 (87.6)
Uninsured 311 (9.4) 75 (11.2)
Unknown 22 (0.7) 8(1.2)

SJLIFE
P-value No PTSD PTSD P-value
<0.001 0.018
699 (53.52) 104 (64.60)
292 (22.36) 35 (21.74)
283 (21.67) 20 (12.42)
32 (2.45) 2 (1.24)
<0.001 <0.001
552 (42.27) 47 (29.19)
608 (46.55) 65 (40.37)
122 (9.34) 42 (26.09)
24 (1.84) 7 (4.35)
<0.001 <0.001
881 (67.41) 54 (33.54)
177 (13.54) 26 (16.15)
242 (18.52) 78 (48.45)
7 (0.54) 3 (1.86)
0.005 <0.001
752 (57.54) 64 (39.75)
547 (41.85) 97 (60.25)
8 (0.61) 0 (0.00)
0.12 <0.001
1033 (79.04) 106 (65.84)
267 (20.43) 53 (32.92)
7 (0.54) 2 (1.24)

CCSS Childhood Cancer Survivor Study, C/ confidence interval, N number, OR odds ratio, PTSD posttraumatic stress disorder, SD standard deviation, SJLIFE St.

Jude Lifetime Cohort Study.

P-value < 5x 1078, the most widely used threshold for common-variants
GWAS [34], in the CCSS cohort or in meta-analysis were considered
genome-wide significant.

To illustrate robustness of findings, associations of identified variants
were examined by restricting PTSD cases to those with functional
impairment or significant distress, respectively. To shed light on the
specificity to PTSD, the associations of these variants were assessed by
limiting to PTSD cases without clinically significant depression or anxiety,
defined as a t-score>63 on BSI-18 Depression or Anxiety factors,
respectively [35]. In addition, these variants were analyzed for the
associations with overall and PTSD symptom subscores (i.e., re-experien-
cing, avoidance, and arousal symptoms) using linear regression.

Genetic markers were mapped using FUMA (Supplementary Methods)
[36], followed by pathway analysis was performed using MAGMA
(Supplementary Methods) [37]. We also estimated the heritability of PTSD
based on the GWAS summary statistics using the LDSC (version 1.0.1)
software package.

Comparison with other PTSD and psychosocial phenotypes. The associa-
tions of risk loci for PTSD identified in the CCS were compared to known
risk loci for PTSD and stress-related disorders in other populations. Using
the GWAS summary statistics of PTSD by the PTSD working group of PGC
(PGC-PTSD) [11] and of stress-related disorders by the Lundbeck
Foundation Initiative for Integrative Psychiatric Research (iPSYCH) [16],
cross-study associations of lead SNPs of identified/known loci for PTSD/
stress-related disorders were examined for heterogeneity [38]. Briefly, the
ratio of the difference of estimates to its standard error was compared to
the standard normal distribution to test the null hypothesis that the
difference is zero. The regional associations of identified loci (500 kb on
either side of the lead SNPs) were also visualized for these traits by
integrating 1000 Genomes LD data with gene annotation tracks using
LocusZoom (version 1.4) [39].

To shed light on the relations between genetic predispositions of other
psychosocial traits and our phenotype, we calculated polygenic risk scores

SPRINGER NATURE

(PRSs) for these traits in CCS and analyzed the associations with PTSD risk
(Supplementary Methods).

RESULTS

Of the CCSS participants [mean age 820 years at diagnosis,
standard deviation (SD) 5.94; mean 31.87 years at time of PTSD
assessment, SD 7.68], 671 (17.3%) met study criteria for PTSD on
average 23.67 (SD 4.61) years after cancer diagnosis. Compared to
individuals without PTSD, PTSD cases were more likely to have had
radiotherapy [467 (69.6%) vs. 2058 (62.1%); Table 1]. Additionally,
PTSD cases had lower socioeconomic status [high school or less:
140 (20.9%) vs. 500 (15.1%); were unemployed: 128 (19.1%) vs. 269
(8.1%); personal income below $20,000: 372 (55.4%) vs. 1344
(40.6%)], were more likely to be single [309 (46.1%) vs. 1,309
(39.5%)], smokers [137 (20.4%) vs. 362 (10.9%)], and physically
inactive [278 (41.4%) vs. 1 165 (35.2%)]. Similar patterns were
noted for SILIFE participants [161 (11.0%) PTSD cases].

GWA analysis

GWA analysis of PTSD cases in CCSS participants did not indicate
genomic inflation (A =0.998; Supplementary Fig. 1). One locus,
10926.3 was significantly associated with PTSD in CCS
(rs34713356, Model 1: P=136x10% OR 157, 95% Cl
1.35-1.84), which was nominally significant in the SILIFE cohort
(P=0.047, OR 1.37, 95% Cl 1.00-1.87; Fig. 1 and Table 2). Nine loci
reached marginal significance in the CCSS cohort; of these, the
lead SNP in locus 6q24.3-25.1 (rs9390543, P=3.56x 107°, OR
0.75, 95% Cl 0.67-0.85) was genome-wide significant in a meta-
analysis with the SJLIFE cohort (P =2.02x 108, OR 0.75, 95% Cl

Translational Psychiatry (2022)12:342
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Fig. 1

Manhattan plot from the GWAS of PTSD cases in the CCSS cohort, showing the top variants in 10 independent risk loci. CCSS

Childhood Cancer Survivor Study, GWAS genome-wide association study, PTSD posttraumatic stress disorder. This analysis included 671 cases
and 3313 controls. Single-nucleotide polymorphisms in green are in linkage disequilibrium (*<0.1) with the index single-nucleotide
polymorphisms (diamonds) and have a P-value < 0.001. Index variants located with a distance less than 400 kilobase are considered as 1 locus.
The model was adjusted for sex and top 10 principal components. The point estimates are provided in Table 2 and Supplementary Table 2.

0.68-0.83; Table 2). Additional adjustment for clinical and socio-
economic characteristics yielded similar associations for both
variants (Model 2 in Table 1 and Supplementary Fig. 2). Risk of
PTSD by genotype indicated an additive association for both top
variants (Supplementary Table 1). Loci which were not replicated
or did not reach genome-wide significance in meta-analysis are
reported in Supplementary Table 2. The SNP-based heritability of
PTSD was estimated at 0.024 (SD 0.109, P> 0.05) in the CCSS
sample.

In sensitivity analyses, the associations of rs34713356 and
rs9390543 remained comparable after restricting analysis to PTSD
without significant depression or anxiety and to PTSD with
functional impairment or significant distress (Supplementary Table
3). In addition, effect sizes of associations with the overall PTSD
symptom score and subscores were highly consistent for both
variants, although associations of rs9390543 with arousal and
avoidance symptom scores were not significant at a nominal level.

Examining total PTSD symptom scores as a secondary outcome
demonstrated a significant association with one locus in DOK7
(rs573108942, P=2.45x107®) in the CCSS cohort, while 14 loci
reached marginal significance level (Supplementary Fig. 3 and
Supplementary Table 4). However, none were replicated in the
SJLIFE cohort nor significant in meta-analysis.

Comparison with other PTSD and psychosocial phenotypes
Lead SNPs rs34713356 and rs9390543 were not associated with
PTSD in the PGC-PTSD GWAS or with stress-related disorders in
iPSYCH GWAS (P for heterogeneity <5x 10 Table 3). The
patterns of associations within both loci were different from the
regional associations in PGC-PTSD or iPSYCH GWAS (Supplemen-
tary Figs. 4 and 5). However, similar associations in the CCSS
cohort were noted for genetic variants previously identified by
PGC-PTSD and iPSYCH, respectively (effect sizes were similar and P
for heterogeneity >0.05).

PTSD risk in CCS was associated with the PRS for PGC-PTSD
GWAS (OR 1.12 per z-score, 95% Cl 1.03-1.21, P = 0.009; Fig. 2) but
not with the PRS for iPSYCH GWAS (OR 1.06, 95% Cl 0.98-1.15,
P =0.17). When examining the relations between genetic markers

Translational Psychiatry (2022)12:342

of a range of psychosocial traits and PTSD, PRS for major
depression, anxiety, and attention deficit hyperactivity disorder
were associated with increased risk of PTSD in survivors, whereas
PRS for subjective well-being was inversely associated with PTSD
in survivors (nominal P < 0.05; Fig. 2).

Functional annotation

Locus 10g26.3 was positionally mapped to MTGI and the
anchored lead SNP rs34713356 is an intron variant. However,
locus 10g26.3 was mapped to ECHST via eQTL, which shows that
the allele A of rs34713356 was associated with decreased
expression of ECHS1 in blood samples (adjusted P =1.20 x 1073).
Locus 6q24.3-g25.1 is an intergenic locus and mapped to SASHI.
The allele G of rs9390543 was associated with increased
expression of SASH1 in blood samples (adjusted P = 0.003).

In the pathway analysis, 16 molecular pathways were associated
with PTSD in survivors after multiple-comparison correction
(adjusted P < 0.05; Supplementary Table 5). The top three enriched
pathways included pathways regulating the ARF family proteins
associated with GTP-bound active state, modulating cytokine
produced by T-helper 1 cells, and governing programmed necrotic
cell death.

DISCUSSION

To our knowledge, this is the first study to describe the genomic
characterization of PTSD after childhood cancer. Importantly, we
identified two risk loci for PTSD with common-variants that were
replicable in an independent cohort of CCSS and significant in
genome-wide meta-analysis. Moreover, these two loci associated
with PTSD in CCS have not been linked to PTSD or stress-related
disorders in studies of exposures to interpersonal or combat
trauma.

In the present study, we identified two genetic loci not
previously associated with PTSD. ECHS1 associated with locus
10926.3 is a key enzyme involved in mitochondrial fatty acid
-oxidation and many metabolic pathways through catalyzing the
hydration of enoyl-coenzyme A [40]. Deficiency of ECHST protein
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Fig. 2 Polygenic associations between common psychosocial traits and PTSD in childhood cancer survivors. iPSYCH The Lundbeck
Foundation Initiative for Integrative Psychiatric Research, PGC Psychiatric Genomics Consortium, PTSD posttraumatic stress disorder. We
performed polygenic risk score (PRS) analyses using genetic variants of P-value <0.005 from corresponding GWASs of psychosocial traits.
Odds ratios (per 1 standard deviation of standardized PRS) of PTSD in cancer survivors are shown as x-axis, while error bars indicate 95%
confidence intervals. Pink bars denote significant associations (P-value < 0.05).

disrupts mitochondrial functions and may lead to brain pathology,
such as Leigh syndrome characterized by psychomotor regression
[41], and has been linked to psychiatric symptoms [42, 43]. Indeed,
mitochondrial dysfunction may lead to PTSD symptomatology
through abnormal fear learning, brain network activation,
steroidogenesis, and inflammation [44]. SASHT in locus 6q24.3-
g25.1 encodes a scaffold protein, which stimulates cytokine
production through NF-kB signaling pathway and facilitate
endothelial responses to inflammation/infection [45]. This is in
line with the well-documented association between PTSD and
pro-inflammatory state and immune imbalance [46]. Of note, NF-
KB signaling and the role in inflammation have been linked to
some cancer [47]. It is possible that this finding is explained by the
differential distribution, if any, of cancer types between PTSD
cases and controls. However, our analysis with additional control
for cancer type (Model 2) has yielded very similar results. In
addition, neither loci (> 0.1 and 500KB on either side of the lead
SNP) have been associated with cancer according to the LDlink
online tool (https://Idlink.nci.nih.gov/) [48]. It has also been
suggested that genetic variants of SASH1 are associated with
other psychiatric disorders and traits, e.g, comorbid major
depression, alcohol dependence [49], and smoking behavior
[50]. In addition, our pathway analysis lends further support to
the involvement of energy production process and immune
regulation pathways. Although we cannot completely rule out the
possibility of chance findings, it is plausible that both loci are
particularly relevant to PTSD after childhood cancer experiences.
In contrast, these loci have a null association in PGC-PTSD or
iPSYCH [11, 16] and the signal patterns were very different from
our results. The different results might be explained by the
different phenotypes—predominately interpersonal violence-
associated PTSD in PGC-PTSD, stress-related disorders in iPSYCH,
and cancer-associated PTSD in our sample. Future research is
needed to understand the genetic basis for PTSD and related
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disorders that develop after different traumatic exposures (e.g.,
interpersonal trauma, life-threatening disease, and natural
disaster).

In addition to identifying genetic loci specifically associated
with PTSD in CCS, results lend support to a substantial genetic
overlap with PTSD developed after other traumatic events. For
example, known genetic loci identified by PGC-PTSD and iPSYCH
were found to have largely similar point estimates in our sample
(e.g., rs9364611, OR = 0.88 in PGC-PTSD and 0.93 in CCSS), though
the associations in our sample were not statistically significant.
Moreover, analysis showing a positive association between PRS for
PGC-PTSD and PTSD risk among CCS supports the shared genetic
architecture. If replicated in future studies, this may provide
feasible means to develop novel nomograms to predict PTSD risk
in adulthood among CCS. However, a weaker, non-significant
association was also observed between PRS for stress-related
disorders (iPSYCH) and PTSD in our cohort, likely because of the
heterogeneity between PTSD and acute stress reaction/adjust-
ment disorder, all included in the iPSYCH study. Additionally, PTSD
risk in CCS to be positively associated with PRS for depression,
anxiety, and ADHD, whereas inversely associated with PRS for
subjective well-being. This is in line with reports on the genetic
correlations between PTSD and other traits [11]. The common
genetic origin may highlight the potential burden of PTSD
comorbid with other psychiatric disorders, which has been well-
documented in population settings [51-53], but not recognized in
CCS until recently [54, 55].

In addition, our pathway analysis suggests that regulation of
programmed necrotic cell death may play a role in the PTSD
development among CCS. Programmed cell death is an essential
mechanism to regulate number and function of neurons in adult
brain [56]. Animal studies have shown that traumatic exposure
and chronic stress increase the apoptotic cell death in hippo-
campus and cerebral cortex, respectively [57, 58]. Moreover, a
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higher rate of neuronal apoptosis has been found in the
hippocampus of PTSD-like animal model following severe trau-
matic stress [59]. It is plausible that the genetic liability to
programmed necrotic apoptosis in brain interacts with the
neurotoxicity induced by cancer treatment [60]. Indeed, CCS
who received cranial radiation before age 4 have doubled risk of
developing PTSD compared to their siblings [4]. However, future
studies are needed to understand the potential mechanism of
neuronal apoptosis underlying PTSD.

Several limitations should be considered. First, we aimed to
capture survivors with symptoms persisting from childhood
into adulthood or new onset symptoms in adulthood. We may
have missed PTSD symptoms that developed immediately
following the cancer but resolved over time. However,
misclassifying these “resolved” cases into controls would have
led to attenuated associations; and our results should only be
interpreted as risk loci for PTSD symptoms present >20 years
after the traumatic exposure. Second, we identified potential
PTSD cases based on self-report checklist, which is not
equivalent to clinical diagnosis. Moreover, we used PTSD
diagnostic criteria based on DSM-IV; some PTSD cases may
not meet current PTSD criteria as they were revised for DSM-5
[61]. However, the consistent associations across PTSD symp-
tom subscores (i.e., re-experiencing, avoidance, arousal) may
help alleviate such concern. In addition, the importance of
capturing subthreshold PTSD is widely recognized, as it
identifies individuals with a significant symptom burden and
impaired functional outcomes and quality of life [62-64]. Of
note, similar associations were observed after restricting to
cases showing functional impairment or significant distress,
supporting the validity of PTSD ascertainment. Third, the
reference group in CCSS consisted of survivors who did not
meet PTSD diagnostic criteria in young adulthood. Some may
manifest milder PTSD symptoms, have previously had PTSD but
recovered, or have PTSD related to other traumatic events (not
measured in the survey), which may have led to attenuated
associations. Furthermore, assessment of PTSD in the SJLIFE
cohort captured symptoms relevant to all traumatic events,
while in the CCSS cohort PTSD symptoms were specifically
assessed in relation to the childhood cancer experience. PTSD
symptoms related to other traumatic exposures were not
assessed in the CCSS cohort. This could limit replication of
results, as the prevalence of PTSD in the two samples were
statistically different (17% in the CCSS cohort vs. 11% in the
SILIFE cohort). However, the advantage of using these two
cohorts is that through the replication and meta-analysis, the
two discovered loci are specifically associated with cancer-
related PTSD in the CCSS and stand out from the heterogenous
traumatic exposures experienced by all survivors in the SJLIFE.
Last, we excluded participants of non-European-ancestry due to
the relatively small sample size to reach a genome-wide
significance. Future studies including diverse racial and ethnic
backgrounds
are needed.

In conclusion, our findings on CCS support the role of genetic
variation in the development of PTSD. If confirmed in independent
populations, the identified common-variants may help develop
risk stratification for early detection and intervention among CCS.
Future studies based on these novel findings are needed to
understand the heterogeneity of biology underlying PTSD
developed after different traumatic events, and to develop
interventions that address these vulnerabilities.
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