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Currently, it is generally accepted that the cis-acting effects of noncoding variants on gene expression are a major factor for
phenotypic variation in complex traits and disease susceptibility. Meanwhile, the protein products of many target genes for
the identiﬁed cis-regulatory variants (rSNPs) are regulatory molecules themselves (transcription factors, effectors, components of signal transduction pathways, etc.), which implies dramatic downstream effects of these variations on complex
gene networks. Here, we brief the results of recent most comprehensive studies on the role of rSNPs in transcriptional
regulation across the genome.
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A central goal of human genetics is to understand how
genetic variation leads to phenotypic differences and complex diseases. Recent genome-wide association studies
(GWAS) have identiﬁed more than 24 000 SNP–trait associations (MacArthur et al. 2017). The vast majority of
GWAS variants map to noncoding part of genome and are
enriched in regulatory regions (promoters, enhancers, etc.)
suggesting many causal variants may affect gene expression
(Maurano et al. 2012; Bryzgalov et al. 2013; Pickrell 2014;
Farh et al. 2015). Indeed, quite a few SNPs that inﬂuence
gene regulation (rSNPs) and are associated with various
diseases (Edwards et al. 2013; Huang et al. 2015; Diederichs
et al. 2016) have been found so far. It is highly important to
keep in mind that the products of many target genes for
identiﬁed cis-regulatory variants (transcription factors,
effectors, components of signal transduction pathways, etc.)
are regulatory molecules themselves, which implies further
dramatic effects of these variations on complex gene networks. It seems evident that our understanding of the role of
genetic variation in a trait or a disease remains limited
without clarifying the effects of the SNPs located in transcriptional regulatory regions on the associated downstream
genes and pathways. However, the studies into the functional
consequences of rSNPs with regards to widespread effects
on the transcriptome are yet very few. The experimental
design of such studies (see Table 1) usually consists in (1)
http://www.ias.ac.in/jbiosci

overexpression or knockdown of a gene under the control of
an rSNP (the key regulator in the context of this paper); (2)
CRISPR/Cas9 mediated deletion of a regulatory element or a
single nucleotide substitution; and (3) comparison of the
transcriptomes of the cells obtained from carriers of different
genotypes.
In particular, overexpression of the key regulator was used
when examining the downstream effects of rs7132434,
located in 2p12.1 multiple renal cell carcinoma (RCC) susceptibility locus. This locus is an enhancer for BHLHE41 (Li
et al. 2014; Bigot et al. 2016), which encodes a transcription
factor involved in the control of circadian rhythm, apoptosis,
and cell differentiation (Kato et al. 2014). Competitive
binding and super shift EMSAs have shown that the G ? A
substitution (rs7132434) leads to formation of an AP-1
binding site, agreeing well with the luciferase assay data that
demonstrate a signiﬁcantly higher transcriptional activity of
the risk allele A as compared with the alternative allele
(Bigot et al. 2016). The BHLHE41 overexpression has
changed the expression levels of 142 genes, 107 of which
were downregulated (Bigot et al. 2016) consistent with that
BHLHE41 was shown to usually act as a transcriptional
repressor (Kato et al. 2014). In a xenograft model, the
tumors overexpressing BHLHE41 demonstrated a higher
growth rate and a larger mass. Since IL-11 is one of the
genes most signiﬁcantly induced by BHLHE41
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Table 1. The results of recent studies on transcriptomic effects of SNPs, located in genome regulatory regions

Report

SNP

Location

Experimental design

Bigot et al.
2016

rs7132434

12p12.1
(enhancer for
BHLHE41)

BHLHE41 overexpression

Schartner
et al. 2017
Hill et al.
2012

rs4500567

-7,8 kb from
TSPAN TSS
Intron 2 of ZNF804A

knockdown of TSPAN8

Gupta et al.
2017

rs9349379

6p24 regulatory
element

Luo et al.
2017

rs10486567
rs67152137
rs7808935

7p15.2 4kb
(regulatory region
repressive for‘
HOXA13)

Tak et al.
2016

rs6983267

E7 enhancer

CRISPR mediated E7 (2.6 kb) deletion

Ho et al.
2018

rs11849538
rs7160302
rs7359033

30 ﬂank of TCL1A

Szpakowicz
et al. 2015

rs12526453

Intron 4 of the
PHACTR1

Lymphoblastoid cell lines from
homozygous wild-type (C,T,T) and
homozygous variant (G, C, C)
genotypes
peripheral blood mononuclear cells from
CC homozygotes and G-allele carriers

Piras et al.
2017

rs17070145

intron 9 of the
WWC1

Post-mortal hippocampus samples from
individuals with T/T and C/C genotypes

rs1344706

knockdown of ZNF804A

1.CRISPR/cas generated isogenic stem
cell lines homozygous major (A/A) or
minor (G/G) allele
2. CRISPR/cas generated 88 bp deletion
1.CRISPR mediated 4kb deletion
2.HOXA13 overexpression

RNA-seq/microarray
data
35 upregulated
genes and 107
downregulated
genes
231 differentially
expressed genes*
65 upregulated
genes and 89
downregulated
genes*
1. 279 differentially
expressed genes
2. 423 differentially
expressed genes
1. 281 upregulated
genes and 557
downregulated
genes
2. 173 upregulated
genes and
933 downregulated
genes
590 upregulated
genes and
565 downregulated
genes
357 genes
differentially
induced by
estradiol
31 differentially
expressed genes*
(patients on
admission)
44 differentially
expressed genes*
(patients on
discharge)
8 differentially
expressed genes in
hippocampus
68 differentially
expressed genes in
dentate gyrus
20 differentially
expressed genes in
pyramidal cells

Key regulator
Transcription
factor
BHLHE41
TSPAN8
Transcription
factor
ZNF804A
ET-1, the
protein product
of the EDN1
gene
Transcription
factor
HOXA13

Transcription
factor c-MYC
Novel
transcription
factor TCL1A
unknown

unknown

*Microarray data

overexpression, Bigot et al. (2016) assume that the activation of STAT3 transcription factor by IL-11 plays an
important role in these processes (as is known, STAT3
enhances proliferation, promotes tumorigenesis, and inhibits
apoptosis in RCC (Horiguchi et al. 2002; Kaminska et al.
2015).
Knockdown of key regulator gene was used to study the
transcriptome effects of rs4500567, associated with a bipolar

disorder (Schartner et al. 2017). The rs4500567 is located in
the 50 ﬂanking region of tetraspanin 8 gene (TSPAN8), the
product of which is a cell surface protein and a ‘molecular
facilitator’ of cell adhesion, cell–cell interactions, and cell
motility (Hemler 2005). The minor C allele of rs4500567 has
been found much more frequently in healthy individuals,
suggesting its role in protection from the disease (Scholz
et al. 2010). As has been shown, the expression of luciferase
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reporter is signiﬁcantly decreased in the presence of C allele.
RNA interference–mediated knockdown of TSPAN8 was
used to mirror the effects of putatively reduced TSPAN8
expression in minor allele carriers. Transcriptome analysis of
knockdown SH-SY5Y neuroblastoma cells has detected 231
differentially expressed genes. The mechanism underlying
the effect of TSPAN8 repression on the consequent transcriptomic changes is still unknown. However, the available
data (Wei et al. 2015) suggest involvement of the ERK
MAPK signaling pathway. Functional categorization of differentially expressed genes has revealed enrichments of
pathways relevant for psychiatric disorders, neuronal interaction, or development and brain function (Schartner et al.
2017). The expression of neurotrophic receptor tyrosine
kinase 2 (NTRK2), which plays an important role in the
CNS development, synaptic plasticity, and, learning (Minichiello 2009), was most signiﬁcantly changed (Schartner
et al. 2017).
Similarly, the effects of RNAi-mediated knockdown of
key regulator gene ZNF804A on human neural progenitor
cell transcriptome were assessed (Hill et al. 2012). T-allele
of rs1344706, located within the intron 2 of the ZNF804A, is
associated with the broad phenotype of psychosis, including
schizophrenia and bipolar disorder (Steinberg et al. 2011;
Harrison 2017). T- and G- alleles of rs1344706 differentially
bind nuclear proteins from several neural cell lines (Hill and
Bray, 2011) and more important, it was found that the risk T
allele signiﬁcantly reduces ZNF804A expression in the fetal
human brain (Hill and Bray 2012). ZNF804A is a multifunctional regulatory protein (Zhou et al. 2018) that can act
as a transcription factor (Girgenti et al. 2012). As a result of
transcriptomic study 65 upregulated genes and 89 downregulated genes in knockdown cells were identiﬁed. GO
analysis of them revealed a signiﬁcant effect of
ZNF804A knockdown on the expression of genes participating in cell adhesion, which suggests a role for ZNF804A
in processes such as neural migration, neurite outgrowth and
synapse formation (Hill et al. 2012).
CRISPR/Cas genome editing is a powerful tool to study
the effects of genetic risk variants on gene expression
(Beaudoin et al. 2015; Soldner et al. 2016; Jin et al. 2016;
Liu et al. 2017), including widespread transcriptomic
changes. In particular, Gupta et al. (2017) used this technology to detect the genome-wide downstream effects of
rs9349379, residing in putative enhancer and associated with
a number of vascular diseases. First, an 88-bp region containing rs9349379 was deleted in an induced pluripotent
stem cell using CRISPR/Cas9 technology. Then clones with
a biallelic 88-bp deletion (D88) were differentiated into
endothelial cells (ECs) to assay six WT (wild-type) and six
D88 clones by RNA-seq. As a result, 423 differentially
regulated genes were identiﬁed that displayed enrichments
of the pathways relevant for the blood vessel development
and morphogenesis. Homozygous major (A/A) or minor (G/
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G) allele isogenic stem cell lines were generated and differentiated into ECs also. RNA-seq assay of the corresponding clones revealed 279 differentially expressed genes,
thereby demonstrating a considerable overlap in the gene set
enrichment analysis with those from RNA-seq of the deletion series ECs. Note that both the loss of the 88-bp fragment
and replacement of major allele A by minor G resulted in
higher expression of the endothelin-1 (EDN1) gene. This
gene is located over 600 kb distal to rs9349379 and they are
likely to interact via a common contact site that lies *300
kb from both the EDN1 promoter and rs9349379 regulatory
element (Gupta et al. 2017). The gene encodes endothelin-1
(ET-1), a 21-residue peptide, presumably inﬂuencing the
transcriptome via multiple signaling pathways (Sandoval
et al. 2014).
Luo et al. (2017) used CRISPR/Cas9 editing technology
to analyze the effect of 7p15.2 noncoding region (one of the
100 GWAS-identiﬁed susceptibility loci for prostate cancer)
on the transcriptome. This locus contains three SNPs
(rs10486567, rs67152137, and rs7808935) associated with
an increased risk of disease (Han et al. 2015) and, according
to Hi-C analysis, has long range interactions with the HOXA
locus, located *873 kb away (Luo et al. 2017). Using the
CRISPR/Cas9 system, the authors deleted a 4-kb region
encompassing the risk SNPs in RWPE-1 prostate cells.
Genome-wide transcriptomic analysis identiﬁed 281 upregulated and 557 downregulated genes in the cells lacking this
region. Expression of some genes within the HOXA locus
(namely HOXA13 and the adjacent noncoding RNA HOTTIP) was also changed. Furthermore, HOXA13 and HOTTIP
belong to the most signiﬁcantly upregulated genes in the
whole transcriptome. Then the authors tested if any of the
genes with the expression changed as a result of deletion
were regulated by HOXA13. According to RNA-seq data,
HOXA13 overexpression has led to downregulation of 933
genes and upregulation of 173 genes. Comparison of the
obtained datasets detected 21 genes upregulated in the
deleted cells and by HOXA13 overexpression and 27 genes
downregulated in both cases. Several cancer-related transcription factors were present among the products of these
genes. In particular, GATA2 is upregulated in both deletion
cells and the cells overexpressing HOXA13. As is known,
this factor is associated with prostate cancer and its overexpression increases invasiveness and tumorigenicity (Chiang et al. 2014; Xiao et al. 2016).
Selfsame, relatively large targeted deletion was generated
using CRISPR/Cas9 technology to study trancriptomic
effects of E7 enhancer, which resides in an intron of the noncoding RNA CASC8 (Tak et al. 2016). E7 harbors
rs6983267 associated with an increased risk for colorectal
cancer (Yao et al. 2014). It was shown that deletion of the
region containing rs6983267 leads to large changes in the
transcriptome, including upregulation of 590 genes and
downregulation of 565 genes, most of which were on other
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chromosomes. The authors suggest that one of the main
causes of alterations observed is the ﬁve-fold reduction of cMYC expression, followed by changes in the MYC regulatory network (Tak et al. 2016). The suggestion is strongly
supported by the results of previous studies demonstrating
the interaction of E7 enhancer region with the c-MYC promoter in colon cancer cells (Pomerantz et al. 2009; Wright
et al. 2010)
A comparative analysis of the cell transcriptomes of the
subjects with different genotypes is also used to study the
genome-wide effects of rSNPs on transcriptional regulation.
For example, Ho et al. (2018) have used this approach to
study a group of three SNPs (rs11849538, rs7160302, and
rs7359033) located in the TCL1A gene 30 ﬂanking region
and associated with aromatase inhibitor–induced musculoskeletal pain in the women receiving aromatase inhibitors
(Ingle et al. 2010). It was shown that minor allele G
(rs11849538) creates a functional estrogen response element
(ERE) and that all three minor variants (G, rs11849538; T,
rs7160302; and T, rs7359033) act in concert to increase the
TCL1A induction by estradiol (Ingle et al. 2010; Ho et al.
2016). By using ChIP-seq analysis and EMSA TCL1A was
identiﬁed as a novel transcription factor. RNA-seq assays
with two lymphoblastoid cell lines (LCLs) from homozygous wild-type (C, T, and T) and three LCLs with
homozygous variant (G, C, and C) genotypes identiﬁed 357
genes differentially induced by estradiol (Ho et al. 2018).
Functional categorization of differentially expressed genes
showed their clustering within the pathways involved in
transcriptional regulation and T-cell activation, which conﬁrms and supplements the earlier data on the role of TCL1A
in the transcriptional regulation of immune mediators (Liu
et al. 2012; Ho et al. 2016).
Another similar example is the study of rs12526453,
which is associated with an increased risk of coronary artery
disease (van Setten et al. 2013; Szpakowicz et al. 2015). For
transcriptomic analysis, the peripheral blood mononuclear
cells from CC homozygotes and G-allele carriers (23 in each
group) were used. The clinical samples were collected from
patients on admission and discharge (0–24 h); 31 and 44
differentially expressed genes, respectively, were identiﬁed.
One gene, NLRP2A, was upregulated in the group of CC
homozygotes (as compared with the carriers of G allele) at
both time points. NLRP2 belongs to the nucleotide
oligomerization and binding domain (NOD)-like receptor
(NLR) family (Lupfer and Kanneganti 2013) and is involved
in the inﬂammatory response (Bruey et al. 2004). Presumably, the longest-term survival of rs12526453 CC homozygotes after myocardial infarction is associated with
activation of this particular gene (Szpakowicz et al. 2015).
In this approach, interesting data were also obtained by
Piras et al. (2017) who studied genome-wide effects of
rs17070145, located in intron 9 of the WWC1 gene, in
human brain postmortal samples. WWC1 encodes for

KIBRA, a scaffold or adaptor-like protein, implicated in a
variety of cellular processes. It is known, that rs17070145-T
variant is associated with increased episodic memory performance and lowered risk for late onset Alzheimer’s disease
(Schneider et al. 2010; Rodrı́guez-Rodrı́guez et al. 2009).
The authors used laser capture microdissection and RNAsequencing to investigate the effect of rs17070145 genotypes on transcriptome in the hippocampus (HP), with a
speciﬁc focus on the dentate gyrus (DG) and at the pyramidal cells (PC) of CA1 and CA3 sub-regions. The number
of samples with successful RNA-sequencing was 10 with
C/C and 6 with T/T genotypes (HP), 12 with C/C and 10
with T/T genotypes (DG), and 7 with C/C and 3 with T/T
genotypes (PC). In the HP, 8 differentially expressed genes
were identiﬁed, 4 upregulated and 4 downregulated in T/T
carriers. In the DG, a total of 66 genes were differentially
expressed, speciﬁcally 57 genes upregulated and 6 downregulated in T/T carriers. In the PC 1 underexpressed gene
and 19 overexpressed genes in T/T carriers were found. The
enrichment analysis revealed the T/T genotype to be associated with an overexpression of genes involved in the
MAPK signaling pathway, known to be involved in memory
and learning (Ciccarelli and Giustetto 2014; Peng et al.
2010).
All described approaches have their own advantages and
limitations. In particular, overexpression or knockdown of
key regulator gene excludes from consideration the effects of
other genes that may be under a cis-control of the same
rSNP, which is a rather frequent situation (Antontseva et al.
2015; Fadason et al. 2017; Luo et al. 2017; Korbolina et al.
2018; Baxter et al. 2018). A targeting deletion of the regulatory region encompassing rSNP by means of CRISPR/
Cas9 editing is aimed at determine the functional role of the
region as a whole rather than analyzing the effect of a single
SNP, although it is very useful for hypothesizing and further
studies. It seems obvious that the introduction of a point
mutation using CRISPR/Cas-based technology is the most
efﬁcient and objective approach to study genome-wide
downstream effects of rSNP; however, the trend of cleaving
DNA in a nonspeciﬁc manner off the target sites is yet to be
overcome (Christie et al. 2017; Wang and Ui-Tei 2017). The
use of cell lines is concurrently an advantage because it
allows the rSNP effects to be examined on the background
of the same genotype and a disadvantage since the same
cells in culture and within the organism are rather different
(Wong and Chen 2012; Soldatow et al. 2013; Dvorak 2016).
Taking into account this shortcoming, the use of clinical
material displays evident advantages; however, genetic
heterogeneity of the human populations presents another
problem and requires that rather large samples are formed.
Nonetheless, the ﬁndings described in the paper signiﬁcantly contribute to the interpretation of how genotypic
variation corresponds to phenotypic outcome, while further
development and improvement of the methodical approaches
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to the research into the rSNP effects on the associated
downstream genes and pathways will evidently give a deeper insight into the basic molecular mechanisms of disease
development.
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