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SUMMARY

Deficiency or blockade of the 2-pore potassium channel
subfamily K member 9 (KCNK9) aggravates experimentally

induced colitis. KCNK9 promotes mitochondrial stability and
thus limits caspase-9-dependent apoptosis in intestinal
epithelial cells. Lack of KCNK9 cannot be compensated by
KCNK3, although the structural similarity is enormous.

BACKGROUND & AIMS: The 2-pore potassium channel sub-
family K member 9 (KCNK9) regulates intracellular calcium
concentration and thus modulates cell survival and inflammatory
signaling pathways. It also was recognized as a risk allele for
inflammatory bowel disease. However, it remains unclear
whether KCNK9 modulates inflammatory bowel disease via its
impact on immune cell function or whether its influence on cal-
cium homeostasis also is relevant in intestinal epithelial cells.

METHODS: Kcnk9”" mice were challenged with 3% dextran
sulfate sodium (DSS) to induce experimental acute colitis. Pri-
mary cultures of intestinal epithelial cells were generated, and
expression of potassium channels as well as cytosolic calcium
levels and susceptibility to apoptosis were evaluated. Further-
more, we evaluated whether KCNK9 deficiency was compen-
sated by the closely related 2-pore potassium channel KCNK3
in vivo or in vitro.

RESULTS: Compared with controls, KCNK9 deficiency or its
pharmacologic blockade were associated with aggravated DSS-
induced colitis compared with wild-type animals. In the
absence of KCNKO9, intestinal epithelial cells showed increased
intracellular calcium levels and were more prone to mito-
chondrial damage and caspase-9-dependent apoptosis. We
found that expression of KCNK3 was increased in Kcnk9”” mice
but did not prevent apoptosis after DSS exposure. Conversely,
increased levels of KCNK9 in Kcnk3”" mice were associated
with an ameliorated course of DSS-induced colitis.
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CONCLUSIONS: KCNK9 enhances mitochondrial stability, re-
duces apoptosis, und thus supports epithelial cell survival after
DSS exposure in vivo and in vitro. Conversely, its increased
expression in Kcnk3”" resulted in less mitochondrial damage
and apoptosis and was associated with beneficial outcomes
in DSS-induced colitis. (Cell Mol Gastroenterol Hepatol 2022;
14:1199-1211; https://doi.org/10.1016/j.jcmgh.2022.08.003)

Keywords: Two-Pore Potassium Channels; DSS-Induced Colitis;
Caspase-9.

he 2-pore potassium channel (K;p) KCNK9 was

identified as a major modulator of intracellular
calcium (Ca®") levels and associated signaling pathways.’
Initially described as a contributor to resting membrane
potential in excitable cells such as neurons, evidence for its
role in the modulation of signal responses in immune cells
has increased in recent years.” In experimental autoimmune
encephalomyelitis, KCNK9 significantly contributes to im-
mune cell activation and disease severi‘cy.g'4 Furthermore,
genetic variants in the Kcnk9 gene recently were associated
with an increased risk for ulcerative colitis, a variant of
inflammatory bowel disease (IBD).”

Previous work indicated various mechanisms by which
KCNK9 and other closely related potassium channels such as
KCNK3 modulate the intracellular calcium level, involving Gq-
proteins and diacylglycerol as direct negative regulators.”’
Thus, a Ca’* level increase ultimately decreases KCNK3- and
KCNK9-mediated K' conductance. Conversely, compensatory
K" efflux provides an electrochemical gradient and hence is a
prerequisite for Ca*™ influx.® Notably, previous work indicated
that KCNK3 and KCNK9 share most of their structure and
properties, and even form heterodimers. Thus, it repeatedly was
assumed that the channels can be substituted for one another.”’

Increased intracellular Ca*" levels are associated with a
plethora of signaling responses in intestinal epithelial cells and
many of these signals are involved in the pathophysiology of
IBD, including the formation and stability of tight junctions and
epithelial cell survival.'? Dysfunction or even loss of epithelial
barrier integrity is a hallmark of IBD,"" and drives chronic
disease in addition to prerequisites such as increased activation
of immune cells or changes in the intestinal microbiome."” IBD
is characterized by chronic remittent flares of colitis that can
present with abdominal pain, diarrhea, and rectal bleeding."?

However, K2P channels do not just share potential inter-
action points with IBD pathophysiology, but also represent
potentially druggable targets. Given its potential link to IBD at
a genomic variant level, we decided to investigate the effects
of KCNK9 modification in an animal model of IBD and to
further elucidate the cellular effects of KCNK9 abrogation on
intestinal epithelial calcium homeostasis and cell survival.

Results
KCNKO9-Deficient Mice Show Exacerbated
Morbidity in Acute Dextran Sulfate
Sodium-Induced Colitis

To test whether KCNK9 affects intestinal inflammation,
we exposed knockout mice and their respective wild-type
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controls to 1 course of dextran sulfate sodium (DSS) treat-
ment followed by normal drinking water. Kcnk9”~ mice
suffered from increased weight loss (Figure 14) and showed
more severe clinical symptoms, including diarrhea and
rectal bleeding, as depicted by the disease activity index
(Figure 1B). We examined the intestinal barrier integrity
in vivo using fluorescein isothiocyanate-dextran and iden-
tified significantly increased barrier disruption in Kcnk9””
mice (Figure 1E). Accordingly, both inflammatory colon
shortening (Figure 1D and F) and histology scores
(Figure 1C and G) indicated more severe disease. In line,
serum inflammatory cytokine level controls including
interleukin (IL)14, tumor necrosis factor « (TNF-«), and IL6
were found increased in Kcnk9”” mice compared with con-
trols (Figure 1H). Notably, we were able to document an
increase of caspase-9, but not caspase-8, activation in the
intestinal epithelium of Kcnk9”" mice compared with con-
trols (Figure 11)

The Phenotype of KCNK9-Deficient Mice Can Be
Reproduced by Pharmacologic Blockade

To validate the detrimental effects caused by genetic
knockout in Kcnk9”" mice, we specifically blocked KCNK9
using the recently described substance 1-[1-[6-([1,1-
biphenyl]-4-ylcarbonyl)-5,6,7,8-tetrahydropyrido[4,3-d]pyr-
imidin-4-yl]-4-piperidinyl]-1-butanone (PK-THPP) in wild-
type and knockout animals and again acutely induced coli-
tis with DSS treatment.'*'® Pharmacologic inhibition of
KCNKO9 severely affected wild-type animals as indicated by
weight loss (Figure 2A4) and disease activity index
(Figure 2B), but did not further modify the disease course of
knockout animals. Barrier disruption also was more sub-
stantial in PK-THPP-treated wild-type animals (Figure 2E).
Inflammatory colon shortening (Figure 2D and F) and his-
tology scores (Figure 2C and G) again were increased.
Similarly, serum cytokine levels for IL13, TNF-«, and IL6
were increased after PK-THPP treatment in wild-type mice
(Figure 2H). In Kenk9”/™ mice, we found no additional effect
of PK-THPP treatment compared with injection of the
vehicle substance alone. Again, we found increased activa-
tion of caspase-9 in the intestinal epithelium of Kcnk9”"

*Authors share co-first authorship.

Abbreviations used in this paper: A293, 2-(butane-1-sulfonyl-amino)-
N-[1-(R)-(6-methoxypyridin-3-yl)-propyl]-benz-amide; DMEM, Dulbec-
co’s modified Eagle medium; DMSO, dimethyl sulfoxide; DSS, dextran
sulfate sodium; ER, endoplasmic reticulum; IBD, inflammatory bowel
disease; IEC, intestinal epithelial cell; IL, interleukin; JC-1, 5,5°,6,6’-
tetrachloro-1,1’,3,3’-tetraethylbenzimidazolocarbocyanine iodide;
K2P, 2-pore potassium (channel); mRNA, messenger RNA; PBS,
phosphate-buffered saline; PK-THPP, 1-[1-[6-([1,1'-biphenyl]-4-
ylcarbonyl)-5,6,7,8-tetrahydropyrido[4,3-d]pyrimidin-4-yl]-4-piperidinyl]-
1-butanone; PCR, polymerase chain reaction; TNF-«, tumor necrosis-
factor a.
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Figure 1. Kcnk9’" mice show increased susceptibility in
DSS-induced colitis. (A and B) Development of body weight
(shown as percentage of baseline) and disease activity in-
dex (DAIl) during acute DSS-induced colitis. DSS was
administered from days 1 to 5. (C) Generic images of H&E-
stained colon sections from DSS-treated animals and
controls. Scale bars: 300 um. (D) Generic images of
explanted colon from DSS-treated wild-type and knockout
animals. (E) Fluorescein isothiocyanate (FITC)-dextran
levels in peripheral blood on day 9. Mice received FITC-
dextran 4 hours before sample collection. (F) Colon length
from anus to ileocecal valve measured from ileocecal valve
to anus after explantation. (G) Histology score of H&E-
stained transverse colon sections. (H) Levels of inflamma-
tory cytokines in peripheral blood on day 9. (/) Assessment
of caspase-8 and caspase-9 activity in colon whole-tissue
pieces on day 9. Data are shown as (A and B) means +
SD or as (E-I) box—whisker plots (boxes indicate median +
interquartile range, whiskers indicate range). (A and B) n =
10 for DSS-treated and n = 5 for H,O-treated animals, (E-/)
n = 5 per group. Statistical significance was tested using 2-
way analysis of variance including the (A and B) Bonferroni
post hoc test or the (E-/) Mann-Whitney rank-sum test. *P <
.05, *P < .01, and ***P < .001. KO, knockout; WT, wild-

type.
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mice, whereas caspase-8 activation remained equal to con-
trols (Figure 21).

KCNKQ9 Deficiency Induces Mitochondrial
Dysfunction and Increases Apoptosis in Intestinal
Epithelial Cells

Next, we generated primary culture of murine colonic
intestinal epithelial cells (IECs) from KCNK9-deficient mice
and wild-type controls. After 24 hours of cultivation, only a
minor fraction of Kcnk9”/” IECs underwent apoptosis as
indicated by positive caspase-3 staining, and no difference
was observed between knockout and wild-type -cells
(Figure 34). However, Kcnk9”” 1IECs were prone to cell death
after treatment with DSS (TNF-« served as positive control)
(Figure 3B) and Kcnk9”" 1ECs showed pronounced activa-
tion of caspase-3 (Figure 3C). Because it is known that DSS
and TNF-« induce apoptosis via different pathways, which
are dependent on either initiator caspase-8 or caspase-
9,'%'® we repeated the caspase-3 activation assay after
adding DSS and respective inhibitors of the initiator cas-
pases. After adding the fluoromethyl ketone-derived cas-
pase-8 inhibitor, a significant difference still was observed
in apoptosis induction in Kcnk9”" IECs after DSS exposure.
Conversely, blockade of caspase-9 after adding fluoromethyl
ketone-derived caspase-9 inhibitor resulted in a marked
reduction in apoptosis and lowering of caspase-3 activation
levels in knockout and wild-type IECs (Figure 3D).

Because caspase-9 activation is usually the result of
organelle damage and the subsequent increase in cytosolic
calcium levels, we investigated whether KCNK9 deficiency
alters calcium level development over time after DSS
exposure of IECs.

We found that Kcnk9”” 1ECs show a significant increase
in late-stage cytosolic calcium levels compared with wild-
type controls and that increased levels were maintained
(Figure 3E). Comparing Kcnk9”~ 1ECs kept in standard me-
dium with those kept in calcium-free medium, we observed
differences in the early phase (minutes 5-10) after stimu-
lation with DSS, but no differences in late-stage calcium
levels (minutes 10-15) were seen (Figure 3F). We
concluded that the early increase in cytosolic Ca®" levels
results from the influx of extracellular Ca®", whereas further
increases are caused by Ca®" release from internal storage.
Notably, differences in caspase-3 activation remained sig-
nificant between knockout and wild-type cells even in Ca®"-
free medium, suggesting that KCNK9 might predominantly
affect the release of Ca?" from internal stores (Figure 3G).

Different intracellular calcium storing organelles exist,
with the endoplasmic reticulum (ER) often being deemed
the most important.'” ER damage and subsequent Ca®"
release are an established consequence of ER stress, which
can be induced by various mechanisms such as accumula-
tion of unfolded or misfolded proteins. Furthermore, ER
stress is well described in IBD and its animal models
including DSS-induced colitis.'"® Thus, we investigated
whether differences in cytosolic calcium levels originate
from increased release of ER-stored calcium. We depleted
ER calcium in knockout and wild-type IECs by thapsigargin-
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Figure 3. KCNK9 modulates cellular calcium responses and cell survival in IECs. (A) Immunofluorescence staining of
isolated IECs showing the fraction of apoptotic cells by determination of caspase-3 activation. (n = 5 per group; legend also
applies to B-D, G, I-K). (B) Evaluation of cell viability after TNF-« and DSS exposure using the Tetrazolium chloride (MTS)
assay (n = 5 per group). (C) Analysis of caspase-3 activation (n = 5 per group). Caspase-3 activation after DSS treatment with
the addition of either DMSO (vehicle), fluoromethyl ketone-derived caspase-8 inhibitor (IETD), fluoromethyl ketone-derived
caspase-9 inhibitor (LEHD) in IECs (n = 5 per group). (E and F) Fura-2-based assay for detecting cytosolic calcium levels
in IECs after DSS exposure. Arrows indicate addition of 5% DSS solution (n = 8 per group). (G) Caspase-3 activation in SM and
CFM after DSS exposure (n = 5 per group). (H) Fura-2-based assay for detecting cytosolic calcium levels in IECs after DSS
exposure after ER calcium depletion using thapsigargin (n = 8 per group). (/) Assessment of ER stress marker gene Grp78 and
Chop expression in IECs after DSS treatment vs controls (n = 5 per group). (J) Quantification of mitochondrial membrane
integrity (JC-1), superoxide generation (MitoSOX), and formation of hydroxyl radical via the Fenton reaction (2’,7’-dichloro-
fluorescin diacetate [DCFDA]) after DSS stimulation (n = 5 per group). (K) Western blot of KCNK9 and respective cell fraction
markers (numbers on the right indicate mass in kilodaltons). Statistical significance was tested using the (A-C, G, I, and J)
Mann-Whitney U test, (D) Kruskal-Wallis test including the Dunn post hoc test, or (E, F, and H) 2-way analysis of variance
including the Bonferroni post hoc test. *P < .05, *P < .01, *™*P < .001, p > .05 was not significant. AU, adsorption unit; CFM,
calcium-free medium; Ctrl, control; CY, cytosolic fraction; HPF, high-power field; MITO, mitochondrial fraction; PM, plasma
membrane fraction; rRNA, ribosomal RNA; SM, standard medium; RFU, relative fluorescent unit; TPG, thapsigargin; WT, wild-
type.

Figure 2. (See previous page). Pharmacologic blockade of KCNK9 aggravates DSS-induced colitis in wild-type mice. (A
and B) Development of body weight (shown as percentage of baseline) and disease activity index (DAIl) during acute DSS-
induced colitis. DSS was administered from days 1 to 5. (C) Generic images of H&E-stained colon sections from DSS-
treated animals and controls. Scale bars: 300 um. (D) Generic images of explanted colon from DSS-treated wild-type and
knockout animals. (E) Fluorescein isothiocyanate (FITC)-dextran levels in peripheral blood on day 9. Mice received FITC-
dextran 4 hours before sample collection. (F) Colon length from the anus to the ileocecal valve measured from the ileoce-
cal valve to the anus after explantation. (G) Histology score of the H&E-stained transverse colon sections. (H) Levels of in-
flammatory cytokines in peripheral blood on day 9. (/) Assessment of caspase-8 and caspase-9 activity in colon whole-tissue
pieces on day 9. Data are shown as the (A and B) means + SD or as (E-/) box-whisker plots (boxes indicate median +
interquartile range, whiskers indicate range). (A and B) n = 10 for DSS-treated and n = 5 for H,O-treated animals, (E-) n =5
per group. Statistical significance was tested using 2-way analysis of variance including the (A and B) Bonferroni post hoc test
or the (E-l) Mann-Whitney rank sum test. “*P < .05, **P < .01, and **P < .001. veh, vehicle; WT, wild-type.



1204 Pfeuffer et al

induced blockade of the ER calcium adenosine triphospha-
tase (SERCA) and measured cytosolic calcium levels after
DSS exposure. Thapsigargin treatment resulted in compa-
rable lowering of peak cytosolic calcium levels in both
knockout and wild-type cells (reduction of the peak Fura-2
ratio in knockout cells by 0.167 adsorption units (7.46%) vs
0.245 adsorption units (13.8%) (Figure 3H). However, differ-
ences between knockout and wild-type animals persisted and
therefore we concluded that increased Ca®" levels in Kcnk9”"
originate from organelles other than the ER. Furthermore, we
observed no differences in expression of ER stress marker
genes after DSS treatment (Figure 3F)

Mitochondria also contain substantial calcium stores and
the presence of KCNK9 on mitochondria has been reported
previously.'” We explored whether these organelles might
be less resistant to DSS exposure in the absence of KCNK9
and used fluorescent dyes to visualize mitochondrial
response toward DSS. KCNK9 deficiency boosted both
mitochondrial membrane depolarization (measured via
5,5’,6,6'-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolocarbo-
cyanine iodide [JC-1] assay) and mitochondrial superoxide
production (measured via MitoSOX oxidation). Conse-
quently, hydrogen peroxide is increased as measured by an
increased Fenton reaction via 2’,7’-dichlorofluorescin diac-
etate oxidation (all Figure 3]). Because we hypothesized that
KCNK9 might regulate mitochondrial integrity, we per-
formed Western blot of isolated cell fractions and found that
KCNK9, in addition its presence on the plasma membrane,
also was present in the mitochondrial fraction (Figure 3K).

IECs React to KCNK9 Deficiency via Up-
Regulation of KCNK3

As described earlier, KCNK9 shares most of its properties
with its closest relative KCNK3, aside from the formation of
heterodimers.>*’ To test the relevance of this resemblance in
IECs, we screened Kcnk9”~ and wild-type control cells for
differential expression of the known 2-pore potassium chan-
nels. KCNK9 deficiency resulted in a strong increase of Kcnk3
gene expression, whereas expression levels of other Kjp
channels remained largely unaltered (Figure 4A4). Expression
of KCNK3 and KCNK9 were visualized at the protein level via
immunofluorescence staining (Figure 4B).

To further elucidate the role of a potential interplay be-
tween KCNK3 and KCNK9, we used the experimental inhib-
itor substance 2-(butane-1-sulfonyl-amino)-N-[1-(R)-(6-
methoxypyridin-3-yl)-propyl]-benz-amide  (A293), which
preferably inhibits KCNK3 (and to a very minimal extent
KCNK9) channel function.* Its administration led to no rele-
vant decrease of apoptosis in wild-type IECs after DSS
exposure. However, its effect was potentiated in Kcnk9”
IECs, corroborating the high Kcnk3 gene expression
(Figure 4C). Remarkably, we observed a decrease in
apoptosis rate even below values found in A293-treated wild-
type IECs, and we presume that in the absence of KCNK3 and
KCNK9 channel function, Ca®" influx is largely suppressed in
general. In line with this, we detected a decrease of late-stage
cytosolic calcium levels in DSS-exposed Kcnk9”" IECs after
incubation with A293 (Figure 4D).

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 6

We then sought to establish whether KCNK3 exerts a spe-
cific role in modulation of Ca®" influx or whether the observed
phenomena are owing to transcriptional effects. We silenced
channel functions by pharmacologic inhibition in wild-type IECs.
First, we specifically blocked KCNK9 by adding PK-THPP before
DSS exposure, and 5 minutes after DSS administration we added
A293. We found that PK-THPP treatment closely resembled the
phenotype observed in Kcnk9”” IECs, whereas A293 treatment
had no demonstratable effect on late-stage Ca*" influx alone
but led to a potent decrease of cytosolic Ca®" levels when
administered subsequently to PK-THPP (Figure 4E).

Subsequently, we decided to verify our results in a genetic
knockout of KCNK3. Examining the DSS-induced increase of
cytosolic calcium levels confirmed our previous finding and
showed a significant decrease of late-stage calcium influx in
Kcnk3”" 1ECs (Figure 4F). In those cells, we found a reciprocal
increase in Kcnk9 messenger RNA (mRNA) expression,
whereas the absence of Kcnk3 mRNA was shown by real-time
polymerase chain reaction (PCR) (Figure 4G). We evaluated
mitochondrial function via the previously performed assays
and detected reduced mitochondrial superoxide production as
well as greater persistence of mitochondrial membrane po-
tential (both Figure 4H). However, these effects appear to be
caused by increased KCNK9 channel expression because
elimination of this aspect by pharmacologic blockade with
A293 again yielded no respective phenotype in wild-type IECs.

KCNK3-Deficient Mice Are Protected From
Acute DSS-Induced Colitis

Lastly, we subjected Kcnk3”" mice and their respective
wild-type controls to DSS-induced colitis. We found that
KCNK3 deficiency reduced weight loss and disease activity
index compared with wild-type controls (Figure 54 and B).
Barrier disruption was reduced, although effects were not
statistically significant here (Figure 5E). However, colonic
shortening (Figure 5D and F) as well as histologic damage
were markedly less pronounced (Figure 5C and G). We also
observed lower levels of inflammatory cytokines in peripheral
blood samples obtained from our knockout mice compared
with control animals (Figure 5I). Lastly, we performed
expression analysis of Kcnk9 mRNA from colon samples and
confirmed increased expression in Kcnk37", thereby con-
firming our previous results from IEC studies. Notably, here
we found increased expression of KCNK9 in DSS-treated wild-
type animals compared with water controls (P = .0317)
(Figure 5H). Similar to DSS-induced colitis experiments in
Kcnk97" mice, we performed activation assays regarding
caspase-8 and caspase-9 and found unaltered levels of
caspase-8 activation whereas caspase-9 activation was
reduced in Kcnk3”" mice compared with controls (Figure 5J).

Discussion

Within the presented work, we aimed to establish a
deeper understanding of the potential role of KCNK9 in
epithelial cell survival and its in vivo impact on DSS-induced
colitis. We found that, as well as the genetic knockout,
pharmacologic blockade of KCNK9 aggravated DSS-induced
colitis including more pronounced weight loss, more
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Figure 4. Kcnk9™~ IECs show up-regulation of Kcnk3 mRNA and blockade of KCNK3 normalizes calcium responses. (A)
Analysis for gene expression of different Kop channels in untreated Kcnk9™~ and wild-type IECs using quantitative real-time
PCR (n = 8 per group). (B) Immunofluorescence analysis for validating channel expression on the protein level in IECs.
Columns indicate genotype, rows indicate performed staining. Nuclear staining was performed with 4’,6-diamidino-2-
phenylindole. Scale bars: 10 um. (C) Caspase-3 activation after DSS stimulation and addition of KCNK3 and caspase-9 in-
hibitor A293 (n = 5 per group). (D) Calcium assay after A293 addition (n = 8 per group). (E) Calcium assay after PK-THPP and/
or A293 addition and DSS stimulation (n = 8 per group). (F) Calcium assay in Kcnk3”~ IECs (n = 8 per group). (G) mRNA
expression of Kcnk3 and Kcnk9 in Kcnk3”” IECs (n = 5 per group). (H) Evaluation of mitochondrial superoxide generation
(MitoSOX) and mitochondrial membrane integrity (JC-1) after DSS stimulation (n = 5 per group). Statistical significance was
tested using the (A and G) Mann-Whitney U test, (C and H) Kruskal-Wallis test including Dunn post hoc test, or (D-F) 2-way
analysis of variance including the Bonferroni post hoc test. *P < .05, P < .01, *™P < .001; p > .05 was not significant. AU,
adsorption unit; Ctrl, control; RFU, relative fluorescent unit; rRNA, ribosomal RNA; WT, wild-type.

severe clinical symptoms, and impairment of intestinal
epithelial barrier function with subsequent release of in-
flammatory cytokines. After establishment of primary
colonic IEC cultures from knockout and wild-type animals,
we found increased susceptibility of Kcnk9”~ IECs to
apoptosis after DSS exposure and, similar to in vivo data, we
showed a major role for caspase-9 activation and thus the

intrinsic apoptosis cascade. Intracellular calcium levels
increased more strongly after DSS treatment in the absence
or blockade of KCNK9 and we were able to identify mito-
chondrial damage as the underlying cause for the excessive
increase of cytosolic Ca®* levels, whereas we found no
specific predisposition to ER stress. Although closely related
to KCNK9 regarding structure and function, and up-



1206 Pfeuffer et al

-
(=)
T

—t
(=
(=]
Pt

©
T

©
e

| wr
0 Kenk3" 0 H20

Relative bodyweight [%] I>

3% DSS

DAI

2]
a

(@

H20

Kcnk3”

p=0.12

N
o
1

FITC-Dextran [pg/mL]
5 &
1 1
T

o
g
HElH
{1

e
o
L

T
WT KO WT KO

Dss H20

w
o
o

N
N
3}

iy
£
E
2
=150
S
1
[I's
Z 75

0

WT KO WT KO
DSS H20

2 3 4 5 6 7 8 9

“

-
o
1

=
3}

2
=)

1 1
+—
HIH

N
o

Colon length [mm]
Histology score
Kcnk9 mRNA/18SrRNA

*%

o
1

o

|

IL-6 [pg/mL]
Caspase-8 activity [AU]
Caspase-9 activity [AU]

o rr
WT KO WT KO

Dss H20

*%

Eig

1 I I I
WT KO WT KO

DSS H20

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 6

Figure 5.Kcnk3’ mice
show ameliorated cour-
ses compared with con-
trols in DSS-induced
colitis. (A and B) Develop-
ment of body weight
(shown as percentage of
baseline) and disease ac-
tivity index (DAIl) during
acute DSS-induced colitis.
DSS was administered
from days 1 to 5. (C)
Generic images of H&E-
stained colon sections
from DSS-treated animals
and controls. Scale bars:
300 um. (D) Generic im-
ages of explanted colon
from DSS-treated wild-
type and knockout ani-
mals. (E) Fluorescein iso-
thiocyanate (FITC)-dextran
levels in peripheral blood
on day 9. Mice received
FITC-dextran 4  hours
before sample collection.
(F) Colon length from the
anus to the ileocecal valve
measured from the ileoce-
cal valve to the anus after
explantation. (G) Histology
score of H&E-stained
transverse colon sections.
(H) Quantitative assess-
ment of Kcnk9 mRNA
expression in colon whole-
tissue pieces on day 9. (/)
Levels of inflammatory cy-
tokines in peripheral blood
on day 9. (J) Assessment
of caspase-8 and caspase-
9 activity in colon whole-
tissue pieces on day 9.
Data are shown as (A and
B) means + SD or as (E-J)
box-whisker plots (boxes
indicate median + inter-
quartile range, whiskers
indicate range). (A and B)
n = 10 for DSS-treated and
n = 5 for H,O-treated ani-
mals, and (E-J) n = 5 per
group. Significance was
calculated using 2-way
analysis of  variance
including the (A and B)
Bonferroni post hoc test or
the (E-J) Mann-Whitney U
test. *P < .05, P < .01,
**P < .001. FITC, fluores-
cein isothiocyanate; KO,
knockout; rRNA, ribosomal
RNA; WT, wild-type.
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regulated in Kcnk97” IECs, KCNK3 could not compensate for
the loss of KCNK9 function. Conversely, the beneficial effects
of KCNK3 deficiency regarding DSS-induced Ca®" influx,
mitochondrial damage, and apoptosis were accompanied by
stronger expression of KCNK9. Similar observations also
were made in Kcnk3”” mice that underwent DSS-induced
colitis.

It generally is accepted that DSS mediates its effects on the
intestinal epithelium through a number of mechanisms,
including the development of ER stress, Ca®"-dependent
breakdown of tight junction proteins, and, ultimately,
apoptosis, and DSS therefore at least partially resembles the
pathophysiology of ulcerative colitis."*" Analysis of cytosolic
Ca*" responses toward DSS exposure showed a 2-step in-
crease of Ca®". The first step was significantly reduced in
Ca*"-free medium and was preserved in thapsigargin-treated
IECs and thus most likely represents influx of Ca?" from the
extracellular space. Although KCNK9 was described to
modulate this Ca?" via provision of a compensatory potas-
sium efflux in various cell types,3'19'22'24 we found no differ-
ence in Kcnk9”" 1ECs compared with controls. However, the
second step of cytosolic Ca*™ increase, which was reduced
(but not absent) after thapsigargin treatment and resistant to
Ca?*-free medium and thus represents release of Ca®" from
internal storage, was strongly increased in KCNK9 deficiency.
Although the majority of Ca®" released within calcium-
induced calcium release comes from the ER***° we found
no restitution of Kcnk9” IECs by thapsigargin. Furthermore,
ER stress was rendered as an unlikely cause of the observed
phenotype because induction of ER stress upon thapsigargin
treatment did not copy the differences between wild-type and
KCKNO9-deficient mice in terms of cytosolic calcium levels and
we observed no increases in ER stress-response genes in
knockout IECs compared with wild-type controls.

However, we were able to show rapid impairment of
mitochondrial integrity after DSS exposure in Kcnk9”" 1ECs,
resulting in permeabilization of the outer membrane and
loss of the mitochondrial membrane potential depicted in
our JC-1 staining.

Mitochondrial stress is induced by DSS via different
pathways. First, reactive oxygen species are known to
disturb the redox equilibrium of mitochondria in DSS-
induced colitis.?” Second, regeneration of mitochondria
by fission and fusion is impaired after DSS exposure.?®
Finally, ER stress itself impairs mitochondrial function
by interference with Ca*" transport between ER and
mitochondria.”’

Interestingly, our data also showed that KCNK9 was not
restricted to the plasma membrane but also was found on the
mitochondrial membrane. Several potassium channels local-
ized on mitochondria have been shown to ameliorate mito-
chondrial damage and subsequent cell death by limitation of
Ca*" currents.*>*' Interestingly, DSS itself induces the
mitogen-activated protein kinase/extracellular signal-activated
kinase (MAPK/ERK) signaling cascade und thereby enhances
mitochondrial Ca*" release via increased expression of trans-
port proteins calcium release-activated calcium channel pro-
tein 1 (ORAI1) and stromal interaction molecule (STIM).*?
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Notably, DSS also induced increased expression of KCNK9 in
wild-type IECs, thus presenting a potential mechanism for fine-
tuning mitochondrial Ca®" efflux.

It currently only can be speculated how KCNKO9 is able to
limit mitochondrial toxicity, but recent data have indicated
that synthesis of diacyl glycerol after Ca2t release and
activation of Gg-proteins inhibits KCNK9 function and thus
reduces the rectifying potassium current required for
further release of Ca®".° Furthermore, KCNK9 is acid-
sensitive and the channel closes secondary to reduced pH,
which regularly occurs during mitochondrial stress, further
reducing conductance.” In line, previous work has shown
impairment of mitochondrial function in the absence of
KCNK9 in keratinocytes.

Mitochondrial permeabilization results in the release of
cytochrome c as well as further pro-apoptotic factors and
thus is capable of activating caspase-9 and inducing
apoptosis, as previously observed.** Notably, TNF-« also is
capable of inducing mitochondrial disintegration®” and this
explains the increased susceptibility of Kcnk9”” 1ECs to TNF-
« exposure in our experiments. We assume that these
mechanisms are pivotal to the loss of intestinal barrier
function and more severe courses of DSS-induced colitis.

Nonetheless, we were largely surprised to see that KCNK3
was incapable of compensating for KCNK9 deficiency despite
its well-known mechanism of compensatory regulation. Pro-
tein sequences of both channels are largely similar and pre-
vious work has indicated similar properties throughout.z'36
Even more, channels can form functional heterodimers as
well.” Because we observed a reduction of cytosolic Ca*" in-
crease, mitochondrial damage in Kcnk3”" 1ECs, as well as
ameliorated DSS-induced colitis in Kcnk3”" mice, one could
assume that both channels mediate opposite functions.
However, pharmacologic blockade using the KCNK3 inhibitor
A293 restored phenotypes of Kenk97™ IECs but did not alle-
viate findings in wild-type cells. This contrasts blockade of
KCNK9 by its specific inhibitor, which copies the disease
phenotype of Kcnk9”” IECs. What indeed was found in vitro as
well as in vivo was that KCNK3 deficiency increases Kcnk9
expression, which was not entirely unexpected given the
assumption of a common, yet still unknown, promotor.>*® We
thus assume that increased expression of KCNK9 as observed
in vitro and in vivo within DSS-induced colitis modulates the
phenotype rather than absence of KCNK3.

It is not clear how A293 selectively restores the pheno-
type of the further reduction of Ca*" influx by A293 in both
Kcnk9”” 1ECs and PK-THPP-exposed wild-type IECs. How-
ever, it is likely that a lack of KCNK3/9 potassium conduc-
tance largely alters cellular homeostasis beyond
mitochondrial function. Unfortunately, it is not possible to
further investigate this given the absence of KCNK377//
KCNK9”~ double-knockout mice.

In conclusion, we have shown that KCNK9 positively
modulates intestinal epithelial cell survival in the context of
intestinal inflammation in vitro and in vivo. Future studies
should target strategies to induce overexpression or
enhance channel function to boost IEC survival in the
context of inflammatory conditions.
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Methods

Animals

The development of the Kcnk3”" and Kcnk9”" mouse
models has been described previously.” Animals were
raised on a C57BI/6] background and crossed-back at least
10 times before use. For experiments, we used knockout
animals and their respective wild-type littermates (abbre-
viated as wild-type throughout text). Animals were kept in
specific pathogen-free conditions and fed a standard rodent
diet. Local authorities approved all animal experiments (84-
02.04.2012.A441; North Rhine-Westphalian Ministry for
Environment, Health and Consumer Protection, Department
for Animal Protection).

Experimental Model of Colitis and Barrier
Permeability Assay

Mice (age, 8-10 weeks) with their respective genetic
background were exposed to a 3% aqueous solution of DSS
(36-50 kilodaltons; MP Biomedicals, Eschwege, Germany)
ad libitum via drinking water for 5 consecutive days. Given
the reduced breeding efficiency of K2P-deficient mice (a
well-known phenomenon), strict local regulations for ani-
mal breeding and the need for female animals elsewhere
(including strain maintenance), and the known variation of
disease severity during the ovarian cycle,”” male animals
were used here.

Furthermore, drinking solution was prepared fresh
every 24 hours and consumption per cage was documented
for estimation of DSS uptake per mouse (no significant dif-
ferences were noted here). On days 6-9, mice received
normal drinking water. One experimental group received
PK-THPP, a potent antagonist of KCNK9,'*'> which was
administered intraperitoneally once daily throughout the
experiment (10 ug/g body weight in 200 uL 1% dimethyl
sulfoxide [DMS0]/40% polyethylene glycol 400/phosphate-
buffered saline [PBS]) Sigma Aldrich, St. Louis, MO). Control
animals received 200 uL 1% DMS0/40% polyethylene gly-
col 400/PBS intraperitoneally. Animals were assessed daily
for body weight, stool consistency, and rectal bleeding.
Occult rectal bleeding was determined using the Hemoccult
test (Beckman Coulter, Brea, CA). On day 9, blood and colon
samples were taken for further analysis. The disease activity
index score during the experiment and the histology scores
were calculated as previously described.*® Serum cytokine
levels were assessed using enzyme-linked immunosorbent
assays for the respective cytokines (Thermo Fisher Scienti-
fic, Waltham, MA) according to the manufacturer’s protocol.
For barrier permeability assay, mice received 0.5 mg/g
fluorescein isothiocyanate-dextran (average molecular
weight, 3-5 kilodaltons; Sigma Aldrich) via oral gavage.
After 4 hours, blood samples were taken and sera were
measured at 490 nm.

Isolation of Primary IECs
For isolation of primary IECs, colons were harvested
from 8-week-old naive male mice. After flushing with ice-
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cold PBS, the colon was opened longitudinally and cut into
small pieces. Tissue pieces were transferred to a 50-mL tube
containing 30 mL 1.5 mmol/L EDTA in Hank’s balanced salt
solution (Sigma Aldrich) and placed horizontally on an
orbital shaker for 10 minutes at 37°C. The supernatant was
discarded and 15 mL fresh 1.5 mmol/L EDTA in Hank’s
balanced salt solution was added. Tubes then were vortexed
for 1 minute, and the supernatant was collected. This pro-
cedure was repeated twice. Supernatants then were com-
bined and centrifuged for 10 minutes at 300 x g. Cells were
washed and resuspended in Dulbecco’s modified Eagle
medium (DMEM) containing 20% fetal calf serum (Thermo
Fisher), 1% penicillin/streptomycin cocktail (Thermo
Fisher), and 100 ng/mL recombinant murine epidermal
growth factor (R&D Systems, Minneapolis, MN). Culture
plates were coated with fibronectin/collagen IV (both
Thermo Fisher) for 2 hours in advance at 37°C. Cells were
counted using a CASY TT cell counter (Omni Life Sciences,
Bremen, Germany). Cells were cultured for 24 hours before
the respective experiments.

Cell Viability and Caspase Activation Assay

For cell viability analysis, cells were seeded on a 96-well
plate (0.75 x 10° cells/well) as described earlier. Eight
hours after stimulation with either Tnf-o (50 ug/mL) or DSS
(3%), media were replaced with 100 uL PBS containing
20% v/v Tetrazolium chloride (MTS) reagent (Abcam,
Cambridge, UK), and cells were kept for 45 minutes. Optical
density was assessed at 490 nm using a microplate reader
(Tecan, Mennedorf, Switzerland).

To determine caspase-3 activation, a commercial assay
(Abcam) was used according to the manufacturer’s recom-
mendations. Plates were read at 405 nm. The caspase in-
hibitors LEHD (tetrapeptide inhibitor for caspase-8; 20uM;
R&D Systems), IETD (tetrapeptide inhibitor for caspase-9;
20uM; R&D Systems) or vehicle substance (1% DMSO) were
added 30 min prior to stimulation. For determination of
caspase-8 and caspase-9 activation in the intestinal epithe-
lium after DSS-induced colitis, protein lysates were pre-
pared from colon whole-tissue pieces using denaturing lysis
buffer (described by Kwon et al*’) and protein concentra-
tion was evaluated using the DC protein assay kit (Thermo
Fisher). Samples were adjusted to a total protein concen-
tration of 200 ug/mL and caspase activation was deter-
mined using colorimetric assays for caspase-8 and caspase-
9 activation, according to the manufacturer’s protocol
(Abcam).

Mitochondria Isolation and Western Blot
Mitochondria and cytosolic cell fractions were isolated
from primary IECs (5 x 10° cells) using a commercial
mitochondria isolation kit (Thermo Fisher Scientific), ac-
cording to the manufacturer’s recommendations. Plasma
membranes were isolated following the previously pub-
lished protocol by Kwon et al.>’ Western blot was per-
formed as described before.’” Antibodies were used as
follows: anti-KNCK9 (P5247, 1:1000; Sigma Aldrich),
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antivimentin ~ (D21H3, 1:2000; CST), antimitofilin
(ab205718, 1:2000; Abcam), and anti-CD40 (ab13545,
1:1500; Abcam). A horseradish-peroxidase-conjugated sec-
ondary antibody was used for chemiluminescent labeling
(anti-rabbit-IgG, A3682, 1:10,000; Sigma Aldrich).

RNA Isolation and Quantitative Real-Time PCR

Cultured intestinal epithelial cells were harvested and
RNA was isolated using the Quick-RNA Miniprep kit (Zymo
Research, Freiburg, Germany) according to the manufac-
turer’s instructions, including the optional DNA digestion
protocol. Synthesis of complementary DNA was performed
using the Maxima H Minus First Strand Synthesis Kit (Fer-
mentas, Waltham, MA) according to the protocol recom-
mended by the manufacturer. Real-time PCR was performed
using premanufactured probes (Applied Biosystems, Wal-
tham, MA) according to Table 1. Assays were run on a
StepOne Plus Thermocycler (Applied Biosystems).

Detection of Intracellular Calcium Concentration
and Mitochondrial Function

After isolation, 0.75 x 10° cells per well were cultured
for 24 hours in the presence of epidermal growth factor in a
96-well plate coated with fibronectin/collagen IV for 24
hours as described earlier. Before the experiment, the me-
dium was removed and replaced with 100 uL. DMEM
without phenol red containing 5 umol/L of the Ca®"-sensi-
tive fluorescent dye Fura-2-AM (Abcam). After 30 minutes,
the medium was changed to DMEM without phenol red.
After 15 minutes, plates were placed in the microplate
reader (excitation wavelengths, 340 nm and 380 nm) and
emission was determined at 510 nm every 30 seconds. After
5 minutes of measurement, 50 uL DSS dissolved in PBS was
added to a final concentration of 5% DSS via the plate
reader’s dispenser pumps. Further substances were added
as described in the respective experiments (thapsigargin: 1
umol/L final concentration, treatment 4 hours before the
experiment; A293: 10 umol/L final concentration, kindly
provided by Sanofi Aventis; and PK-THPP: 10 umol/L final
concentration) in 50 uL dispensing volume. Mitochondrial
membrane potential breakdown was assessed using the
cationic dye ]JC-1 (Thermo Fisher Scientific). Cells were
prepared as described earlier but were incubated with 15
umol/L JC-1. The excitation wavelength was set to 515 nm
and emission was detected at 535 nm and 595 nm. The
Fenton reaction and superoxide formation were assessed
using 2’,7'-dichlorofluorescin diacetate and MitoSOX (both
Thermo Fisher Scientific), according to the manufacturer’s
recommendations. Assays for function of the mitochondrial
electron transport chain were conducted 30 minutes after
DSS exposure.

Immunofluorescence Staining

Immunohistochemistry was performed as described
before.”” The following antibodies were used: rabbit anti-
mouse-Taskl (P0981, 1:250; Sigma Aldrich), rabbit anti-
mouse-Task3 (P5247, 1:250; Sigma Aldrich), and rabbit
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Table 1.List of TagMan Probes Used in the Text Including

Unique IDs From the Manufacturer’s Database
(Thermo Fisher)

Gene TagMan assay ID
Kcnk1 Mm00434624_m1
Kcnk2 MmO01323942_m1
Kcnk3 Mm04213388_s1
Kcnk4 MmO00434626_m1
Kcnk5 Mm00498900_m1
Kcnk6 MmO01176312_g1
Kcnk9 Mm02014295_s1
Kenk10 Mm00504118_m1
Kcnk12 Mm02344857_m1
Kcnk13 Mm00524725_m1
Kcnk16 Mm01279322_m1
Kcnk18 MmO01702237_m1
Grp78 MmO00517691_m1
Chop MmO01135937_g1
18S rRNA Hs99999901_s1

NOTE. PCR was performed using the StepOne Plus system|
(Thermo Fisher) with predesigned TagMan probes (Thermo)

Fisher). 18S ribosomal RNA probes were used as reference.
The prespecified PCR protocol was used as recommended
by the manufacturer.

anti-mouse-caspase 3 p17 (ab13847, 1:250; Abcam). A goat
anti-rabbit IgG-Alexa Fluor 488-conjugate (A27034, 1:500;
Thermo Fisher Scientific) was used as the secondary anti-
body. For visualizing cell nuclei within immunofluorescent
stainings, sections were embedded in Fluoromount-G with
4’,6-diamidino-2-phenylindole (Thermo Fisher Scientific)
before microscopic analysis.

Statistical Analysis

Statistical analysis was conducted using IBM SPSS Sta-
tistics 28.0 (IBM), and graphs were created using PRISM
9.0.0 (GraphPad Software). Significance was evaluated using
2-way analysis of variance including the Bonferroni post hoc
test for clinical data from DSS-induced colitis models. Col-
umn statistics were performed using the Mann-Whitney U
test for comparison of 2 groups or the Kruskal-Wallis test
including the Dunn post hoc test for comparison of multiple
groups. A P value less than .05 was considered statistically
significant.
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