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Abstract

Kaiso is a member of the BTB/POZ zinc finger family, which is involved in cancer progression, cell cycle control, apoptosis,
and WNT signaling. Depending on promoter context, it may function as either a transcriptional repressor or activator.
Previous studies found that Kaiso might be SUMOylated due to heat shock, but the biological significance of Kaiso
SUMOylation is unclear. Here, we find that K42 is the only amino acid within Kaiso that is modified with SUMO. Kaiso is
monoSUMOylated at lysine 42 in cell lines of kidney origin under normal physiological conditions. SUMOylated Kaiso can
activate transcription from exogenous methylated promoters, wherein the deSUMOylated form of the protein kept the ability
to be a repressor. Rapid Kaiso deSUMOylation occurs in response to hyperosmotic stress and is reversible upon return to an
isotonic environment. DeSUMOylation occurs within minutes in HEK293 cells treated with 100 mm NacCl and relaxes in 3 h
even in a salt-containing medium. Genomic editing of Kaiso by conversion of K42 into R42 (K42R) in HEK293 cells that
resulted in fully deSUMOylated endogenous protein led to misregulation of genes associated with ion transport, blood
pressure, and the immune response. TRIM25 was significantly repressed in two K42R HEK?293 clones. By a series of rescue
experiments with K42R and KO HEK293 cells, we show that TRIM25 is a direct transcriptional target for Kaiso. In the
absence of Kaiso, the level of TRIM2S5 is insensitive to hyperosmotic stress. Extending our observations to animal models,
we show that in response to a high salt diet, Kaiso knockout mice are characterized by significantly higher blood pressure
increases when compared to wild-type animals. Thus, we propose a novel biological role for Kaiso in the regulation of
homeostasis.

Introduction

The complexity of biological information increases from
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function to another. SUMOylation involves the covalent
linkage of small ubiquitin-like modifier (SUMO) polypep-
tide (about 100 aa) to the e-amino group of lysine residues.
The SUMOylation process is essential for viability and is
detected in all eukaryotes [1, 2]. In humans, there are five
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can conjugate to a substrate protein [5]. SUMOS, a recently
discovered SUMO variant, mediates the growth and dis-
ruption of PML nuclear bodies [6]. Conjugation of SUMO
to lysine residues of proteins is similar to that of ubiquitin
[7]. In spite of similarities between SUMO and ubiquitin
modifying machinery, the functional consequences for
modified proteins are different. Polyubiquitination causes
rapid protein degradation, while SUMOylation usually does
not change protein stability, but may influence various
functional features of proteins, including cellular localiza-
tion, stability, and interaction with cofactors and/or DNA.

DNA methylation is essential to mammalian develop-
ment. It has a critical role in cell processes, such as the
regulation of transcription, X inactivation, heterochromatin
formation, imprinting, and tissue-specific gene expression.
Methylated DNA attracts methyl-DNA-binding proteins
that are implicated in the repression of transcription [8].
Kaiso (ZBTB33) is one of these methyl-DNA-binding
proteins. It is involved in the methyl-dependent repression
of gene transcription by recruiting corepressors N-CoR and
SMRT [9, 10]. In addition to associating with methylated
DNA, Kaiso can bind CTGCNA sequences, but not
hydroxymethylated DNA [11-13]. Treatment with DNA
damaging agents and hypoxia lead to increased expression
of Kaiso [14, 15]. Recently, it was shown that Kaiso might
also participate in transcriptional activation of proapoptotic
genes by p53 in response to DNA damage. Kaiso interacts
with the p53-p300 complex and influences p53 acetylation
[15].

Several reports showed that Kaiso may be SUMOylated
upon heat shock [16, 17]. However, nothing is known
about the functional significance of Kaiso SUMOylation.
Here, we show that Kaiso exists as a monoSUMOylated
protein, SUMOylation occurs at Lys42 within the
BTB domain, deSUMOylation switches Kaiso from a
transcriptional activator to a repressor upon hyperosmotic
stress.

Materials and methods
Cell cultures and transient transfections

HEK?293, COS-7, Caki-1, and (Mbd2—/—, Kaiso—/y) [18]
were grown in Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal bovine serum, 1% penicillin/
streptomycin, and 2 mm L-glutamine. HEK293 cells were
transfected with Profection@ (Promega), MBD2—/—, Kaiso
—/y. Cells were transfected with Lipofectamine2000
(ThermoFisherScientific) according to the manufacturer’s
protocol. siRNA control (GAPDH) and Kaiso (sense 5'-
GGCAGUUAUUAGGAGUGATtt  antisense  5'-UCA-
CUCCUAAUAACUGCCCtg) were transfected with
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Lipofectamine RNAIMAX (ThermoFisherScientific). Cells
were typically harvested 48 h post-transfection for further
analysis.

Methylation-dependent repression assay

The design of the assay was described previously [19].
Briefly, a luciferase reporter plasmid (pGL2-promoter,
Promega) that contained 11 CpGpCpG sites upstream of
SV40 promoter was methylated by methylase SssI (NEB)
according to the manufacturer’s instructions. Completeness
of methylation was defined by methyl-sensitive restriction
enzyme Hpall digestion (ThermoFisherScientific) and fol-
lowed by separation of the fragments in agarose gel. Each
well of a 12-well plate with MBD2—/—, Kaiso—/y cells was
transfected with 1ug of methylated or unmethylated
reporter plasmid and 25 ng of a control plasmid encoding
Renilla (pRenilla, Promega). For titration with Kaiso and
Kaiso K42R vectors, two concentrations, 25 and 75 ng per
well, were used. SUMO1-GFP expression vector was co-
transfected at a concentration of 50 ng per well. Luciferase
levels were measured after 48 h using the Dual Luciferase
Assay Kit according to the manufacturer’s instructions
(Promega). Corrected values were obtained according to the
formula: (luciferase sample — luciferase control)/(Renilla
sample — Renilla control), where control values are
obtained from untransfected cells. Relative luciferase values
were defined as the corrected value obtained using a
methylated test plasmid divided by the corrected value
obtained using the unmethylated test plasmid multiplied
by100 (Supplementary Table 1).

KBS-dependent repression assay

The KBS (Kaiso-binding sequence) luciferase reporter
plasmid was generated by inserting four tandem copies of
an oligonucleotide harboring the consensus KBS element
(CTGCCA) (5'-TGTGTGCTTCCTGCCAATAACGATG-
3") between the Sacl and Xhol in the multiple cloning site of
the pGL2-promoter reporter vector. pGL2-KBSx4 (400 ng)
was cotransfected with Renilla (10ng) into each well
of 24-well plate with HEK293 KO cells that were deficient
for Kaiso. For titration with Kaiso, Kaiso K42R and
SUMOI1-GFP vectors, the same concentrations were
used as previously described in the section “Methylation-
dependent transcriptional assay”. For control we used
pGL2-promoter vector without KBS sites. Corrected
values were obtained according to the formula: (luciferase
sample — luciferase  control)/(Renilla  sample — Renilla
control), where control values are obtained from untrans-
fected cells. Relative luciferase values were defined
as the corrected value obtained using a pGL2-KBSx4
plasmid divided by the corrected value obtained using the
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pGL2-without KBS plasmid multiplied by 100 (Supple-
mentary Table 1).

Antibodies

Following reagents were used in this study: anti-Kaiso
polyclonal rabbit antibodies (ab’s) (kindly gifted by Dr. A.
Reynolds), anti-SUMO1 (sc5308, Santa Cruz, sc-32058
Abcam), anti-SUMO2/3 (sc32873, Santa Cruz), anti-GFP
(G1544, Sigma), anti-HA (A190-108A, Bethyl), anti-
SUMOI agarose (sc-5308 AC, Santa-Cruz), anti-HA agar-
ose (A2095, Sigma), anti-TRIM25 (ab86365), anti-actin
(ab8227), anti-PCNA  (sc-25280, Santa-Cruz), anti-
H3K4me3 (abl1012, Abcam), anti-H3K27ac (ab4729,
Abcam), anti-H3K9me3(ab8898, Abcam).

Stress treatment

To induce stress, media was removed from cells and quickly
replaced with fresh media supplemented with the indicated
concentration of osmolyte (NaCl, sorbitol) or other stress
agents (ethanol, H,O,). For treatment by gradient increased
osmolality, cells were incubated in 20 mm HEPES pH7.9
with the corresponding concentration of NaCl. Cells were
stressed during the times indicated in figures and then used
for analysis. For heat shock, cells were incubated at 42 °C
for 1h and then harvested. For UV-induced stress, cells
were treated with UV 254nm for 90s with Smin of
recovery (approximately 100,000 microjoules). Control
cells were treated similarly without the addition of stress
agents.

Preparation of nuclear extracts

Nuclear extracts were purified as described in ref. [20] with
slight modifications. N-ethyl maleimide protease inhibitor
(NEM) was added to hypotonic buffer A and buffer C to a
final concentration 10 mm.

Plasmids and vectors

BTB/POZ domains of Kaiso orthologs (human, fish, frog)
were cloned in pFLAG-CMV?2, and an HA tag was sub-
cloned at the 3’ end of the BTB/POZ cDNA. Expression
vectors for SUMO1-GFP, pcDNA3-UBC9 were kindly
provided by Dr. R. Niedenthal. Sequences of all constructs
were verified by Sanger DNA sequencing. By subcloning
an expression vector with a chimeric protein that contains
E2-SUMO ligase Ubc9 and the N-terminal fragment of
Kaiso (1-490 aa)—KaisoAZF was generated.

Ligation of Bbsl-digested pSPCas9(BB)-2A-Puro
(PX459) (Addgene #48139) plasmid [21] with annealed
sgRNA oligo insert: Crisp_ZBTB33_for 5'-CACCGTGT-
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GGAAGACCGAAAATTCC, Crisp_ZBTB33_rev 5'-AA-
ACGGAATTTTCGGTCTTCCACAC. The plasmid was
verified by sequence analysis.

Immunoprecipitation

Immunoprecipitation was performed in the presence of 10
mM NEM with anti-SUMO1, anti-SUMO2/3, Kaiso, anti-
SUMOI1 agarose, control IgG antibodies and HA-agarose.

ChipP

Crosslinking for ChIP was performed by EZ-ChIP (17-371,
Millipore) with anti-Kaiso rabbit pAb’s or IgG antibodies
according to the manufacturer’s instructions. After DNA
purification, 30 cycles of PCR were run with primers spe-
cific to the promoter region of human TRIM?25 gene: for 5’'-
GACCTTCGCCAGCTCATGGG, rev 5'-ACACAACT-
GCTGCACCCGC.

Animal care

The experiment was performed on C57BL/6J (wild-type—
wt) and C57BL/6Kaiso ™" (Kaiso-deficient—KO) mice.
C57BL/6Kaiso " mice were obtained in Adrian Bird’s lab
(Edinburgh University) by genetic knockout of the Kaiso
gene in C57Bl/6J animals [22], C57 BL/6J mice were
obtained from Jackson Laboratories and transferred to the
Center for Genetic Resources of Laboratory Animals at the
Institute of Cytology and Genetics, Siberian Branch, RAS
(RFMEFI61914X0005 and RFMEFI62114X0010). All
procedures were conducted under Russian legislation
according to Good Laboratory Practice, inter-institutional
bioethical committee guidelines and the European Con-
vention for the protection of vertebrate animals used for
experimental and other scientific purposes. All procedures
were approved by the bioethical committee (protocol
number 33 20.04.2016). All efforts were made to minimize
the number of animals used and their suffering. All animals
used had specific pathogen-free status. Animals were ran-
domly allocated to groups that received either a high salt
diet (HSD) (8% NaCl, n=06) or a standard diet (SD) for
3 weeks (n = 6). All animals were housed under a 14 h/10h
light/dark photoperiod with 22-24 °C room temperature,
30-60% humidity, and 14-16 air changes per hour; SD
(SSniff, Germany) or HSD and water were provided ad
libitum.

A measure of blood pressure
Blood pressure was measured in 8-week-old male mice

before beginning the diet and in 11-week-old mice after
3 weeks of HSD by tail-cuff manometry using a CODA-2
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non-invasive blood pressure monitoring system (Kent Sci-
entific, Torrington, CT) as described previously [23]. A
measure of blood pressure was conducted between 1600
and 2000 hours (dark time period) by the same two
observers each time. Mice were adapted to our method of
measuring blood pressure for 2 days. Then, the blood
pressure of mice was determined over a 5-day period. The
mice were restrained in a plastic tube restrainer. Then,
occlusion and volume-pressure recording cuffs were placed
over their tails, and the mice were allowed to adapt to the
restrainer for 5 min prior to the blood pressure measurement
protocol. After the 5 min adaptation period, blood pressure
was measured for ten acclimation cycles followed by 20
measurement cycles. Mice were warmed by heating pads
during the acclimation cycles to ensure sufficient blood flow
to the tail. The animals were monitored closely throughout
the measurement protocol and removed from restraint as
soon as possible upon completing the measurement proto-
col. Only datasets from mice characterized by a stable mean
arterial pressure and a pulse pressure of 20 mmHg were
included for further analysis. This experiment was repeated
twice.

Cryosections

Cryosections were prepared as described in ref. [24].
Immunohistochemistry was made with anti-Kaiso rabbit
antibodies.

CRISPR/CAS9-based gene editing

CRISPR/CAS9-based editing was performed as described
in ref. [21]. Briefly, HEK293 were seeded on a 12-well
plate. Cells were transfected with Lipofectamine 2000 with
PX459-ZBTB33 plasmid alone to generate KO cells (frame
shift) or with ssODN 5'-CGTGGCCATGGACTCTTC-
TGTGATGTTACCGTTATTGTGGAAGACCGACGCTT-
CCGCGCTCACAAGAATATTCTTTCAGCTTCTAGTA-
CC to generate K42R cells (single nucleotide substitution).
Puromycin was applied after 24h at a concentration of
2ugml~!. Cells were incubated for 72 h, passaged into a
96-well plate at a density of 1 cell per 2 wells on medium
without puromycin. For further study, we have chosen two
clones for each experiment (frame shift that mimics KO
cells, and single nucleotide substitution, that forms K42R
cells). The substitutions (K42R) and frame shift (KO) were
confirmed by Sanger sequencing of the corresponding
amplicons obtained from PCR with genomic DNA.

RNA purification and RNA-seq

Total RNA was extracted from cells with TRIzol reagent
according to the manufacturer’s instructions (Invitrogen) in
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triplicate. Quality was checked with BioAnalyser and RNA
6000 Nano Kit (Agilent). PolyA RNA was purified with
Dynabeads” mRNA Purification Kit (Ambion). An Illumina
library was made from polyA RNA with NEBNext” mRNA
Library Prep Reagent Set (NEB) according to the manual.
Sequencing was performed on HiSeq1500 with a 50 bp read
length (BioProject ID PRINA386575). At least 40 million
reads were generated for each sample. Reads were mapped
to hg19 genome with tophat2 version 2.1.1. Gene models of
non-overlapping exonic fragments were taken from RefSeq
database. For each gene, we found total coverage by map-
ped reads in each sample with bedtools coverage (version
2.26.0). Differential expression analysis was performed by
applying default read count normalization (estimateSize-
Factors) and performing per-gene negative binomial tests
(nbinomTest), implemented in DESeq R package (version
1.22.0), with default parameters 15. Enriched Gene Ontol-
ogy terms were identified using DAVID bioinformatics
resources with genes pre-ranked according to their fold
change induced by the presence of K42R Kaiso [25].

Quantitative RT-PCR (qRT-PCR)

Total RNA (2 pg) was treated with 2 U DNase I (Thermo-
FisherScientific) and reverse transcribed with random hex-
amers as primers and Revertaid First Strand cDNA
synthesis kit (ThermoFisherScientific). qRT-PCR was per-
formed using TagMan probes on CFX96 (BioRad) instru-
ment. Amplification of GAPDH transcript served as RNA
controls for relative quantitation. Used primers: GAPDH

(for: 5'-ACCAGGGCTGCTTTTAACTC-3; rev:5’-
AGATGGTGATGGGATTTCCA; probe: FAM 5'-
TCATTGACCTCAACTACATGGTTTACA-3 RTQ1),

TRIM?2S5 (for: 5'-GCCTGGTGGAGCATAAGACC-3’; rev:
5'-TCTGACTGTACATGACAGTTAGT-3’; probe: FAM
5'-CCTGGAGGCCACCCTGAGGCAC-3" RTQI).

Apoptosis analysis

Cells were seeded in a six-well plate and treated with cul-
ture medium supplemented with 100 mm NaCl for 24 h.
Apoptosis analysis was performed with AnnexinV-FITC kit
(BioVision) according to the manufacturer’s instructions.
Results

Kaiso is SUMOylated under normal conditions

First, we checked whether Kaiso is SUMOylated under
normal conditions. Western blot analysis of lysates from
HEK?293, Caki-1, COS-7 cell lines showed a significant
change in mobility of Kaiso (Fig. 1a). The specificity of
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Fig. 1 SUMOylation of Kaiso protein under normal conditions. a Cells
Caki-1, HEK293, COS-7 and two Kaiso knockout clones were lysed in
loading buffer and analyzed by SDS-PAGE and western blotting, and
probed with anti-Kaiso antibody to detect Kaiso and its post-
translationally modified forms. Kaiso (>100kDa) is post-
translationally modified under normal conditions. b Nuclear extracts
were prepared with or without SUMO isopeptidase inhibitor NEM
from HEK293 (left panel) and from HEK293 transfected with Kaiso-
GFP (right panel) and analyzed by SDS-PAGE, western blotting, and

detected bands was confirmed by western blot with lysates
from a Kaiso knockout HEK293 cell line (KO cells) pro-
duced by the CRISPR/CASO editing system (Fig. 1a). This
change in mobility (10-20kDa) was attributed to post-
translational modifications. We hypothesized that the shift
in mobility may be due to the covalent link between Kaiso
and SUMO, since SUMO typically adds 15-17 kDa to the
size of the targeted protein [26]. We compared the pattern of
Kaiso modifications in nuclear extracts prepared with or
without SUMO proteases inhibitor NEM. In the presence of
NEM, anti-Kaiso antibodies detected the extra band in
HEK?293 cells (Fig. 1b, left panel). The same was observed
for nuclear extracts purified from Kaiso-GFP transfected
cells (Fig. 1b, right panel). To determine if this band cor-
responds to the SUMOylated protein, total extracts from
HEK?293 cells were immunoprecipitated with SUMO-1 or
SUMO-2/3 antibodies with or without NEM. Only SUMO-
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stained with anti-Kaiso antibody. In the presence of NEM, an addi-
tional band was detected. ¢ The whole-cell lysates were immunopre-
cipitated with anti-Kaiso, anti-SUMOI1, anti-SUMO2/3 with or
without NEM. Western blot analysis revealed that Kaiso and SUMO1
co-immunoprecipitated. Kaiso is SUMOQyaled by SUMOI. d, e Kaiso-
GFP was transfected into HEK293 cells alone or with SUMOI, 2, 3,-
GFP plasmids. Cells were lysed in loading buffer or immunoprecipi-
tated with Kaiso antibodies with or without NEM and analyzed by
western blot. Kaiso may be monoSUMOylated by all forms of SUMO

1 antibodies pulled down Kaiso (Fig. 1c). Both SUMOy-
lated and nonSUMOylated Kaiso were precipitated with
SUMO-1 antibodies. This might be due to the intrinsic
feature of the BTB/POZ domain to dimerize [27], resulting
in a multimeric complex containing both SUMOylated and
nonSUMOylated forms of the protein. However, we cannot
exclude the possibility of non-covalent interactions of Kaiso
with SUMOL. The latter is supported by Kaiso precipitation
with SUMOI1 without NEM (Fig. 1¢). Western blot analysis
with anti-SUMO-1 antibodies after precipitation with Kaiso
antibodies confirmed that the slower migrating band cor-
responds to the SUMOylated form of Kaiso. Extracts pre-
pared without SUMO inhibitor did not produce the slower
migrating band. To confirm the role of SUMO in Kaiso
modifications, HEK293 cells were co-transfected with
Kaiso-GFP and SUMO-1, -2, -3 expression vectors.
Immunoprecipitation with NEM and western blot analysis
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using anti-SUMO antibodies revealed that Kaiso may be
modified by all three forms of SUMO (Fig. 1d, e). The
modified form was not detected in the western blots probed
with anti-SUMO antibodies in NEM-deficient lysates.

SUMO is attached to Kaiso at K42 within BTB/POZ
domain

Next, we identified potential SUMOylation sites in Kaiso.
Analysis of the amino acid sequence of Kaiso did not reveal

any SUMOylation consensus motif, i.e. YKXE [28]. Pri-
mary mapping was accomplished using the UFDS system:
Ubc9 SUMO conjugating enzyme Fusion-Directed
SUMOylation that increases the amount of the SUMOy-
lated form of protein independently of necessary SUMO
ligase [29]. We showed that C-terminal part of Kaiso with
three zinc fingers is not necessary for Kaiso modification
(Fig. Sla,b). Thus, the SUMOylation site should be loca-
lized at the N-terminus of Kaiso. The evolutionarily con-
served and structured domain within this N-terminal region

A B
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Fig. 2 Kaiso is modified by SUMO-1 on 42 K in BTB/POZ domain. a
HEK293 were co-transfected with Flag-BTB-HA, SUMOI1-GFP,
EGFP as indicated. Flag-BTB-HA from whole-cell lysates was
immunoprecipitated with anti-HA agarose in the presence or absence
of NEM. Immunoblotting with GFP antibodies revealed that the BTB/
POZ domain is modified by SUMO-1. b, ¢ Nuclear extracts were
prepared with or without NEM from HEK293 cells transfected with
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Kaiso-GFP, K42R Kaiso-GFP, and SUMO1-GFP (b), and from cells
with endogenous K42R form of Kaiso (c). The anti-Kaiso antibody
detected an additional band in nuclear extracts prepared with NEM
from HEK293 cells transfected with wild-type Kaiso, but not with the
K42R mutant form. d Immunoprecipitation with anti-Kaiso antibody
from clones with endogenous K42R Kaiso
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is the BTB/POZ domain (1-123 aa). Co-transfection of
Flag/HA-tagged BTB domain of Kaiso and SUMO1-GFP
expression vectors produced a SUMOylated form of the
domain (Fig. 2a). Therefore, SUMOylated lysine (or
lysines) should be located within the BTB/POZ domain.

The functional properties of the BTB/POZ domain are
evolutionarily conserved [30, 31]. Hypothetically, lysines
that are subjected to SUMOylation must be conserved
between different organisms as well. To test this, BTB/POZ
domains of Kaiso orthologs from Xenopus Laevis and
Danio Rerio were coexpressed with SUMO1-GFP. Both
BTB/POZ domains were SUMOylated (Fig. S1c). The most
strongly conserved lysines within BTB/POZ domains
among four species (human, mouse, frog, fish) were
selected, i.e. K5, K42, K124 (Fig. S1d). Then, we sub-
stituted K5, K42, and K124 for arginines R5, R42, and
R124 correspondingly. Mutated BTB/POZ domains with
Flag/HA tags were coexpressed with SUMO1-GFP and
western blotted with GFP antibodies (Fig. Sle). SUMOy-
lated BTB/POZ domain was absent only in the K42R
mutant. To prove that K42 is the major SUMOylation site,
the same point mutation was introduced into the full-length
human Kaiso-GFP expression vector. In contrast to wild-
type form, the K42R mutant form of Kaiso did not produce
any SUMOylated bands, regardless of the presence or
absence of NEM (see Fig. 2b). Moreover, even when exo-
genous SUMO1 was coexpressed with the K42R mutant,
the modification was not detected (Fig. 2b). Using the
CRISPR/CASY system we generated HEK293 cell line with
biallelic point mutation K42R in endogenous Kaiso locus.
Western blot analysis showed a loss of endogenous Kaiso
SUMOylation in nuclear extracts prepared from K42R cells,
although we still observed a very weak slower migrating
band (Fig. 2c). Immunoprecipitation with Kaiso antibodies
confirmed that mutant K42R form cannot be SUMOylated
(Fig. 2d).

Kaiso K42R retains ability to repress transcription

Kaiso has dual DNA-binding specificity: it may bind either
methylated motifs that contain mCpG or unmethylated
DNA with core sequence CTGCNA [11]. In order to
determine whether SUMOylation/deSUMOyaltion
of Kaiso has any effect on its transcriptional
properties, we performed two sets of transient transfection
experiments.

First, we co-transfected Kaiso or its mutant form K42R
along with methylated or non-methylated reporter genes
into (Mbd2—/—, Kaiso—/y) mouse fibroblasts. We used this
cell line to avoid repression of the methylated reporter due
to activity of endogenous methyl-DNA-binding proteins
and to minimize the effect of endogenous Kaiso [32].
Expression of exogenous intact Kaiso and K42R mutant
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reduced transcription to 40 and 20% respectively at the
highest used concentration (Fig. 3a, left panel). Thus, K42R
mutation did not affect repression ability of the protein.
Cotransfection of a SUMO-1 expression vector switched
Kaiso into a mild transcriptional activator (150%), and had
little influence on the repressive properties of K42R (30%)
(Fig. 3a, right panel).

Second, we evaluated the effect of SUMOylation on a
functional switch of Kaiso transcriptional properties in a
methylation independent system by determining transcrip-
tional activity using KBS luciferase reporter plasmid in
HEK?293 KO cells. Intact Kaiso as well as K42R mutant
represses Luciferase reporter (Fig. 3b, left panel). However,
as soon as exogenous SUMO is expressed intact Kaiso
starts to activate the reporter transcription whereas K42R
induced repression is almost insensitive to the presence of
SUMO (Fig. 3b, right panel).

We concluded that overexpression of SUMO may
switch Kaiso from repressor to activator. At the same
time K42R mutant functions as repressor independently of
presence of exogenous SUMO. This property of
Kaiso works equally well when tested in assays that
rely on its different DNA binding specificity—KBS and
mCpG’s.

Osmotic stress induces Kaiso deSUMOylation

Since SUMOylation/deSUMOylation is a rapidly changing
modification under different stress conditions, we studied
Kaiso SUMOylation in various stress-induced systems. We
exposed HEK293 cells to heat shock, hyperosmotic stress,
hydrogen peroxide, and ethanol. Western blot analysis of
total cell lysates with anti-Kaiso antibodies revealed sig-
nificant differences between the SUMOylated and deSU-
MOylated fractions of the protein upon hyperosmotic stress
(Fig. 4a), while it had no effect on the K42R form of Kaiso
(Fig. S2a). The same deSUMOylation was detected in Caki-
1 and COS-7 cell lines (Fig. S2b). Thus, we focused on the
effect of NaCl-induced osmotic stress on post-translational
modification of Kaiso.

The effect of hyperosmotic stress on Kaiso modifications
was examined by gradiently increased osmolality. We
observed major changes in Kaiso modification from 175 to
400 mm NaCl-induced stress (Fig. S2¢) when the cells were
treated for 5 min. To exclude the possibility that modifica-
tion of Kaiso is sensitive to increased expression of alpha-
Na™-K"-ATPase [33], the cells were treated for 15 min with
media that was supplemented with 0.4 M sorbitol, which
works as an alternative chemically distinct osmolyte. The
observed effect with sorbitol was the same as the effect with
0.4 m NaCl (Fig. 4b). Thus, the effect is caused by hyper-
tonicity. Returning the cells to normal conditions for 15 min
after hyperosmotic stress led to the recovery of Kaiso
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modification (Fig. 4b). K42R cells did not produce any
changes when their extracts were probed with Kaiso and
SUMO-1 antibodies. The time-course of NaCl treatment
suggested that at 100 mm NaCl, cells quickly deSUMOylate
Kaiso (in 5 min), but then SUMOylation is restored over a
period of 3 h to almost 100% of initial SUMOylation levels
(Fig. 4c). The time-course of sorbitol treatment confirmed
the same effects that were observed for NaCl (Fig. S2d).
Thus, Kaiso is rapidly deSUMOylated upon salt treatment,
and depending on salt concentration, SUMOylation of
Kaiso may recover (at low salt Fig. 4c) or be lost (at high
salt Fig. S2d).

Salt-sensitive hypertension in Kaiso knockout mice

Previously, Kaiso expression was detected in many tissues
and cell types, predominantly in epithelial cells that pave
organ borders with environmental fluids (intestines, cornea,
skin, bladder, etc.) [24]. In turn, we have shown that Kaiso
is expressed also in subsets of kidney cells that resemble
distal tubules (Fig. S3a). Therefore, the pattern of Kaiso
expression implies the possibility of its participation in the
response to hyperosmotic stress.
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To confirm the biological importance of hyperosmotic
stress in vivo on the function of Kaiso, we fed wild-type and
Kaiso knockout mice a high salt diet. The blood pressure of
wild-type and Kaiso-deficient mice was equal under a
normal diet (Fig. 4d). However, when the animals were
switched to a high salt diet (8% of salt in the ration)) for
3 weeks, blood pressure showed a dramatic increase in
Kaiso knockout mice compared to wild-type mice (Fig. 4d).
Thus, the absence of Kaiso predisposed mice to increased
blood pressure upon a high salt diet.

DeSUMOylated form of Kaiso represses TRIM25
transcription

Finally, we explored the functional role of Kaiso deSU-
MOylation on gene transcription by measuring the digital
amount of mRNA transcripts. We found 558 downregulated
(pvalue < 0.001, twofold) and 494 upregulated (pvalue <
0.001, twofold) genes in K42R (clonel) compared to
HEK293 cells (Supplementary Table 2). GO (Gene Ontol-
ogy) term analysis of downregulated mRNA in the K42R
mutant cell line identified transcripts associated with the
inflammatory response, ion transport, and regulation of
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blood pressure (Supplementary Table 3). GO analysis of
upregulated mRNA revealed genes associated with protein
folding, RNA processing, and mitochondrial organization
(Supplementary Table 3). Among the top repressed genes in
the K42R mutant cell line, we found TRIM25. TRIM25 was
first discovered as an estrogen-responsive finger protein
[34]. It has been implicated in the proliferation of many
cancer cell types [35]. Additionally, it was shown that
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TRIM25 may escape from the estrogen-mediated control of
expression [36].

Downregulation of TRIM25 in both K42R clones was
confirmed by real-time PCR and western blot (Fig. Sa, b).
We observed stronger TRIM2S5 repression in K42R clonel
than in clone2. Deficiency of Kaiso led to TRIM25 upre-
gulation (Fig. 5a, b). We next tested whether Kaiso occu-
pies the TRIM25 promoter. ChIP analysis showed that
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Kaiso binds the TRIM25 promoter region in both HEK293
and K42R cell lines (Fig. 5c). Therefore, the non-
SUMOyalted form of Kaiso can repress TRIM2S5 tran-
scription in cellular models.

To study how changes in Kaiso deSUMOylation influ-
ence TRIM25 transcription, we performed hyperosmotic
treatment of HEK293, K42R, and KO cells (Fig. 5). A
significant decrease of TRIM25 expression was detected in
HEK?293 cells, along with Kaiso deSUMOylation. The level
of TRIM25 was unaltered in K42R mutant cell lines during
treatment (Fig. 5a, d). Kaiso deficiency effectively abol-
ished salt-induced suppression of TRIM25 mRNA (Fig. 5a,
e). These results indicate that hyperosmotic stress causes
suppression of TRIM?25 transcription through deSUMOy-
lated Kaiso.
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To show the specificity of Kaiso to the modulation of
TRIM2S5 activity, we performed a series of rescue experi-
ments. First, we expressed exogenous Kaiso-GFP in KO
cells. Restoring Kaiso level resulted in a decrease of
TRIM?25 transcription (Fig. 6a). Second, we used siRNA
specific to Kaiso to deplete its mRNA in K42R cells. In
spite of downregulated Kaiso, we did not observe the
expected increase in TRIM25 transcription (Fig. 6b). We
hypothesized that K42R Kaiso established such an unfa-
vorable chromatin state with the TRIM25 promoter that
even when Kaiso K42R level was significantly decreased by
siRNA, the promoter remained in an inactive state due to
epigenetic factors. ChIP analysis demonstrated that the
TRIM25 promoter in HEK293 and KO cells is enriched
with active histone marks (H3K4me3, H3K27ac) and
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Fig. 6 Effect of Kaiso deSUMOylation on chromatin marks and
apoptosis. Effect of Kaiso-GFP overexpression in Kaiso-deficient cells
(a) and Kaiso knockdown in K42R mutant cells (b) on TRIM25
expression. ¢ ChIP analysis of chromatin marks (H3K4me3, H3K27ac,
H3K9me3) on TRIM25 promoter in cells with different Kaiso status
(wild type—HEK293, Kaiso deficient—Kaiso KO clonel, non-
SUMOylated Kaiso—K42R clonel, Kaiso recovery in Kaiso KO

depleted of inactive marks (H3K9me3). K42R cells were
characterized by a loss of active histone marks within the
TRIM25 promoter that were replaced by repressive
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100mM NaCl 24 h

clonel, Kaiso knockdown in K42R clonel). Active marks H3K4me3
and H3K?27ac are lost in cells with nonSUMOylated Kaiso and are not
restored upon knockdown of Kaiso. d Data analysis of AnnexinV-
FITC, PI staining of cells under normal conditions and after incubation
with 100 mm NaCl during 24 h (n = 3, mean + standard error of mean,
Student’s ¢ test). e Schematic model of Kaiso action on promoter
activity in dependence from SUMOylation

H3K9me3. siRNA knockdown of Kaiso in K42R
cells did not erase the H3K9me3 mark, suggesting that
deSUMOylated Kaiso may participate in the establishment
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of inactive chromatin around the TRIM25 gene, but not in
the maintenance of this chromatin state (Fig. 6c¢).

Kaiso K42R mutation enhances osmos-induced
apoptosis in HEK293 cells

Downregulation of TRIM?25 results in increased apoptosis of
lung cancer cells treated with doxorubicin [37, 38]. We
hypothesized that the level of osmos-induced apoptosis will be
different in K42R cells compared to HEK293 and KO cells,
depending on the amount of TRIM25 mRNA in each cell
type. To test this, we stressed cells with 100 mm NaCl for 24 h.
This treatment led to rapid but transient Kaiso deSUMOyla-
tion (see about SUMOylation recovery above and Fig. 4c).
Cells staining for annexinV after hyperosmotic treatment
showed that HEK?293 cells exhibited lower levels of apoptosis
(14.7%) compared to K42R clones: clonel =21% and clone2
=32% (Fig. 6d, Fig. S4). Kaiso-deficient cells had a level of
apoptosis almost identical to that of HEK293 cells. When KO
cells were rescued with expression of exogenous intact Kaiso,
we detected higher levels of apoptosis that were in line with
downregulation of TRIM25 (compare panels a and d in Fig. 6,
Fig. S5). Kaiso knockdown by siRNA in K42R cells did not
change the level of apoptosis, which agrees with the lack of
change in TRIM2S5 transcription after treating K42R cells with
siRNA. Thus, we confirm that a dominant negative Kaiso
mutant, which is unable to be SUMOylated, downregulates
TRIM25 mRNA levels and predisposes the cells to higher
apoptosis upon hyperosmotic stress.

Discussion

This work is the first attempt to detect and understand the
role of post-translational modifications of Kaiso. We found
that Kaiso exists mainly as monoSUMOylated protein. At
some physiological circumstances, cells are subjected to
hyperosmotic stress that lead to their wrinkling and
shrinkage. Cells respond to suddenly increased osmolarity
by pumping in ions and water to compensate for external
pressure. We have observed that Kaiso is quickly deSU-
MOylated in response to elevated concentrations of salt or
sorbitol, which cause hyperosmotic shock. Thus, we think
of Kaiso as a fast osmotic sensor. We see also that the
deSUMOylation: (i) is reversible upon withdrawal of
osmotic pressure and (ii) relaxes, returning Kaiso to almost
fully SUMOylated form, if cells adapt to osmotic shock in
3-6 h and recover their shape. We can only speculate at this
stage that Kaiso, a p120 catenin partner, somehow receives
signals from the cytoskeleton, which becomes stressed upon
osmotic shock, and participates in new transcriptional pro-
grams that are started in response to stress. One possible
mechanism involves direct interactions between p120 and
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Kaiso that lead to the inhibition of DNA binding and Kaiso
trafficking from nucleus to cytoplasm [39], where potential
deSUMOylases act on the protein. Whether SUMOylation
can regulate interactions of Kaiso with p120 and DNA
should be addressed in further studies.

As we have shown here, Kaiso may be mono-
SUMOylated with SUMO-2,3. It is quite a rare case, and
there is a striking example of monoSUMOylation with
SUMOQO2, 3. This is the inhibitor of NFkB (IkBa). IkBa can
SUMOylated and ubiquitinated at the same K21 lysine.
After cells are stimulated, IkBa-SUMO1 cannot be ubi-
quitinated and remains stable, but IkBa-SUMO?2 is poly-
ubiquitinated and therefore exposed to proteasomal
degradation [40, 41]. This example shows a possibility for
monoSUMOylated proteins to be further modified. The
same mechanism may work for Kaiso. However, up to now
we do not have any evidence that Kaiso gene expression is
regulated at the level of protein stability.

Previously published ChIP-seq analysis of Kaiso binding
sites demonstrated a positive correlation between the
binding of Kaiso and RNA expression level. This pioneer-
ing work hypothesized that Kaiso may attract transcriptional
activators [42]. Now, based on our results, a positive cor-
relation between Kaiso binding and promoter activity might
be explained. A monoSUMOylated form of Kaiso is stable,
but SUMOylation converts Kaiso from a repressor to an
activator. We mapped the SUMOylation site within the
BTB/POZ domain that is responsible for protein—protein
interactions and dimerization [9, 15, 27]. BTB/POZ domain
modifications may influence a spectrum of interacting pro-
teins and consequently may have an impact on repression/
activation properties of Kaiso. Tremendous progress in this
direction would be achieved by raising monoclonal anti-
bodies that specifically recognize monoSUMOylated Kaiso.
Use of this reagent in ChIP-Seq and immunoprecipitation
experiments would broaden our understanding of the role of
SUMOylated Kaiso.

Transcriptional profiling of K42R mutant cells produced a
cluster of deregulated genes that Gene Ontology assigned to
the inflammatory response and blood pressure regulation
(Supplementary Table 3). Our in vivo observation of
increased hypertension in Kaiso-deficient animals that were
kept on a high salt diet supported in vitro findings. Addi-
tionally, it was shown previously that hyperosmolarity sti-
mulates the release of pro-inflammatory cytokines from
immune and epithelial cells [43]. As seen from transcriptional
profiling of K42R cells, the nonSUMOylated form of Kaiso
reduced expression of IL26, CD40, TGFb1, and II31RA (see
full list of inflammatory genes in Supplementary Table 3). We
suggest that deSUMOylated Kaiso is a compensatory
mechanism that is activated in response to inflammation
caused by changes in osmolarity. For instance, we show that
Kaiso interacts with promoter of TRIM25, the gene that is
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active in HEK293 cells. When Kaiso is deSUMOylated either
by hyperosmotic stress or gene editing (as in K42R cells), it
downregulates TRIM25 transcription. Histones that are
depleted with H3K4me3 and H3K27Ac and enriched with
H3K9me3 forms a certain chromatin structure around
TRIM25 promoter in K42R cells. It is this chromatin
structure that makes TRIM2S stably epigenetically repressed
in K42R cells even after knockdown of Kaiso by siRNA. We
hypothesize that in some cellular processes, transient deSU-
MOylation of Kaiso after stress may lead to stable inactiva-
tion of particular genes by generating chromatin structures
with histone marks that are unfavorable for transcription
(Fig. 6E).

Our results also support previously published data on the
role of TRIM25 in stress-induced apoptosis. Down-
regulation of TRIM25 resulted in massive apoptosis during
early embryogenesis of medaka [38]. We demonstrated that
stable downregulation of TRIM25 by Kaiso deSUMOyla-
tion in K42R cell lines is associated with increased apop-
tosis levels. Kaiso overexpression in KO cells
downregulates TRIM25 transcription and increases the level
of apoptosis. These data suggest that Kaiso may control
osmolarity-induced apoptosis through regulation of
TRIM?25 activity.

Therefore, Kaiso can regulate TRIM25 expression by
participating in the establishment of repressive chromatin
marks. We suggest that SUMO signaling to Kaiso opens
new modes of control upon transcription of Kaiso target
genes and stress-induced apoptosis.
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