A pleiotropic ATM variant (rs1800057 C>G) is associated with risk of multiple cancers

Danwen Qian 3, Hongliang Liu 23, Lingling Zhao %3, Sheng Luo®, Kyle M. Walsh?®, Jiaoti

Huang®®, Chuan-yuan Li #"®*, and Qingyi Wei 3%

! Department of Medical Oncology, Shanghai Pulmonary Hospital, Tongji University School

of Medicine, Shanghai 200433, China

?Duke Cancer Institute, Duke University Medical Center, Durham, NC 27710, USA

3 Department of Population Health Sciences, Duke University School of Medicine, Durham,
NC 27710, USA

* Department of Biostatistics and Bioinformatics, Duke University School of Medicine,

Durham, NC 27710, USA

® Department of Neurosurgery, Duke University, Durham, NC 27710, USA

® Department of pathology, Duke University, Durham, NC 27710, USA

" Department of Dermatology, Duke University Medical Center, Durham, NC 27710, USA

8 Department of Pharmacology and Cancer Biology, Duke University Medical Center,

Durham, NC 27710, USA

o Department of Medicine, Duke University School of Medicine, Durham, NC 27710, USA

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For Permissions, please
email: journals.permissions@oup.com.

1202 4890100 S| Uo Jasn Aleiqi Jejus) [eaIpsl 9N Aq GEESEE9/26008Dg/UIIBI/SE0 L 01 /10P/o0IIB-80UBADPE/UIDIED /WO dNOoolWapeoe//:sd)y Wol) papeojumoq



*Correspondence to: Chuan-Yuan Li, Department of Dermatology, Department of
Pharmacology and Cancer Biology, Duke University Medical Center, 905 S LaSalle Street,

Durham, NC 27710, USA, Tel: (919) 681-8754, Email: Chuan.Li@duke.edu; and Qingyi Wei,

Duke Cancer Institute, Duke University Medical Center and Department of Medicine, Duke
School of Medicine, 905 S LaSalle Street, Durham, NC 27710, USA, Tel:(919) 660-0562,

Email: gingyi.wei@duke.edu.

1202 4890100 S| Uo Jasn Aleiqi Jejus) [eaIpsl 9N Aq GEESEE9/26008Dg/UIIBI/SE0 L 01 /10P/o0IIB-80UBADPE/UIDIED /WO dNOoolWapeoe//:sd)y Wol) papeojumoq


mailto:Chuan.Li@duke.edu
mailto:qingyi.wei@duke.edu

Abstract

ATM (ataxia—telangiectasia mutated) is an important cell-cycle checkpoint kinase required
for cellular response to DNA damage. Activated by DNA double strand breaks, ATM
regulates the activities of many downstream proteins involved in various carcinogenic
events. Therefore, ATM or its genetic variants may have a pleiotropic effect in cancer
development. We conducted a pleiotropic analysis to evaluate associations between genetic
variants of ATM and risk of multiple cancers. With genotyping data extracted from previously
published genome-wide association studies of various cancers, we performed multivariate
logistic regression analysis, followed by a meta-analysis for each cancer site, to identify
cancer risk-associated single-nucleotide polymorphisms (SNPs). In the ASSET two-sided
analysis, we found that two ATM SNPs were significantly associated with risk of multiple
cancers. One tagging SNP (rs1800057 C>G) was associated with risk of multiple cancers
(two-sided P=5.27x10"). Because ATM rs1800057 is a missense variant, we also explored
the intermediate phenotypes through which this variant may confer risk of multiple cancers
and identified a possible immune-mediated effect of this variant. Our findings indicate that
genetic variants of ATM may have a pleiotropic effect on cancer risk and thus provide an

important insight into common mechanisms of carcinogenesis.
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Summary: A pleiotropic analysis was conducted to evaluate associations between genetic
variants of ATM and risk of multiple cancers, including cancers of the breast, lung, prostate,
pancreas, head and neck cancer as well as melanoma and glioma. In the ASSET two-sided
analysis, we found that two ATM SNPs were significantly associated with risk of multiple
cancers. One tagging SNP (rs1800057 C>G) was associated with risk of multiple cancers
(two-sided P=5.27x10"). We explored the intermediate phenotypes through which the
missense variant ATM rs1800057 may confer risk of multiple cancers and identified a

possible immune-mediated effect of this variant.

Abbreviations:

SNPs Single nucleotide polymorphisms
GWAS Genome-wide association study
ATM ataxia—telangiectasia mutated

DSBs DNA double strand breaks

LD linkage disequilibrium
PCs principal components
eQTL expression quantitative trait loci

GTEx genotype-tissue expression

OR odds ratio

Cl confidence interval

FDR false discovery rate
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Introduction

In the United States, cancer-related deaths are the second most common cause of mortality,
with an estimated 1.8 million new cancer cases and 606,520 cancer deaths in 2018 (1).
Cancers of the breast, lung, prostate and colorectum account for nearly 50% of new cancer
cases annually. The etiologies of these cancers are complex, and various factors may play
an important role in carcinogenesis of the target tissues, including gene-gene and gene-
environment interactions (2). Even among individuals with the same shared environmental
exposures, only a portion of the exposed will develop cancer, suggesting that genetic factors
substantially modify individual cancer risk. Therefore, identifying the role of these genetic
factors in the development of multiple cancers may improve our understanding of genetic

basis of carcinogenesis.

In the past decade, genome-wide association studies (GWASSs) have identified a
number of cancer-associated single nucleotide polymaorphisms (SNPs), and several
susceptibility loci have also been identified to be associated with risk of multiple cancers (3).
For example, the 12924 locus encoding SH2B3 is associated with risk of cancers of the lung,
colorectum and breast (4), while variants near TERC are associated with risk of colorectal
cancer and glioma (5). The phenomenon of one genotype affecting multiple phenotypic
expressions, including cancer occurrence, is termed pleiotropy (6), and the study of
pleiotropic cancer risk loci refers to the identification of genes or variants that may be
involved in the etiologies of multiple cancers. This is an important step in illuminating shared
cancer etiology and providing an efficient way to identify patients at high risk of multiple

malignancies.

The ataxia—telangiectasia mutated (ATM) protein kinase is one of the members of
phosphatidylinositol 3-kinase-related kinase family, and these kinases initiate repair activities
in response to DNA double strand breaks (DSBs) (7) that are involved in a variety of cellular

events, such as cell-cycle control, apoptosis, transcription, DNA replication and telomere
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maintenance. Specifically, the ATM protein kinase is activated by the presence of DNA
DSBs, resulting in cell cycle arrest, DNA repair and stress response by phosphorylating
downstream targets (e.g. P53, CHK1, CHK2, BRAC1 and c-ABL) (8); subsequent
phosphorylation of P53, CHK1 and CHK2 lead to cell cycle arrest, either in S-phase or at the
G2/M boundary (9). Among these phosphorylated proteins, BRCA1, a key protein involved in
the homologous recombination pathway, influences the repair of DNA DSBs (10) and c-ABL
protein regulates the induction of stress-activated protein kinases for transcriptional
regulation of stress-response genes (11). Traditionally, ATM is believed to suppress cancer
development, but, interestingly, a recent glioma study showed that in response to
spontaneous DNA DSBs, the activated ATM led to tumor growth by the activation of
transcription factors NF-kB and STAT3; moreover, the same study also found that the
activated ATM was essential in sustaining the stemness of patient-derived glioma cells (12).
Furthermore, persistent activation of ATM is required in oncogenic transformation by
enabling global transcriptional reprogramming through chromatin relaxation (13). Recently,
several studies have shown that genetic variants of ATM are associated with risk of cancers.
For example, ATM ¢.7271T>G was found to be associated with breast cancer risk (14), while
ATM rs189037 G>A was reported to increase susceptibility to gastric cancer in Chinese
populations (15). Therefore, we hypothesize that one of the potential mechanisms underlying
these provocative results is'that some genetic variants of ATM account for a heterogeneous

carcinogenesis in response of the target tissues to carcinogenic events.

Most previous studies of pleiotropic cancers were based on a biological pathway-based
analysis, some of which found that SNPs associated with risk of one cancer were also
associated with risk of other cancers (16,17), while others identified some novel pleiotropic
loci to be associated with multiple cancers (4,18). Different from these studies, we focused
on one relatively large and important gene in the present study, because we wanted not only
to identify genetic variants associated with risk of multiple cancers, but also to identify some

pleiotropic variants that might be in linkage disequilibrium (LD) with functional ones and
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potential functional consequence of their allelic change in a well-characterized, biologically
critical gene. By analyzing risk-associated SNPs in such a gene for multiple cancers, the
stringent GWAS criteria for statistical significance may be relaxed in this hypothesis-driven
approach, permitting us to identify significant associations with an enhanced study power.
Hence, to teste the hypothesis that pleiotropic genetic variants of ATM are associated with
risk of multiple cancers, we performed a two-sided meta-analysis to evaluate associations
between genetic variants of ATM and risk of multiple cancers using publicly-available GWAS
datasets for cancers of the breast, lung, prostate, pancreas, head and neck as well as

melanoma and glioma.

Materials and Methods

Study populations

We used publicly-available and independent GWAS. datasets of seven types of cancer with
the access approval from the dbGAP from National Cancer Institute, which included cancers
of the breast (phs001265.v1.p1), lung (phs001273.v1.pl), prostate (19), pancreas
(phs000206.v5.p3) (20), head and neck cancer (phs001202.v1.pl) as well as melanoma
(phs000187.v1.pl), and glioma (phs000652.v1.p1 (21), phs001319.v1.pl (22)). Among
these, cancers of the breast, lung and prostate and melanoma are cancers of the top 10
most common cancers. We included the available European ancestry populations of
126,148 casesand 104,122 controls. Table 1 summarizes the sample sizes of each cancer
site, genotype data, age, sex and PCs variables, which were all available, and the detailed
information is provided in Supplementary Table S1. All subjects signed a written informed
consent permitting use of the genotyping data by these GWASs under the auspices of the

dbGAP from the National Cancer Institute.
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Genotyping data extraction and imputation

We extracted all the common SNPs of ATM in £500 kb flanking regions available in the
GWAS datasets with those through additional imputation, and both genotyped and imputed
SNPs were used for further analysis, if they satisfied the following criteria: within £2 kb up-
and down-stream regions of ATM, minor allele frequency (MAF) = 0.01, genotyping rate 2
95%, and Hardy-Weinberg equilibrium P value = 1x107. Imputation was performed with
IMPUTE?2 using the reference panel of 1,000 Genomes Project CEU data (phase Il release,

October 2014). The number of genotyped and imputed SNPs are shown in' Table 1.

Functional analysis

To identify potentially functional SNPs, we searched for functional annotation of the
significant SNPs with two bioinformatics tools: SNPinfo

(https://snpinfo.niehs.nih.gov/snpinfo/snpfunc.html) and HaploReg

(https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php). In addition, we performed

the expression quantitative trait loci (eQTL) analysis to assess correlations between
genotypes of SNPs and mRNA expression levels by using the linear regression analysis with
the R software. The mRNA expression data were obtained from transformed lymphoblastoid
cell lines derived from the 373 European descendants in the 1,000 Genomes Project (23) as
well as from the whole blood and normal tissues in the Genotype-Tissue Expression (GTEX)
project (24). We also sought to identify intermediate phenotypes that may lie in the causal
pathway between the lead ATM variants and multi-cancer risk by querying associations of
the lead SNPs with other non-cancer phenotypes in public datasets from the ENGAGE

Consortium (telomere length) (25) and the UK Biobank (hematologic traits) (26).
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Statistical analysis

Principal components (PCs) were calculated using the Genome-wide Complex Trait Analysis
(GCTA) on the LD-pruned subset of the whole-genome-typed dataset for each tumor type.
The top 10 PCs were analyzed for their associations with risk of multiple cancers using
logistic regression analysis, and only the significant PCs were included as covariates in the
further analyses. In the analysis of single cancer site, logistic regression analysis was used
to estimate odds ratios (ORs) and 95% confidence intervals (Cl) to measure associations
between each of SNPs and the risk of each cancer site in an additive model with adjustment
for age, sex and PCs, if the data were available. We then performed a meta-analysis to
combine the results of different cancers, in which a fixed-effects model was applied, if the
Cochran's Q-test P-value > 0.100 and the heterogeneity statistic (1%) < 50%; otherwise, a
random-effects model was employed. We then performed the subset analysis by combining
the association signals from the positively- and negatively- associated studies separately
with association analysis for SUbSETs (ASSET), which is a powerful approach for pooling
association signals across multiple traits, when the effect of susceptibility loci may exist only
in a subset or in opposite directions of different cancer sites (27). Finally, we selected the
SNPs that at least existed in two cancer sites and used the two-sided ASSET analysis
results for further analysis. The false discovery rate (FDR) with a cut-off value of 0.05 was
used for multiple test carrections (28). Linkage disequilibrium (LD) was estimated by using
the data from 373 European individuals in the 1,000 Genomes Project with Haploview v4.2,
and regional association plots were constructed by LocusZoom
(http://locuszoom.sph.umich.edu/locuszoom/). All statistical analyses were performed by

using PLINK (version 1.9) and R (version 3.5.0).
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Results

Associations between SNPs in ATM and risk of multiple cancers in the cancer-specific

analysis

The numbers of total, imputed and genotyped SNPs are presented in Figure 1 and Table 1.
In each single cancer site, a multivariate logistic regression analysis with adjustment for age,
sex and PCs as well as a meta-analysis were performed to evaluate associations between
the SNPs and cancer risk. As a result, the numbers of SNPs for different cancer sites were
between 135 and 313 SNPs, leading to 263 SNPs for at least two cancer sites when
combined. The association results of these SNPs in the seven cancer sites are summarized

in Supplementary Table S2.

Identification of pleiotropic SNPs associated with risk of multiple cancers

We assessed associations between the 263 SNPs and risk of multiple cancers based on the
ASSET two-sided analysis. Quantile-quantile plot showed in the Figure 2A indicated that
most of the observed distribution of p-values followed a uniform distribution. Two SNPs were
significantly associated with risk of multiple cancers after multiple test correction by FDR <
0.05 (Table 2) and their association plot is shown in Figure 2B. We grouped these two
genetic variants into one group because they are in high LD (Figure 2C) and used two
bioinformatics tools, SNPinfo and HaploReg, to select potentially functional SNPs (Table 3).
According to SNPinfo and HaploReg, rs1800057 is a missense variant located in an exonic
splicing enhancer or an exonic splicing silencer site, resulting in possible damage to the
functions of the protein, while SNP rs141379009 is located in intronic regions and has no
functionally relevant data; therefore, we chose rs1800057 as the tagging SNP, because it is
more likely to be functional. Our analysis showed that the rs1800057 G allele was negatively
associated with risk of prostate cancer and glioma (OR = 0.86, 95% Cl =0.82-0.91 and P =
1.04x107) but positively associated with risk of melanoma (OR = 1.37, 95% CI = 0.78-2.40

and P = 0.277). The forest plot of rs1800057 is shown in Figure 3.
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In silico functional validation

The data from the ENCODE project predict that rs1800057 and rs141379009 may have an
impact on the transcription, because they are located in the histone modification H3K4
methylation mark (Figure 2D-2E). The experimental data from the transcription factor CHIP-
seq revealed that the minor G allele of rs1800057 might change the Pou2f2, Pou3f2, Pou3f2
and THAP1 motifs, while rs141379009 might affect enhancer histone marks, DNase and

motifs, resulting in changes in the transcriptional activity.

We also evaluated correlations between the two SNPs and ATM mRNA expression
levels using RNA sequencing data of the 373 European descendants available in the 1,000
Genomes Project. Although no significant correlation between either of the SNPs and ATM
MRNA expression levels was observed, there was a trend for the minor allele of rs1800057
and rs141379009 to be associated with a decrease in ATM mRNA expression levels
(Supplementary Figure S1). To further explore potential functions of these two SNPs, we
extracted eQTL results derived from the whole blood as well as other multiple normal tissues
(e.g., the breast, lung, prostate, skin, pancreas, salivary and brain) of the GTEX project
(Supplementary Table S3). As a result, the GTEx data revealed that the rs1800057 G allele
showed a non-significant correlation with an increase in ATM mRNA expression levels in
normal tissues of the whole blood, lung, prostate and skin, while the SNP also showed a
non-significant correlation with a decrease in mMRNA expression levels in tissues from the

breast, pancreas, salivary and brain.

The strongest single-cancer associations with rs1800057 were observed for melanoma,
glioma and prostate cancer (Figure 3), and three cancers have previously been shown to
share overlapping risk loci in the telomere-maintenance pathway (29-32). We therefore
investigated whether rs1800057 or other ATM variants were associated with an inter-
individual variation in telomere length in a sample of >37,000 subjects made available by the

ENGAGE Consortium Telomere Group. While many ATM variants were associated with
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telomere length (Ppin = 9.3Ox10‘6), consistent with the protein’s known role in telomere
maintenance and DNA damage response, neither rs1800057 nor any of its LD proxies
demonstrated even nominally significant associations with telomere length (Supplementary
Figure S2). We next queried the UK Biobank data comprised of 452,264 individuals of
European descent, who were assessed for more than 700 common traits and whose DNA
samples have undergone genome-wide SNP genotyping. Using a PheWAS approach to test
a single variant for an association with numerous phenotypes, we found both the ATM
variant rs1800057 and rs141379009 to be associated at a genome-wide statistical
significance level with several potential intermediate phenotypes (Supplementary Table
S4), including four hematologic traits: red blood cell count, platelet count, white blood cell

count and lymphocyte count.
Discussion

In the present study, we performed pleiotropic analysis for associations between SNPs in
ATM and risk of seven cancers (i.e., cancers of the breast, lung, prostate, pancreas, head
and neck as well as melanoma and glioma) by using genotyping data from previously
published GWAS datasets. The analysis included a total of 126,148 cases and 104,122
controls. Such a large sample size across different cancers allowed us to detect moderate or
weak effects of pleiotropic susceptibility loci. Traditional meta-analysis or pooled analysis
might not be suitable for pleiotropic effect analysis of individual variants, because the true
effects are likely to exist only in a subset of the studies or in different directions. The two-
sided ASSET method allows for non-null studies to have effects in the opposite directions,
detects positively- and negatively- associated subsets, and then combines all association
signals from two directions by using a Chi-square test-statistic (27). Therefore, we used the
ASSET approach to improve statistical power by combining GWAS datasets of multiple
cancers. As a result, we identified one tagging SNP rs1800057 C>G that is a predictor of
multiple cancer risk in populations of European descent. The rs1800057 G allele was

associated with a decreased risk of prostate cancer and glioma, while it was associated with
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an increased risk of melanoma, but no significant association with risk of cancers of the

breast, lung, head and neck and pancreas were found.

ATM, located on chromosome 11, encodes an important cell-cycle checkpoint kinase
ATM that is essential for cellular response to DNA damage. By phosphorylation, the ATM
protein kinase regulates downstream targets, such as suppressor proteins P53 and BRCA1
as well as checkpoint kinase CHK2 (8). ATM has traditionally been considered as a tumor
suppressor that play a central role in signaling for DNA double-strand breaks. One study
uncovered a novel pro-oncogenic role of ATM by using the “oncogenic cocktail” approach
that transformed primary human cells into potent tumorigenic cells, which provides one
possible explanation for a controversial role of ATM in promoting oncogene-induced
malignant transformation through transcriptional reprogramming (13). Several other studies
have shown that genetic variants of ATM are associated with risk of cancer. For example,
one study showed that the ATM missense variant rs1800057 C>G was significantly
associated with risk of prostate cancer (33) and renal cell carcinoma (34). Another study
found that two loss-of-function variant alleles (i.e., chr11:107643195 T and chr11:107629783
A) were associated with an increased risk of gastric cancer in European populations (35).
Furthermore, one GWAS showed that the missense variant rs1801516 A allele was a
protective factor for melanoma (36). Taken together, these results indicated that SNPs in
ATM might have pleiotropic effects across multiple cancers. Consistently, the present study
found that two SNPs in ATM at 11g22.3 were associated with risk of multiple cancers,

particularly for the tagging missense SNP rs1800057 C>G.

The missense SNP rs1800057 C>G is located in the exonic splicing enhancer or exonic
splicing silencer site according to SNPinfo, which may contribute to constitutive and
alternative splicing and possibly lead to damage of the structure and function of the protein.
The main mechanism by which the missense variant rs1800057 may have played a role in
cancer development is the amino acid change P1054R. In addition, rs1800057 C>G is

located in the exonic splicing enhancer or exonic splicing silencer, which results in the

13
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damaging the structure and activity of ATM. Several studies reported that rs1800057 was
associated with risk of prostate cancer (19) and differentiated thyroid cancer (37).
Specifically, the rs1800057 minor G allele was found to be associated with a high risk of
prostate cancer and differentiated thyroid cancer in European populations (19,37), but the G
allele was also found to be non-significantly associated with risk of breast cancer (38). These

results indicate that rs1800057 may have a pleiotropic effect on cancer development.

According to the online Oncomine database, ATM mRNA expression levels were higher
in glioma tumor tissues than in normal brain tissues in the TCGA dataset, lower in tissues
from melanoma and head and neck cancer, but no significantly differential expression in
cancer tissues of the breast, lung, prostate and pancreas (Supplementary Figure S3),
suggesting that rs1800057 might influence epigenetics in those tissues. A PheWAS
approach further demonstrated that the C allele was associated with decreased red blood
cell counts, platelet counts, white blood cell counts and lymphocyte counts, which indicate

rs1800057 possibly contributing multi-cancer risk through an immune-mediated mechanism.

In conclusion, a potentially independent and functional SNP rs1800057 C>G was found
to be significantly associated with risk of multiple cancers, possibly by a mechanism of
changing the amino acid and thus the function of the protein. In the present study, all the
available GWAS datasets were from populations of European descent that may limit the
generalization of the findings to other ethnic populations. Limited by our permission for the
access to the available GWAS datasets, we did not have the data of other major cancers,
such as colorectal cancer, bladder cancer and ovarian cancer. In addition, because only a
few clinical factors were available for analysis and other information, such as smoking status
and histologic diagnosis, was not available for further adjustment, future analysis for a single
cancer site should use the datasets that collect such information. Thus, we have not register
a protocol in the PROSPERO at the design stage which is also a limitation in the present
study. Although we identified pleiotropic effect of several genetic variants in ATM on multiple

cancer risk, the exact molecular mechanisms by which genetic variants may influence risk of

14
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multiple cancers remain unclear. Therefore, our findings call for additional studies to verify
the role of rs1800057 in carcinogenesis across multiple major cancers. Finally, additional
functional experiments are required to explore the underlying mechanisms shared by

multiple cancers.
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Table 1. Summary of the sample sizes and ATM SNPs of each.cancer site included in this study

No. of GWAS

No. of SNPs

Cancer site in each dataset (genotyped/imputed) Cases (No.) Controls (No.)
Breast 11 22/257 21,375 19,610

Lung 20 22/313 12,387 10,383
Prostate 8 22/310 79,148 61,106
Melanoma 2 11/135 2,214 2,822
Pancreas 1 5/214 2,995 2,321

Head and neck 12 31/246 5,205 3,232

Glioma 2 6/199 2,824 4,648

Abbreviations: ATM, ataxia—telangiectasia mutated; SNP, single-nucleotide polymorphism; GWAS, genome-wide association study
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Table 2. Results of the ASSET analysis for SNPs of the ATM gene

Positively associated phenotype clusters Negatively associated phenotype clusters .
SNP Cancer Two-sided P oo
sites OR (95% CI) P Cancer sites OR (95% CI) P
Prostate, 0.86 (0.82- 7 7 4
rs1800057 Melanoma 1.37 (0.78-2.40) 0.277 Glioma 0.91) 1.04x10 5.27x10 1.39x10
rs141379009 Melanoma  1.34 (0.74-2.43) 0.336 Prostate, 086  (082- 1 0gx107 6.46x107 1.70x10™
Glioma 0.91)

* P value based on the ASSET two-sided analysis and the P-value returned for the maximum test-statistics automatically accounts for multiple testing penalty
due to subset search.

Abbreviations: ASSET, association analysis based on subsets; SNP, single-nucleotide polymorphism; ATM, ataxia—telangiectasia mutated; OR, odds ratio;
Cl, confidence interval; FDR, false discovery rate
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Table 3. Function prediction of significant SNPs of the ATM gene associated with multiple cancers risk

SNPinfo* Haploreg v4.12
SNP Splicing nsSNP Ny Ben Enhancer histone DNAse Motifs chanaed Db SNP func
(ESE or ESS) bolyp marks 9 annot
. . Pou2f2, Pou3f2, .
rs1800057 Yes Yes Possibly damaging LIV -- Pou3f2. THAPL missense
rs141379009 -- -- -- 11 tissues SKIN,BRN Tl;ﬁ;(l:é,stxG- intronic

" SNPinfo: https://snpinfo.niehs.nih.gov/snpinfo/snpfunc.html

2 Haploreg:https://pubs.broadinstitute.org/mammals/haploreg/haploreg.php

Abbreviations: SNP, single nucleotide polymorphism; ATM, ataxia—telangiectasia mutated; ESE, exonic splicing enhancer; ESS, exonic splicing silencer;
nsSNP, Non-synonymous: single nucleotide polymorphism; polyphen, polymorphism phenotyping; dbSNP fun cannot, dbSNP function annotation
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