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Abstract—CD40 receptor is expressed on B lymphocytes and other professional antigen-presenting cells. The binding of
CD40 to its ligand CD154 on the surface of T helper cells plays an important role in the activation of B lymphocytes
required for production of antibodies, in particular, against autoantigens. Association of several single nucleotide polymor-
phisms (SNPs) located in the non-coding areas of human CD40 locus with the elevated risk of autoimmune diseases has
been demonstrated. The most studied of these SN Ps is rs4810485 located in the first intron of the CD40 gene. Expression of
the CD40 gene in B lymphocytes of donors homozygous for the common allelic variant of this polymorphism (G) is higher
than in B cells from donors carrying the minor (T) variant. We investigated the enhancer activity of this fragment of the
CD401ocus in human B cell lines and showed that it is independent on the rs4810485 alleles. However, the minor allelic vari-
ants of the rs4810485-linked SNPs rs548231435 and rs115662534 were associated with a significant decrease in the activity
of the CD40 promoter due to the impairments in the binding of EBF1 and STAT1 transcription factors, respectively.

DOI: 10.1134/S0006297918120118

Keywords: autoimmune diseases, polymorphism, CD40, transcription regulation

The CD40 gene encodes CD40 receptor protein
belonging to the tumor necrosis factor (TNF) superfami-
ly. CD40 is expressed on the surface of B cells,
macrophages, dendritic cells, fibroblasts, endothelial and
smooth muscle cells, etc. [1]. Interactions between CD40
and its cognate ligand CD154 expressed on the T cells
play an important role in the B cell activation, antibody
isotype switching, and formation of memory B cells [2,

Abbreviations: SNP, single nucleotide polymorphism; TNEF
tumor necrosis factor.
* To whom correspondence should be addressed.

3]. CD40 expressed on dendritic cells is essential for the
primary T cell immune response against a broad range of
various immunogens [4, 5]. CD40 expressed on the sur-
face of macrophages ensures efficient cell response
against intracellular bacteria [6, 7]. Similarly to various
regulators of adaptive immunity, CD40 also plays a role in
the development of autoimmune disorders, such as
autoimmune thyroiditis, rheumatoid arthritis, systemic
lupus erythematosus, multiple sclerosis, type 1 diabetes,
and psoriasis [1]. Blocking the CD154—CD40 axis inter-
feres with the development of autoimmune pathologies in
mice [5, 8] and non-human primates [9, 10]. However,
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clinical trials with CD40-suppressing antibodies have
been terminated mainly due to the adverse side effects of
the tested preparations [11].

The relationship between single nucleotide polymor-
phisms (SNPs) in the non-coding region of the CD40
gene and the risk of autoimmune disorders has been
demonstrated. Moreover, for some of the SNPs, molecu-
lar mechanisms underlying this relationship were pro-
posed. For instance, the rs1883832 polymorphism associ-
ated with the risk of Graves’ disease is located within the
Kozak sequence, so that the CD40 mRNA carrying the
minor T allele is translated 15% less efficiently than the
mRNA with the C allele [12, 13]. On the other hand, the
polymorphism rs4810485 found in the first intron of the
CD40 gene was shown to be associated with a risk of mul-
tiple autoimmune diseases [14-16]. Donors homozygous
by the major rs4810485 variant (G) have an elevated level
of CD40 mRNA in the peripheral blood cells [17], as well
as an increased number of B cells with upregulated CD40
expression [16].

Here, we used the B lymphoblastoid MP1 cell line
bearing the reporter gene to demonstrate that the activity
of the regulatory element within the first intron of the
CD40 gene does not depend on the rs4810485 allelic vari-
ant. We also searched for the linked polymorphisms that
potentially influence the CD40 gene expression using an
approach earlier applied to examine the CD25 gene [18].
Two rs4810485-linked candidate SNPs (rs548231435 and
rs115662534) in the CD40 gene were identified whose
allelic variants significantly affected the activity of the
CD40 gene promoter by altering the binding of the EBF1
and STAT transcription factors, respectively.

MATERIALS AND METHODS
Cell line, transfection, EBFI and STATI1 gene knock-

down, luciferase reporter assay. MP1 B lymphoblastoid
cells [19] (kindly provided by E. A. Clark, University of
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Table 2. Primers for cloning DNA regulatory elements
and for introduction of minor polymorphic variants

Primer

Nucleotide sequence 5'-3'

CD40pr-H3F

CD40pr2-PaglR

CD40enh1-BHIF

CD40enh1-SalR

Control-enh-BHI1F

Control-enh-SalR

rs4810485(T)F

rs4810485(T)R

Prs548231435(C)F
Prs548231435(C)R
Ers576918178(T)F
Ers576918178(T)R
Prs115662534(T)F

Prs115662534(T)R

Prs11569301(T)F
Prs11569301(T)R

5'-ATATAAGCTTCCCGAGTAGCT-
GGGATTACAGG-3'

5'-TAATTCATGACGAGGTGAGAC-
CAGGC-3'

5'-TTAAGGATCCTCTGCAGTGCG-
TCCTCTG-3'

5'-TAATGTCGACAGGCAGTGTTT-
GGCTCAGAG-3'

5'-AGGATCCGGATTACAGGTGTA-
TTTCACCAT-3'

S'-TATGTCGACGTTGATGTAATT-
CCTTTAAATCTAT-3'

5'-TGTAGATTCCTGCCTGAAGCC-
TGGGCA-3'

5'-GCTTCAGGCAGGAATCTACA-
GCCCTC-3'

5'-ACTCCCGGCGGAATTAGAC-3'
5'-TCTAATTCCGCCGGGAGTTTA-3'
5'-CCCGTTTTCTGTCCCCTTC-3'
5'-GGGACAGAAAACGGGCCAG-3'

5S-AAACTCTTCTTTGAAACGCCT-
CC-3

5'-GGCGTTTCAAAGAAGAGTTT-
CC-3

5'-CCTCGTTCGGGCGCCCA-3'
5'-CGCCCGAACGAGGCCTC-3'

Table 1. RNA oligonucleotides bearing two 3’'-deoxyri-

bonucleotides for generating siRNAs

Primer

Nucleotide sequence 5'-3'

EBF1siRNA-F*
EBF1siRNA-R*
EBF1siRNA-scF
EBF1siRNA-scR
STAT1siRNA-F**
STAT1siRNA-R**
STAT1siRNA-scF
STAT1siRNA-scR

5'-CCACGAGCAUGAACGGAUATT-3'

5'-UAUCCGUUCAUGCUCGUGGTG-3'

5-'GCAAAUGACACGCGUAGCATT-3'

5'-UGCUACGCGUGUCAUUUGCTG-3'

5'-CAGAAAGAGCTTGACAGTAAA-3'
5'-UUUACUGUCAAGCUCUUUCTG-3'
5'-GAGAGAACAACAACTTGAGTA-3'
5'-UACUCAAGUUGUUGUUCUCTC-3'

* See [22].
** See [21].
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Washington, USA) were grown in RPMI1640 medium
(PanEko, Russia) supplemented with 10% fetal bovine
serum (Biosera, France), 2 mM L-glutamine, peni-
cillin/streptomycin, and 1 mM sodium pyruvate (Thermo
Fisher Scientific, USA). EBFI and STAT1 gene knock-
downs were performed as published in [20] using short
interfering RNAs (siRNAs) described in [21, 22] and
control siRNAs designed using the Invivogen siRNA
Wizard v3.1 tool (Table 1). Electroporation and luciferase
reporter assay were performed as described in [18].
Plasmid constructs bearing the reporter gene.
Plasmids containing the promoter (886 bp) and putative
enhancer (1353 bp) sequences from the CD40 gene and
the control element from the first intron of the STAT3
gene (~1100 bp) lacking the enhancer activity [18] were
amplified with the primers shown in Table 2 using MP1
cell genomic DNA as a template. Genomic DNA was iso-
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Table 3. Primers for generation and quantitative analysis
of amplicons used in immunoprecipitation

Primer Nucleotide sequence 5'-3'

1s548231435-PD-F | 5S-ATGGGATCTCTCTCCGGTCG-3'

1s548231435-PD-R | 5'-ATTCACCGCGCAGGAGTTTC-3'

1s115662534-PD-F | 5-GAGACGACGCGCCCAC-3'

15115662534-PD-R | 5'-TCCGCTGCCTCTAGGTATCC-3'

PD-Control-F* 5'-AGGAAGGTTTTTCAATGTGAT-
TTCTACATC-3'

PD-Control-R* 5-TTCCCCTGCTCCCTCCAAGAC-3'

* See [18].

Table 4. Primers for analysis of transcription factor
expression

PUTLYAEVA et al.

lated with a Genomic DNA Purification Kit (Thermo
Fisher Scientific). The promoter sequence was cloned
into the pGL3-basic luciferase reporter vector (Promega,
USA) by the HindIIl and Pagl sites. The putative
enhancer and the control element were cloned by the
BamHI and Sall sites into the pGL3-basic vector bearing
the CD40 gene promoter. Single nucleotide substitutions
were introduced into the promoter and putative enhancer
sequences by the two-stage PCR with polymorphism-
specific internal overlapping primers and common exter-
nal primers (CD40pr-H3F/PaglR and CD40enhl-
BHI1F/SalR) (Table 2). The regimes for the single- and
two-stage PCRs were described in [18, 23]. All mutant
PCR products were used to replace the original sequences
in the corresponding luciferase reporter vectors. The plas-
mids were isolated using NucleoBond Xtra Midi Kit
(Macherey-Nagel, Germany) and verified by Sanger
sequencing (Genome Common Use Center, Moscow).
In vitro immunoprecipitation of DNA—protein com-
plexes (pull-down assay). To evaluate the effect of various
allelic polymorphisms on the binding of transcription fac-

Primer Nucleotide sequence 5'-3' tors, we studied immunoprecipitation of the obtained
PCR products as described in [20]. For this, we amplified
STAT1-RT-F 5 _CCTCCTGTCACAGCTGGATG-3* DNA sequences containing both variants of the
STATI-RT-R S TCCCCGACTGAGCCTGATTA-3 18548231435 and rs115662534 polymorphisms with the
EBF-RT-F 5 AGCCAACAGCG GACCA-3 rs§48231435—PD—E/R and rsl 15§62534—PD—F/R primer
' ' pairs (Table 3) using the plasmids carrying these poly-
EBFI-RT-R S-TTCGGTTGCCACAGCTTTTC-3 morphic variants as templates. A fragment of the /L2RA
gene lacking the binding sites for EBF1 and STAT1 was
- 1000 bp .
Examined | ‘I g B I 48
polymorphisms PODES S . | e
Scheme of CD40
gene
H3Ac27 level
Sensitivity
to DNase |
INFiC
ChiP-seq for gegl | | | izr1 [
transcription TAH&_E rReLA I
factor-binding reLa I paxs I
sites sTatelll esFifJl CTCF nric I
sTaT1 Il PAXS |l 3| | paxs I
Sequence y ‘m' \ ‘ " ‘ !
conservatism ‘ ‘ ‘ ‘
Putative
regulatory Promoter Enhancer
element

Fig. 1. Positions of the examined polymorphisms and putative regulatory elements within the CD40 gene locus (based on data visualized by
the UCSC and GTRD genome browser). Red and blue arrows denote the promoter and putative enhancer in the CD40 gene, respectively.
Orange lines mark position of the examined polymorphisms. Based on data visualized by UCSC and GTRD genome browser.
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amplified with the PD-Control-F/R primers ([18], Table
3) and MP1 cell genomic DNA as a template to be used
as a control. All amplified fragments had similar length:
amplicon with the rs548231435 polymorphism — 196 bp,
amplicon with the rs115662534 polymorphism — 197 bp,
control amplicon — 189 bp. DNA—protein complexes
were immunoprecipitated from the MP1 cell nuclear
extracts as described in [20] using the following antibod-
ies: rabbit polyclonal IgGs against EBF1 (Antibodies-
online Inc., USA) and ESR2 (Thermo Fisher Scientific),
anti-STAT1 and anti-ESR1 mouse IgGs (Abcam, UK).
RNA isolation, ¢cDNA synthesis, and quantitative
real-time PCR. Total RNA from MP1 cells was isolated
using the ExtractRNA reagent (Evrogen, Russia).
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Reverse transcription was performed by using 2 pg total
RNA and an MMLV RT Kit (Evrogen). Quantitative
PCR was performed as published before [20] using the
primers shown in Table 4.

RESULTS

The enhancer activity of the rs4810485-containing
region of the CD40 gene first intron does not depend on the
SNP allelic variant. The effect of the rs4810485 polymor-
phism on the CD40 gene expression was examined by
cloning the CD40 promoter (—886/0 bp upstream of the
translation initiation site) and its putative enhancer

d
o 2 4 6 8 10 0.3 1.2
Relative luciferase expression
c d
STAT1-
SN+l 1(C. a;AAa,,-A,. EBFI(COEI).,-FCEGEGGG;;__ |
C P-3¥0"
r5115662534|2x¢ AACTCTTCTTTGAAACGCC 15548231435 | 40x4 ACTCCCGG GGAATT EBF1- |
PAX54 |
PAXS GTE;:(‘.GC'F&;G-—T@.-E*” ETSI ?’:‘.SC_T].CC?G‘FF—-. ETS1- I
1511569301 >50x¢ GCCTCG%TCGGGCGCCCAGTG 15576918178 60X* CCGTTTCCTGTCC

0.00 0.;)5 0.:I0 0.:15

Relative gene
expression

Fig. 2. Effect of the examined polymorphisms in the CD40 gene locus on the activity of the CD40 putative enhancer (a) and promoter (b) in
MPI cells. Activity of the reporter plasmids was normalized to the activity of the control plasmid containing the CD40 promoter with major
examined polymorphic variants and a fragment of the STAT3 gene locus lacking the enhancer activity (control). The WT plasmid contained
the CD40 promoter and putative enhancer bearing all major examined polymorphic variants. The rs4810485(T) and rs576918178(T) vectors
carried minor variants of enhancer polymorphisms. Plasmids rs11569301(T), rs548231435(C), and rs115662534(T) differed from the control
plasmid by carrying the minor variants of the corresponding polymorphisms. The data from at least seven experiments are presented as mean
+ SEM in both plots; *, significant difference between the plasmid with minor polymorphic variants and WT control (p < 0.05, Student’s 7-
test). ¢) Examined polymorphic variants and visualization of the sequences involved in the binding of transcription factors (modality of the
changes in the affinity and p-values for the alternative alleles) are shown [27]. d) mRNAs levels for transcription factors in MP1 cells normal-
ized to the amount of B-actin mRNA (p < 0.05, Student’s 7-test).
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(0/1353 bp upstream of the translation initiation site) con-
taining this SNP into the reporter gene plasmid coding for
firefly luciferase (FLUC). According to the ENCODE
project data [24], similar regions in the genome of the
GM 12878 B cell line display features typical for promoter
and enhancer elements, e.g., high level of acetylation of
lysine 27 in histone H3 (H3K27Ac), hypersensitivity to
DNase I, the presence of transcription factor-binding
motifs, and sequence conservatism [24] (Fig. 1). Although
the region —711/0 bp was described earlier as the CD40
promoter [25], here, we used the —886/0 bp region con-
taining all transcription factor-binding sites identified by
ChIP-Seq assay [24, 26] (Fig. 1).

We found that the putative enhancer element was
highly efficient in the MP1 cells and upregulated activity
of the CD40 gene promoter approximately 7-fold (Fig.
2a). However, no significant difference in the activity of
enhancer elements bearing alternative rs4810485 allelic
polymorphisms was found (Fig. 2a).

Identification and functional analysis of rare
rs4810485-linked polymorphic alleles. We suggested that
the association between the minor allele of the rs4810485
polymorphism and reduced risk of autoimmune disorders
might be related to the effects caused by the minor vari-
ants of other linked SNPs that have been overlooked in
the current genome-wide studies due to a low population
prevalence (less than 5%) and insignificantly elevated
morbidity (less than 3-fold) [28]. We have searched for
SNPs that were located in the active chromatin region
and resided directly within the transcription factor-bind-
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ing sites, whose interaction with the corresponding tran-
scription factors in B cells have been verified experimen-
tally. The information on the interactions between the
examined motifs and various transcription factors was
taken from the earlier study [18], ENCODE project [24],
and new GTRD database containing results from more
than 12,000 experiments [26]. Analysis of these data
resulted in the identification of another enhancer poly-
morphism (rs576918178) located in the ETS1-binding
site and three polymorphisms (rs11569301, rs548231435,
and rs115662534) located in the binding sites for PAXS,
EBF1, and STATI, respectively, in the CD40 promoter
(Figs. 1 and 2¢).

The effect of alternative alleles of selected polymor-
phisms on the regulatory activity of the corresponding
CD40 gene regions was tested in MP1 B lymphoblastoid
cell line. As demonstrated earlier [20], all genes encoding
the above-mentioned transcription factors are expressed
in these cells at relatively high levels (Fig. 2d). We found
that the activity of the reporter plasmid bearing the CD40
gene promoter and putative enhancer did not depend on
the allelic variant of rs576918178 (Fig. 2a), whereas the
activity of the vector bearing the CD40 gene promoter
only was independent of the rs11569301 allelic variants
(Fig. 2b). On the other hand, introduction of the minor
allelic variants rs548231435(C) and rs115662534(T) sub-
stantially reduced the promoter activity (Fig. 2b).

Minor variants rs548231435(C) and rs115662534(T)
impair the binding of the EBF1 and STAT transcription
factors to the CD40 gene promoter in vitro.

b

anti-STAT1
3 anti-control

)

c

]

L

£

s 3

k]

c

E]

3 *#
5 2

)

c =L
=]

]

1S

& 14

[

2

b=}

o

[}

0 | — T
rs115662534(C) rs115662534(T)

Fig. 3. Effect of the rs548231435 (a) and rs115662534 (b) polymorphisms on the ability of the CD40 gene promoter to bind transcription fac-
tors STAT1 and EBF1 in MP1 cells. Amplicons containing various polymorphic variants were precipitated from the nuclear extracts of MP1
cells using anti-STAT1 and anti-EBF1 antibodies. The amount of the amplicons pulled down with the antibodies was estimated by real-time
PCR and normalized to the amount of bound amplicon lacking the EBF1- and STAT1-binding sites. Samples treated with the isotype con-
trol antibodies were used as a negative control. The data from at least three experiments are presented as mean = SEM in both plots; *, sig-
nificant difference between the examined sample and negative control; #, significant difference between vectors bearing minor polymorphic

variants and wild-type sequence (p < 0.05, Student’s #-test).
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Fig. 4. Suppression of STAT1 and EBF1 gene expression in MP1 B lymphoblastoid cell line reduces the activity of polymorphic variants of the
CD40 promoter bearing rare rs548231435 and rs115662534 alleles: suppression of EBF1 (a) and STAT1 (b) mRNA expression by specific
siRNAs in MP1 cells; activity of CD40 gene promoter variants bearing rs548231435 and rs115662534 alleles upon decreased expression of
EBFI (c) and STAT1 (d); siRNA-scr, control siRNA with scrambled nucleotide sequence. The data from at least five experiments are pre-
sented as mean £ SEM; * in (a) and (b), significant difference with the control siRNA-scr; * in (¢) and (d), significant difference with the
wild-type promoter in the absence of specific siRNA (p < 0.05, Student’s 7-test).

Immunoprecipitation of DNA—protein complex (pull-
down assay) demonstrated that the amplicon bearing the
more common 1s548231435(G) allele binds EBF1 three
times better compared to the amplicon containing the
minor rs548231435(C) allele or the control amplicon
fully lacking the EBF1-binding sites (Fig. 3a). Moreover,
the binding of STAT1 to the amplicon containing the less
common allele 1s115662534(T) was lower by 30% that the

BIOCHEMISTRY (Moscow) Vol. 83 Nos. 12-13 2018

binding of the more frequent rs115662534(C) polymor-
phic variant. Both variants, however, bound to STAT sig-
nificantly better than the control amplicon (Fig. 3b),
which might be due to the fact that the rs115662534 poly-
morphism is located outside of the conserved STATI1-
binding site (Fig. 2c). The lack of ESR1/2-binding site in
all the examined amplicons allowed us to use anti-ESR2
and anti-ESR1 antibodies as isotype controls. All the
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amplicons were precipitated with control antibodies with
a similar efficiency (Fig. 3).

Suppression of the EBF1 and STAT1 expression
affects the activity of the CD40 gene promoter depending on
the polymorphic allelic variants of rs548231435 and
rs115662534. To verify the specificity of EBF1 and STAT1
effects on the transcriptional activity of the examined
CD40 gene promoter variants in B cells, expression of the
EBFI and STATI genes were downregulated using short
interfering RNAs (siRNAs) that reduced the expression
of these genes ~2-fold (according to real-time quantita-
tive PCR) (Fig. 4, a and b). Suppression of the EBF1
expression by 2-fold resulted in 50-60% decrease in the
promoter activity of the wild-type CD40 gene but had vir-
tually no effect on the activity of the promoter bearing the
minor allele rs548231435(C) (Fig. 4c¢), which correlates
well with weak interaction between this rare polymorphic
variant of the CD40 gene promoter and EBF1 protein.

Downregulation of the STAT1 expression decreased
the promoter activity of the wild-type CD40 gene by 30-
40%, whereas introduction of the minor rs115662534(T)
variant attenuated this effect (Fig. 4d). Because the used
siRNAs were strictly specific to the STAT gene sequence
[21], it can be suggested that the observed effect was due
to the binding of STAT 1, and not of other STAT proteins,
to the site bearing the rs115662534 polymorphism.

DISCUSSION

It has been demonstrated before that expression of
the CD40 protein is elevated during the development of
various autoimmune diseases [8, 29]. The upregulation of
CDA40 expression in lymphocytes and antigen-presenting
cells in autoimmune processes may be related to the
increased activity of the EBF1 and STAT1 transcription
factors [25, 30, 31]. Therefore, it is reasonable to suggest
that rare alleles of rs548231435 and rs115662534 poly-
morphisms could play a protective role in the develop-
ment of autoimmune diseases via affecting the binding of
EBF1 and STAT1 to the CD40 gene promoter. Low fre-
quency of these such protective alleles may result from
their rejection in the process of evolution, since low body
capacity to efficiently combat infectious diseases poses
serious threat, especially in the pre-reproductive period.
On the other hand, alleles increasing the risk of autoim-
mune disorders exhibit activity in adulthood and, there-
fore, affect less the ability to produce an offspring [32].
Hence, it can be expected that the majority of people pos-
sess alleles associated with an increased immune
response.

At present, the incidence rate and the threat of
numerous infectious diseases have been markedly
decreased due to the wide use of vaccines and antibiotics.
On the contrary, the morbidity of diseases associated with
autoimmune processes (e.g., type I and II diabetes melli-

PUTLYAEVA et al.

tus, rheumatoid arthritis, neurodegenerative diseases,
etc.) has substantially increased over the last centuries
primarily due to the life expectancy increase [33-35].
Because of this, identification of rare polymorphisms in
genes encoding immune checkpoint regulators associated
with a decreased risk of various autoimmune responses is
of special importance. With the increasing efficacy and
safety of genome editing techniques, introduction of such
alleles into the genome of human hematopoietic cells
might become an attractive approach for the therapy of
autoimmune pathologies.
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