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KDM5 Family Demethylase Inhibitor KDOAM-25
Reduces Entry of SARS-CoV-2 Pseudotyped
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We studied the effect of KDM5 family demethylase inhibitors (JIB-04, PBIT, and KDOAM-25)
on the penetration of SARS-CoV-2 pseudotyped viruses into differentiated Caco-2 cells and
HEK293T cells with ACE2 hyperexpression. The above drugs were not cytotoxic. Only KDO-
AM-25 significantly reduced virus entry into the cells. The expression of ACE2 mRNA in
Caco-2 significantly increased, while TMPRSSZ2 expression did not significantly change under
these conditions. In differentiated Caco-2 cells, KDOAM-25 did not affect the expression of
BRCAI, CDH1, TP53, SNAI1, VIM, and UGCG genes, for which an association with knockdown
or overexpression of KDM5 demethylases or with the action of demethylase inhibitors had
previously been shown. In undifferentiated Caco-2 cells, the expression of BRCAI, SNAII,

VIM, and CDH1 was significantly increased under the action of KDOAM-25.
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One of the strategies to combat the SARS-CoV-2 that
causes COVID-19 is to prevent the virus from binding
to the cell membrane and entering the cell, which
can be achieved through the production of natural
antibodies or the use of artificial antibodies or drugs
that affect various steps of the virus life cycle. The
search for potential drugs to combat SARS-CoV-2 re-
mains relevant since the emergence of new strains of
the virus reduces the effectiveness of vaccines and
antibodies [1]. One of the approaches in the search for
potential therapy is the selection of molecules direc-
ted against angiotensin-converting enzyme 2 (ACE2),
which is a receptor for the entry of SARS-CoV-2 into
cells, or cellular proteases involved in cutting the spike
protein (S protein) of SARS-CoV-2, for example, trans-
membrane serine protease TMPRSS2 [2]. However, it
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was found that SARS-CoV-2 can use other molecules
for binding to the membrane and entering the cells,
such as neuropilin 1 (NRP1), basigin (BSG/CD147), and
dipeptidyl peptidase 4 (DPP4) [3,4].

Previously, it was shown that lysine-specific de-
methylase 5B (KDM5B, JARID1B, or PLU1) can reduce
the expression of microRNA families hsa-let-7e/hsa-
miR-125a and hsa-miR-141/hsa-miR-200 due to the
removal of H3K4me3 methyl tags from histones H3 in
the regulatory regions of these microRNAs. Since the
targets of these miRNAs are the ACE2 and TMPRSS2
genes, it has been suggested that inhibitors of KDM5B
demethylase can decrease the expression of these
genes and prevent the entry of SARS-CoV-2 into cells
[5]. One of the most specific KDM5B inhibitors known
so far is KDOAM-25, which has demonstrated low
cytotoxicity and high stability and specificity against
KDM5 family demethylases with the highest speci-
ficity for KDM5B demethylase: a half-maximal inhi-
bition concentration (IC,)) of 19 nM against KDM5B
demethylase in vitro and 50 uM in the cell system. At
the same time, the drug did not inhibit other demethy-
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lases of the JmjC family [6]. The higher IC , value in
the cell system compared to in vitro conditions can
be explained by partial competition with the cofactor
a-ketoglutarate and the relatively low permeability
of the cell membrane for the drug, which was con-
firmed in Caco-2 cells [6]. On the other hand, other
known KDM5B demethylase inhibitors, in contrast to
KDOAM-25, are characterized by lower specificity. The
IC,, of the PBIT inhibitor against KDM5B was about
3 uM in vitro [7], for aspartate/asparagine-fB-hydroxy-
lase it was 0.14 uM in vitro [8], and for tryptophan
hydroxylase 1 it was 0.096 uM in vitro and 0.528 uM
in the cell system [9], which raises the question of its
specificity against demethylases of the KDM5 family.
Another potential inhibitor of KDM5 demethylases is
JIB-04, a pan-inhibitor of histone demethylases from
the Jumonji family. JIB-04 has IC,; ~5 pM in vitro
against the KDM5B fragment [7], but also inhibited
demethylases of the KDM4 and KDM6 families [10].

Biosafety level 3 laboratories are required to study
SARS-CoV-2 in vivo, so many studies are conducted
on pseudotyped viral particles. For the analysis of
SARS-CoV-2, packaging systems based on lentiviruses,
mouse leukemia virus, vesicular stomatitis virus, and
other viruses can be used, which include the S-protein
of SARS-CoV-2 and plasmids, which make it possible
to detect infection of cells with pseudotyped particles,
for example, by activity of the luciferase gene or fluo-
rescent proteins [11]. Various cell systems can be used
to study wild-type and pseudotyped viruses, including
immortalized cell lines (Caco-2, Vero E6, Huh-7, A549,
etc.) and primary cells with ACE2 expression, as well
as cell lines with artificial ACE2 overexpression [12].

This work aimed to study the effect of demethy-
lase inhibitors of the KDM5 family on the penetra-
tion of SARS-CoV-2 pseudotyped viral particles into
Caco-2 cells and modified HEK293T cells with ACE2
overexpression. To assess the effect of demethylase
inhibitors, we chose two cell lines with fundamentally
different regulation of ACE2 gene activity: Caco-2 in
which ACE2 is regulated by natural cellular mecha-
nisms, and HEK293T transfected with ACE2 under the
control of the cytomegalovirus promoter.

MATERIALS AND METHODS

Pseudotyped SARS-CoV-2 virus particles were derived
from the HIV-1 lentivirus. HEK293T cells were trans-
fected with a plasmid carrying the SARS-CoV-2 S pro-
tein gene under the control of the CAG promoter, a
plasmid carrying the HIV-1 gag-pol gene, and a plas-
mid encoding a recombinant RNA genome containing
the firefly luciferase gene.

Caco-2 cells were obtained from the Russian Col-
lection of Cell Cultures (Institute of Cytology, Rus-
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sian Academy of Sciences, St. Petersburg). Cells were
cultured in Gibco MEM medium with 20% Gibco FBS
OneShot, 1% Gibco GlutaMAX Supplement, 1% Gibco
PenStrep (100 U/ml penicillin and 100 pg/ml strep-
tomycin) (all components Thermo Fisher Scientific).
To obtain a monolayer of differentiated Caco-2 cells,
culturing was continued after reaching a confluent
monolayer for 21 days. Differentiation was monitored
by impedance spectroscopy of Caco-2 cells on Tran-
swell culture inserts (Corning) [13].

HEK293T cells were transfected with a genetic
construct based on the pCDH-CMV-MCS lentiviral
plasmid containing the cDNA sequence of the ACE2
gene under the control of the cytomegalovirus pro-
moter (HEK293T-ACE2). Cells were cultured in Gibco
DMEM high glucose medium (Thermo Fisher Scien-
tific) supplemented with 10% Gibco FBS OneShot,
1% Gibco GlutaMAX Supplement, 1% Gibco PenStrep
(100 U/ml penicillin and 100 pg/ml streptomycin) (all
components were from Thermo Fisher Scientific).

HEK293T-ACE2 cells and differentiated Caco-
2 cells were seeded in 96-well plates; 25 or 50 uM
KDOAM-25, 5 or 10 pM PBIT, 2 or 0.6 uM JIB-04, or
control medium with 0.1% DMSO were added. After
72 h, the culture medium was changed to a new por-
tion with viral particles and incubated for another
72 h. After that, the cells were lysed according to
the Luciferase Cell Culture Lysis 5X Reagent (Prome-
ga) protocol and 20 pl of the lysate were transferred
into white 96-well plates, 100 ul of the reagent with
luciferin and produced a reading of the luminescence.
Composition of the luciferin reagent: 100 mM Tris,
60 mM MgSO,, 5 mM DTT, 4 mM EDTA, 4 mM ATP,
0.6 mM luciferin, 0.1 mM Na,P,0,, 10% glycerol, and
deionized water to final volume.

The cytotoxicity of the preparations was assessed
in 96-well plates using the MTT Assay Kit (Abcam) 24
and 72 h after incubation with demethylase inhibitors.

For PCR, HEK293T-ACE2 cells and differentiated
and undifferentiated Caco-2 cells were incubated for
72 h in 6-well plates with 50 uM KDOAM-25 or un-
der control conditions with 0.1% DMSO and lysed in
700 pl of QIAzol Lysis Reagent (Qiagen). RNA was
isolated from lysates using the miRNeasy Mini Kit
according to the manufacturer’s protocol with a DNase
treatment step on columns and elution in 30 pl of
water. The concentration of total RNA was determined
using a NanoDrop ND-1000 spectrophotometer; RNA
quality was assessed using the RNA StdSens Analysis
Kit on an Experion instrument (Bio-Rad) [14].

Reverse transcription was performed from 750 ng
of total RNA in a volume of 20 ul using the MMLV RT
kit (Eurogen) according to the manufacturer’s proto-
col. PCR was performed in 384-well plates in a volume
of 12,5 pl using the gPCRmix-HS SYBR reagent kit
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(Eurogen) according to the manufacturer’s protocol.
ACTB was used as a reference gene. Primers for PCR
are shown in Table 1.

Cell viability was compared under different con-
ditions using a two-tailed Student’s t test. Changes
were considered significant at p<0.05. Visualization
and statistical comparison of relative luminescence
during infection with pseudotyped viral particles were
performed in the R.Studio program based on the
R programming language using the ggpubr package
and the Wilcoxon’s test to assess statistical signifi-
cance (p<0.05). Differences in gene expression were
considered significant if the fold change in expression
was at least 1.5-fold and p<0.05 using a two-tailed
Student’s ¢ test.

RESULTS

Evaluation of the cytotoxicity of demethylase inhib-
itors KDOAM-25, PBIT and JIB-04 using the MTT
test revealed no significant changes in the viability
of HEK293T-ACE2 and differentiated Caco-2 cells for
24 and 72 h. Figure 1 shows the relative viability of
cells exposed to KDOAM inhibitor, because we later
found that only this drug affected the penetration of
pseudotyped viral particles into the cells. The results
obtained are consistent with data on the low cytotoxi-
city of KDOAM-25 [7]. The PBIT inhibitor in a concen-
tration of 10 uM induced death of UACC-812 cells with
high expression of KDM5B, but had almost no effect
on MCF7 and MCF10A cells with lower expression of
this gene [15]. In the study of colorectal cancer lines,
the JIB-04 inhibitor dose-dependently reduced the vi-
ability of HCT-116 cells but had almost no effect on
the HT-29 and DLD-1 lines [16]. The IC,, of PBIT and
JIB-04 varied significantly for different cell lines [17].
The impact of demethylase inhibitors on cells can
largely depend on the level of demethylase expression
and activity of intracellular signaling systems. In our
experiment, KDOAM-25, PBIT, and JIB-04 in the stud-
ied concentrations were not toxic for HEK293T-ACE2
and differentiated Caco-2 cells.

The effect of demethylase inhibitors KDOAM-25,
PBIT, and JIB-04 on the entry of pseudotyped SARS-
CoV-2 viral particles into differentiated Caco-2 cells
and HEK293T-ACE2 cells was also evaluated. The num-
ber of viral particles entering the cells under different
conditions was determined by luminescence expressed
as a percentage relative to the control conditions.
KDOAM-25, a selective demethylase inhibitor of the
KDMS5 family, led to a decrease in infection of dif-
ferentiated Caco-2 cells by 2.9 times in a concentra-
tion of 25 uM and by 7.6 times in a concentration of
50 uM (Fig. 2, a), while infection of HEK293T-ACE2
cells decreased by about 1.7 times in the presence of
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TABLE 1. Primer Sequences for PCR

Gene Sequence
ACTB F: CTGAACGGTGAAGGTGACA
R: AAGGGACTTCCTGTAACAACGCA
ACE2 F: AGAGAAGTGGAGGTGGATGGTCTTT
R: GCGGGGTCACAGTATGTTTCATCA
TMPRSS2 F: AACGAGAACTACGGGCGGGC
R: CGCTGTCATCCACTATTCCTTGGC
BRCA1 F: GCGGGAGGAAAATGGGTAGTTAG
R: AACAGATTTCTAGCCCCCTGAAGA
CDH1 F: CGACACCCGATTCAAAGTGG
R: TCCCAGGCGTAGACCAAGAA
TP53 F: TGTGGTGGTGCCCTATGAGCC
R: ATGTAGTTGTAGTGGATGGTGGT
SNAI1 F: CTAGCGAGTGGTTCTTCTG
R: CTGCTGGAAGGTAAACTCTG
VIM F: GCAGGAGGAGATGCTTCAGAGA
R: AAGGTCAAGACGTGCCAGAGAC
UGCG F: GAGCGTTGTCCGTGTTGG
R: TCAGTTGCCTTCTTGTTGAGG
HNF4A F: CACGGGCAAACACTACGGT
R: TTGACCTTCGAGTGCTGATCC
SOX2 F: CGCAGACCTACATGAACG
R: GGACTTGACCACCGAACC
DDIT4 F: GTTTGACCGCTCCACGAGCC
R: CGAAGTCGGGCAACGACACC
PROM1 F: CCAGTGCTTCCTGCTCCTCTT
R: AACTTGGTGCCTCCTGCCT
PTEN F: CTCAGCCGTTACCTGTGTGTGG
R: TGAGGTTTCCTCTGGTCCTGGTATG
MALAT1 F: AGCAGTTCGTGGTGAAGATAG
R: CATATTGCCGACCTCACG
EGR1 F: AACGAGAAGGTGCTGGTGGAGA
R: AGATGGTGCTGAGGACGAGGAG
CDKN1B F: AGGAGAGCCAGGATGTCAGC
R: ACCAAATGCGTGTCCTCAGA
BSG F: GCAGGTTCTTCGTGAGTTCC
R: GGCGTCGTCATCATCCA
DPP4 F: TTTCTTTGCAGTGGCTCAGGAGG
R: GCCTAAATCTTCCAACCCAGCC

both concentrations (Fig. 2, b). At the same time, the
demethylase inhibitor PBIT in concentrations of 5 and
10 uM and the JIB-04 inhibitor in concentrations of 2
and 0.6 uM did not significantly affect cell infection.

One of the hypotheses suggests the presence of
regulatory links between demethylases of the KDM5
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Fig. 1. Relative cytotoxicity of demethylase inhibitor KDOAM-25 in concentrations of 25 and 50 uM against differentiated Caco-2

cells (a) and HEK293T-ACEZ2 cells (b) after 24- and 72-h culturing.

family, in particular KDM5B, and the expression of
ACE2 and TMPRSS2 [18]. The effect of the KDOAM-25
inhibitor on HEK293T-ACE2 cells and differentiated
and undifferentiated Caco-2 cells was assessed by
changes in the expression of the ACE2 and TMPRSS2
genes over 72 h. In HEK293T-ACE2 cells, in which
stable ACE2 expression is maintained due to trans-
fection with a plasmid with the ACE2 gene under the
control of the cytomegalovirus promoter, no significant
change in ACE2 expression was observed, and the
expression of the TMPRSS2 gene was not detected at
the level sufficient for analysis of its change. At the
same time, in differentiated Caco-2 cells exposed to
KDOAM-25, ACE2 expression increased by 1.7 times
(p=0.041), while TMPRSS2 expression did not change
significantly (fold change 0.7, p=0.499). In undiffer-
entiated Caco-2 cells, ACE2 expression increased by
2.1 times (p=0.015), while TMPRSS2 expression also
did not change significantly (fold change 1.4, p=0.377).
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Previously, it was shown that PBIT has a mini-
mal effect on the SARS-CoV-2 nspl4—nspl0 nucle-
ase complex. At the same time, its analogue ebselen,
in which the sulfur atom is replaced by selenium,
strongly suppresses the activity of this complex [19].
The effect of KDOAM-25 and PBIT on the entry of
the SARS-CoV-2 coronavirus into cells has not been
studied. However, the JIB-04 inhibitor has been shown
to reduce the infection of Vero E6 cells. At the same
time, the researchers concluded that this effect was
not related to the stage of virus entry into the cell
and was caused by violation of the stability or tran-
scription of viral RNA at an early stage after entering
the cells. At the same time, the knockdown of KDM4B,
KDM4C, KDM5A, and KDM5B demethylase genes also
mimicked the effects of JIB-04 on cell infection with
viruses [20]. In our experiment, we used pseudotyped
SARS-CoV-2 viral particles that do not express viral
RNA. This can explain why JIB-04 did not affect the
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Fig. 2. Relative luminescence upon incubation of differentiated Caco-2 cells (a) and HEK293T-ACE2 cells (b) with pseudotyped
SARS-CoV-2 particles after exposure to KDOAM-25 inhibitor in concentrations of 25 and 50 pM. *p=0.005, °p=0.0087, *p=0.0043

in comparison with the control.
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infection of HEK293T and Caco-2 cells. At the same
time, KDOAM-25 significantly reduced the penetration
of viral particles into the cell, but ACE2 expression did
not decrease and increased instead. Since the increase
in the expression at the mRNA level does not mean
similar changes at the protein level, the regulation of
ACE2 through KDM5 demethylases cannot be ruled
out. However, there may be other, as yet unexplained,
reasons behind the observed effect. The study of the
promoter region of the ACE2 gene revealed a large
number of H3K4me3 methyl marks in the kidneys,
heart, and small intestine and a small amount in the
lungs and HUVEC endothelial cells, which correlates
with the level of ACE2 expression in these tissues [21].
KDOAM-25, as an inhibitor of KDM5B demethylase,
can directly increase the activity of the ACE2 gene in
Caco-2 cells, similar to cells of the small intestine epi-
thelium. Still, this effect was not observed in HEK293T
cells derived from the kidney since the cells already
express ACE2 on an elevated level due to the cyto-
megalovirus promoter, which is not subject to natural
regulation by cellular systems. At the same time, the
decrease in the penetration of viral particles into cells
was explained not by the regulation of the ACE2 and
TMPRSS2 genes but by other mechanisms.

SARS-CoV-2 can use basigin (BSG/CD147) and
DPP4 to attach to the membrane and enter astrocytes
[3]. According to our earlier sequencing of Caco-2
cells [22], the expression level of the BSG and DPP4
genes is several orders of magnitude higher than the
expression level of ACE2. However, we did not find
statistically significant changes in the expression of
these genes under the influence of KDOAM-25. Other
mechanisms are involved in decreasing the penetra-
tion of viral particles into cells under the action of
KDOAM-25, in addition to regulating receptors on
the cell surface. Thus, it was shown that KDM5B de-
methylase could regulate the expression of the CAVI
gene encoding the caveolin protein involved in one
of the types of endocytosis [23], which can also be a
potential mechanism for regulating the entry of SARS-
CoV-2 into cells.

We have searched for genes whose expression can
potentially change under the influence of KDOAM-25.
In the available literature, there are no data on the ef-
fect of KDOAM-25 on the expression of various genes
in cells. According to preliminary data, KDOAM-25
added to modified breast cancer MCF-7 cells increas-
es the expression of the UGCG gene by ~2 times in
a concentration of 30 uM and by about 1.5 times in
a concentration of 50 pM [24]. We also performed
a search for genes whose expression changes upon
knockdown or overexpression of the demethylase
genes of the KDM5 family or upon exposure to PBIT
and JIB-04 inhibitors to assess the changes in these
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genes under the influence of KDOAM-25. Knockdown
of the KDM5B gene led to changes in the expression
of the BRCAI, PTEN, and TP53 genes in MCF7 cells
[23]. Knockdown of the KDM5B gene in MCF10A cells
was associated with a decrease in the expression le-
vel of SNAI1 and VIM at the protein level, according
to Western blot data. Overexpression of KDM5B led
to an increase in the expression of SNAI/I and VIM
according to PCR data, which, according to the re-
searchers, occurred indirectly through the regulation
of MALATI gene expression [25]. KDM5B overexpres-
sion reduced the EGRI and CDKNIB gene expression
in mouse stem cells [26]. The JIB-04 inhibitor led to
increased expression of the CDHI and PROM1 genes
in colorectal cancer cells and fibroblasts [16], SOX2
in fibroblasts [27], DDIT4 in the Tcam-2, 2102EP, and
JAR lines [17], while PBIT changed the expression of
VIM, CDH1, and SOX2 in non-small cell lung cancer
cells [28] and expression of the HNF4A gene in mouse
hepatocytes [29].

In our experiment, in differentiated Caco-2 cells
after exposure to KDOAM-25, no significant changes
in the expression of the BRCAI, CDHI, TP53, SNAII,
VIM, and UGCG genes were detected. Differentiat-
ed Caco-2 cells are more resistant to various influ-
ences, probably due to deep morphofunctional dif-
ferentiation and the absence of active division [30].
Therefore, we also evaluated the effect of KDOAM-25
on gene expression in undifferentiated Caco-2 cells.
There was a significant increase in the expression of
BRCAI (by 2.7 times, p=0.049), SNAI1 (by 2.3 times,
p=0.039), VIM (by 1.7 times, p=0.014), and CDH1I (by
1.7 times, p=0.020) gene expression. In undifferentiated
Caco-2, there was no significant change in the expres-
sion of the TP53, UGCG, HNF4A, SOX2, DDIT4, PROM1,
PTEN, MALAT1, EGRI, and CDKNIB genes, for which
an association with the expression of demethylases
of the KDM5 family and the action of their inhibitors
was found.

Thus, the studied demethylase inhibitors of the
KDM5 family JIB-04, PBIT, and KDOAM-25 had no
cytotoxic effect on differentiated Caco-2 cells and
HEK293T cells with increased ACE2 expression. At the
same time, only KDOAM-25 significantly reduced the
entry of SARS-CoV-2 pseudotyped viral particles into
cells. KDOAM-25 significantly increased ACEZ2 expres-
sion at the mRNA level in differentiated and undiffer-
entiated Caco-2, which may indicate the absence of
a relationship between ACEZ2 expression at the mRNA
and protein levels or the presence of another mecha-
nism for regulating the cell entry of SARS-CoV-2 un-
der the action of KDOAM-25. In differentiated Caco-2,
there was no significant change in the expression of
genes associated with knockdown or overexpression of
the KDM5B gene or the action of other demethylase
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inhibitors. However, in undifferentiated Caco-2, there
was a significant increase in the expression of the
BRCA1, SNAI1, VIM, and CDHI1 genes. The mecha-
nism of influence of KDOAM-25 on the penetration of
SARS-CoV-2 into cells requires further study.

The work was supported by a grant from the
Ministry of Education and Science of the Russian Fe-
deration (Agreement No. 075-15-2021-1049).
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