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Abstract

Keratin intermediate filaments form dynamic filamentous networks, which provide mechanical stability, scaffolding, and protection
against stress to epithelial cells. Keratins and other intermediate filaments have been increasingly linked to the regulation of mi-
tochondrial function and homeostasis in different tissues and cell types. While deletion of keratin 8 (K8‘/‘) in mouse colon elicits
a colitis-like phenotype, epithelial hyperproliferation, and blunted mitochondrial ketogenesis, the role of K8 in colonocyte mito-
chondrial function and energy metabolism is unknown. We used two K8 knockout mouse models and CRISPR/Cas9 K87~ colo-
rectal adenocarcinoma Caco-2 cells to answer this question. The results show that K8~ colonocyte mitochondria in vivo are
smaller and rounder and that mitochondrial motility is increased in K8/~ Caco-2 cells. Furthermore, K8/~ Caco-2 cells displayed
diminished mitochondrial respiration and decreased mitochondrial membrane potential compared with controls, whereas glycoly-
sis was not affected. The levels of mitochondrial respiratory chain complex proteins and mitochondrial regulatory proteins mitofu-
sin-2 and prohibitin were decreased both in vitro in K8~ Caco-2 cells and in vivo in K8~ mouse colonocytes, and
reexpression of K8 into K8~ Caco-2 cells normalizes the mitofusin-2 levels. Mitochondrial Ca®" is an important regulator of mi-
tochondrial energy metabolism and homeostasis, and Caco-2 cells lacking K8 displayed decreased levels and altered dynamics
of mitochondrial matrix and cytoplasmic Ca® ™. In summary, these novel findings attribute an important role for colonocyte K8 in
stabilizing mitochondrial shape and movement and maintaining mitochondrial respiration and Ca® " signaling. Further, how these
metabolically compromised colonocytes are capable of hyperproliferating presents an intriguing question for future studies.

NEW & NOTEWORTHY In this study, we show that colonocyte intermediate filament protein keratin 8 is important for stabilizing
mitochondria and maintaining mitochondrial energy metabolism, as keratin 8-deficient colonocytes display smaller, rounder, and
more motile mitochondria, diminished mitochondrial respiration, and altered Ca®" dynamics. Changes in fusion-regulating pro-
teins are rescued with reexpression of keratin 8. These alterations in colonocyte mitochondrial homeostasis contribute to keratin
8-associated colitis pathophysiology.

colon; energy metabolism; inflammatory bowel diseases; keratins; mitochondria

INTRODUCTION

Keratins are intermediate filament (IF) proteins that
assemble into dynamic filamentous networks in epithelial
cells. Keratin filaments are formed through heteropolymeri-
zation of acidic type I keratins (K9-28) and basic/neutral type
II keratins (K1-8 and K71-80) (1, 2). Keratin filaments in colon
epithelial cells are composed of simple epithelial keratins,
including type II keratin K8, and type I keratins K18, K19,
and K20 (3). Keratins fulfill many functions in epithelial
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cells, including conveying protection against stress, provid-
ing mechanical integrity and protein and organelle scaffold-
ing and targeting, and maintaining epithelial polarity and
barrier function (3-5). In addition, keratins play an impor-
tant role in maintaining mitochondrial and nuclear shape
and function (6-9). The importance of keratins is evidenced
by the many human skin and liver diseases associated with
keratin mutations. While the role of keratin mutations in
inflammatory bowel disease (IBD) remains ambiguous (5,
10-13), IBD patients were recently shown to neo-express K7
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in the colonic epithelium (14). However, a clear role for ker-
atins in colonic health is observed in keratin 8 knockout
(K8 /) mice, which display inflammation resembling
human ulcerative colitis, epithelial hyperproliferation, dis-
rupted barrier function, deregulated inflammatory signal-
ing and differentiation, and unbalanced ion transport (15-20).
Heterozygous K8 (K8 /=) mice, which express ~50% less keratins
than K8*/* mice, display an intermediate ion transport and
hyperproliferation phenotype with no spontaneous inflammation
but are more susceptible to chemically induced colitis (17, 21). In
addition, K8/~ mouse colonocytes exhibit an energy metabolism
phenotype characterized partly by reduced cellular uptake of the
primary colonocyte energy source butyrate, a gut bacteria-pro-
duced short-chain fatty acid, and partly by diminished
mitochondrial ketogenesis, a blunted ketogenic response,
and fewer mitochondrial cristae (22).

Mitochondria are integral for normal cell function due to
their central roles in cell metabolism (ATP synthesis), Ca’*
signaling and cell signaling cascades, cell fate, and redox ho-
meostasis (23-25). The regulation of these cellular processes
and the adaption of mitochondria to the metabolic needs of
cells are achieved through dynamic regulation of mitochon-
drial distribution, fission and fusion, shape, and membrane
composition (25). The regulation of mitochondria dynamics is
complex, involving a multitude of both mitochondrial and
nonmitochondrial proteins (24, 25). In recent years, IFs and
IF-associated proteins, including neurofilaments, vimentin,
desmin, and plectin, have increasingly been implicated in the
regulation of mitochondrial dynamics and function (26, 27).
In particular, a number of studies have highlighted an impor-
tant role for keratins in maintaining mitochondrial shape,
size, ultrastructure, motility, distribution, mitochondrial res-
piration, and/or mitochondrial membrane potential (A¥Ym) in
various epithelial cells from different tissues, including
B-cells, hepatocytes, and keratinocytes (7, 8, 28-32).

Since colonocyte mitochondrial energy metabolism differs
significantly from other organs due to the unique utilization
of gut microbially produced metabolites for energy (33, 34),
examining the role of keratins for colonocyte mitochondrial
function is important. Our findings show that colonocyte
keratins play a role in mitochondrial activity and dynamics,
as the lack of K8 correlates with smaller, rounder, and more
motile mitochondria in conjunction with diminished mito-
chondrial respiration. Intriguingly, we also found that mito-
chondrial and cytoplasmic Ca?>* dynamics are altered and
Ca®* levels are decreased upon K8 loss. These changes in
mitochondrial dynamics and function may contribute to K8-
associated colitis pathophysiology.

MATERIALS AND METHODS

Experimental Animals

K8*/*, K8*/7, and K8/~ mice in the FVB/n background
(16) and K81¥/flox gnd k81¥/ox.yillin-Cre mice in the C57BL/6
background (K87°¥/°X mjce were generated by and a kind gift
from Karen Ridge (Northwestern University, Chicago, IL) (15)
were used in the study. Genotyping was done using PuReTaq
Ready-To-Go PCR Beads solution (Cytiva, Marlborough, MA).
K8*/*, K8*/~ and K8~ mice were genotyped utilizing the
primers 0-neo-3: 5’-CCT GTC ATC TCA CCT TGC TCC TGC C-
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3’; Oeal8: 5’-TTG GGT TAG GCC CTG CCT CTA GTG TCT-3';
and K8pcr: 5-CGG TTA GTC GGG AAG AGA GGG GTC-3' (16).
Primers 5'-GCG TGG CTT TGG GAT TTA GAT TAG-3' and 5'-
CCT CCA GCC ATG TTT CTT TAT CTC-3' for the flox trans-
gene and 5'-GCG ATC GCT ATT TTC CAT GA-3’ and 5'-TCG
ATG CAA CGA GTG ATG AG-3’ for the Cre transgene were
used for genotyping K81°¥/fox and Kgflox/lox.yijlin-Cre
mice (15). All mice were housed at the Central Animal
Laboratory at the University of Turku and handled according
to animal study protocols 197/04.10.07/2013, 3956/04.10.07/
2016, ESAVI/16359/2019, and ESAVI/4498/2023 approved by
the State Provincial Office of South Finland. Mice had access
to regular chow and water ad libitum. Two- to five-month
male K8 /", K8*/~, and K8/~ mice and 4- to 7-mo-old male
and female K81°¥/f1°% apnd Kgf1o¥/lox.vjllin-Cre mice were used
in this study.

Collection of Mouse Colonocytes

After the mouse was euthanized by CO, inhalation, the
mouse colon was excised and rinsed with ice-cold PBS, and,
if possible, any stool was flushed out using ice-cold PBS. The
colon was then cut open longitudinally on an ice-cold glass
plate, and any remaining stool or debris was removed using
forceps and by rinsing with ice-cold PBS. Colon epithelium
was collected by scraping the luminal side of the colon with
an ice-cold microscope slide. These in vivo samples were
used for SDS-PAGE and immunoblotting and are referred to
as mouse colonocytes in this study.

SDS-PAGE and Immunoblotting

Samples of mouse colonocytes isolated from the colon epi-
thelium were suspended in ice-cold homogenization buffer
(0.187 M Tris-HCI pH 6.8, 3% SDS, and 5 mM EDTA) contain-
ing 1x complete protease inhibitor (PI) cocktail (Roche, Basel,
Switzerland) and 1 mM phenylmethylsulfonyl fluoride in
Potter-Elvehjem tissue homogenizers and homogenized by
applying 75 strokes. Cell samples were collected in ice-cold
homogenization buffer containing 1x PI cocktail and 1 mM
phenylmethylsulfonyl fluoride. The samples were incubated
at 95°C for 5 min and sheared with a 27-gauge needle. A Pierce
BCA protein assay kit (Thermo Fisher Scientific, Waltham,
MA) was used to determine sample protein concentrations,
and the samples were normalized to a 5-ug protein/10-uL sam-
ple using 3x Laemmli sample buffer (30% glycerol, 3% SDS,
0.1875 M Tris-HCI pH 6.8, 0.015% bromophenol blue, and 3%
B-mercaptoethanol). The samples were separated on 6 to 12%
polyacrylamide gels using SDS-PAGE, transferred to polyviny-
lidene fluoride membranes, and analyzed by immunoblot-
ting. Primary antibodies used for immunoblotting (1:1,000
dilution unless otherwise specified) were rabbit anti-p-actin
(4967; Cell Signaling Technology, Danvers, MA), rat anti-
Hsc70 (ADI-SPA-815; Enzo Life Sciences, Farmingdale, NY),
rat anti-K8 (TROMA-I; Developmental Studies Hybridoma
Bank, Iowa City, IA), rabbit anti-mitochondrial calcium uni-
porter (MCU; HPAO016480; Sigma-Aldrich, St. Louis, MO),
mouse MitoProfile Total Oxphos human WB antibody cocktail
(1:200; ab110411; Abcam, Cambridge, UK), rabbit anti-mitofu-
sin-2 (ab124773; Abcam), rabbit anti-mitofusin-2 (M6319;
Sigma-Aldrich), rabbit anti-prohibitin (ab28172; Abcam), rab-
bit anti-trichoplein (1:500; orb100712; Biorbyt, Cambridge,
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UK), and mouse anti-voltage-dependent anion channel
(VDAC; MABNS504; Sigma-Aldrich). Secondary antibodies used
for immunoblotting (1:10,000 dilution) were anti-rabbit Alexa
Fluor 800 (A32735; Thermo Fisher Scientific), anti-rabbit IgG-
horseradish peroxidase (HRP) (W401B; Promega), anti-rat
Alexa Fluor 488 (A-21208; Thermo Fisher Scientific), anti-
rat Alexa Fluor 680 (A-21096; Thermo Fisher Scientific),
anti-rat IgG-HRP (NA935; Cytiva), anti-rat IgG-HRP (7077;
Cell Signaling Technology), and anti-mouse IgG-HRP (NA931;
Cytiva). HRP signals were detected using Amersham ECL
Western Blotting Detection Reagent (Cytiva) or ECL plus
(PerkinElmer, Waltham, MA) and visualized on SUPER RX X-
ray films (Fuji Corporation, Tokyo, Japan) or using iBright
CL1000 or iBright FL1000 imaging systems (Thermo Fisher
Scientific). Fluorescence signals were captured using an
iBright FL1000 imaging system (Thermo Fisher Scientific).
The immunoblotting results were quantified using ImageJ
software (National Institutes of Health, Bethesda, MD) and
normalized to loading controls (B-actin or Hsc70) using
Microsoft Excel software (Microsoft, Redmond, WA).

Cell Culture and DNA Transfection

Human epithelial colorectal adenocarcinoma Caco-2 cells
(HTB-37; ATCC, Manassas, VA) were used by our group to
generate K8 */* and K8/~ Caco-2 cells using CRISPR/Cas9
technology (6, 18). K8 */* and K8/~ Caco-2 cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 20% fetal calf serum (FCS), 2 mM L-glutamine,
and 100 units/mL penicillin, and 100 pg/mL streptomycin.
The cells were grown at 37°C in a 5% CO, atmosphere. For
DNA transfection, ~60% confluent K8/~ Caco-2 cells in 24-
well plates were transfected with pcDNA or plasmids encod-
ing human K8 (a kind gift from M Bishr Omary; Addgene
plasmid no. 14742) and K18 (a kind gift from M Bishr Omary;
Addgene plasmid no. 14741) using Lipofectamine 2000
(Thermo Fisher Scientific) according to the manufacturer’s
instructions; 1.75 uL Lipofectamine 2000 and 0.5 pg pcDNA
plasmid or 0.25 pg K8 and 0.25 pg K18 plasmid DNA were
used per well. Samples for Western blot analysis were pre-
pared 72 h posttransfection.

Mitochondrial Respiration and Glycolysis Assays

Mitochondrial respiration [oxygen consumption rate (OCR)]
and glycolytic rate (glycolytic proton efflux rate) were meas-
ured using a Seahorse XFe96 analyzer (Agilent, Santa Clara,
CA) according to the manufacturer’s instructions. All assay
reagents were from Agilent. Briefly, 14-16 h before the assay,
15,000-40,000 K8 "/* or K87/~ Caco-2 cells were seeded per
well on a 96-well XF96 cell culture microplate (Agilent), and a
XFe96 sensor cartridge (Agilent) was hydrated. On the day of
the assay, the cells were washed twice and incubated with XF
assay medium (XF DMEM medium pH 7.4 supplemented with
1 mM pyruvate, 2 mM glutamine, and 10 mM glucose) for 1 h
in a 37°C non-CO, incubator. Mitochondrial respiration was
assessed using the Seahorse XF Cell Mito Stress Test Kit
according to the manufacturer’s instructions. During the
assay, the OCR of the cells was measured at baseline condi-
tions and after modulation of mitochondrial respiration by the
sequential addition of 1 uM oligomycin, 1 uM carbonyl cya-
nide-4 (trifluoromethoxy) phenylhydrazone (FCCP), and 0.5
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uM rotenone/antimycin A. Glycolysis (glycolytic proton efflux
rate) was measured using the Seahorse XF Glycolytic Rate
Assay Kit according to the manufacturer’s instructions. The
results were normalized to total protein quantity measured by
BCA protein assay, and the data were exported to and ana-
lyzed with the Seahorse XF Cell Mito Stress Test Report
Generator or Agilent Seahorse Analytics.

Tetramethylrhodamine Ethyl Ester AWm Plate Reader
Assay

A¥Ym was measured using the tetramethylrhodamine
ethyl ester (TMRE) probe (Abcam) according to the manufac-
turer’s instructions. Briefly, 60,000 K8/* or K8/~ Caco-2
cells were plated per well in a 96-well plate. The following
day, the cells were incubated with 1,000 nM TMRE in
FluoroBrite DMEM medium (Thermo Fisher Scientific) sup-
plemented with 10% FCS, 2 mM L-glutamine, and 100 units/
mL penicillin, and 100 pg/mL streptomycin for 20 min in a
37°C incubator. Postincubation, the TMRE solution was aspi-
rated, and FluoroBrite medium was added to the sample
wells. TMRE fluorescence was measured with a Hidex Sense
microplate reader (Hidex, Turku, Finland) with the following
settings: 544 nm with a 20-nm bandwidth for excitation, 616
nm with 8.5 nm for emission, and bottom read mode with 15
flashes. Background fluorescence values (wells containing
cells and medium, but no dye) were subtracted from the
results.

TMRE A¥Ym Flow Cytometry Assay

K8*/* or K8/~ Caco-2 cells were grown on standard six-
well plates until 70-80% confluent. Before staining, the cells
were washed with PBS, and FCCP-positive control cells were
incubated with 50 pM FCCP for 10 min. TMRE cells and
FCCP control cells were then stained with 150 nM TMRE for
1hin a 37°C incubator, whereafter the TMRE-containing me-
dium was aspirated, and the cells were washed with PBS.
The cells were trypsinized, moved to Eppendorf tubes with
DMEM, and centrifuged at 1,000 rpm for 10 min. The super-
natant was discarded, and excess TMRE was removed by
three cycles of washing with PBS and centrifugation (1,000
rpm for 5-10 min). Finally, the cell pellets were resuspended
in 1-2 mL of PBS and filtered. The flow cytometry experi-
ment was conducted with a BD LSR II (BD Biosciences,
Franklin Lakes, NJ) and analyzed with Flowing software 2.5.1
(Cell Imaging and Cytometry Core, Turku Bioscience Centet,
Turku, Finland). Unstained samples were used to measure
the background signal, which was used to normalize the flu-
orescence values of the TMRE-stained samples.

Ca’* Measurements

Cytoplasmic and mitochondrial Ca?* measurements in
K8*/* and K87/~ Caco-2 cells were performed using the
Ca?™ probe aequorin targeted to the cytoplasm (nontarget
aequorin; cyto-Aeq; a kind gift from Professor Paolo Pinton,
University of Ferrara, Ferrara, Italy) and mitochondrial ma-
trix (aequorin fused with the mitochondrial presequence
of subunit VIII of cytocrome c oxidase; mito-Aeq; a kind
gift from Professor Paolo Pinton), respectively (35). Briefly,
15,000-20,000 K8*/* or K87/~ Caco-2 cells were seeded
per well on a 96-well plate. The day after, the cells were
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transfected with cyto-Aeq or mito-Aeq plasmid DNA using
Lipofectamine 2000 (Thermo Fisher Scientific) according to
the manufacturer’s instructions; 0.1 ug plasmid DNA and 0.35
uL Lipofectamine 2000 were used per well. Twenty-four hours
posttransfection, the cells were washed three times with
HEPES-buffered saline solution (HBSS buffer: 118 mM NacCl,
4.6 mM KCIl, 10 mM glucose, and 20 mM HEPES, pH 7.4) sup-
plemented with 1 mM CacCl, and incubated in HBSS contain-
ing 5 uM wild-type coelenterazine (Synchem, EIK Grove
Village, IL) and 1 mM CacCl, for 1 h in room temperature and
darkness. Postincubation, the Hidex microplate reader was
used to record aequorin-generated luminescence. Briefly,
baseline luminescence (resting Ca?*) was recorded for 10 s,
after which Ca?* signaling was activated by the addition of
100 uM ATP. When no further changes in luminescence were
observed, the cells were permeabilized with HBSS containing
100 pM digitonin (Sigma-Aldrich) and 10 mM Ca’?*, and maxi-
mum luminescence values were recorded for calibration of
the results. The acquired aequorin luminescence values were
calibrated into the Ca®>* concentration ([Ca®>*]) values using a
previously described formula (35).

Mitochondrial Motility Assay

K8*/* and K8/~ Caco-2 cells were plated on glass bottom
microwell dishes (MatTek Corporation, Ashland, MA). On
the next day, the cells were washed two times with
FluoroBrite DMEM, and the cells were incubated with 50 nM
TMRE or 250 nM MitoTracker Deep Red (Thermo Fisher
Scientific) in FluoroBrite DMEM for 30 min in a 37°C incuba-
tor. Postincubation, the TMRE- or MitoTracker Deep Red-
containing medium was replaced with fresh FluoroBrite
DMEM, and the cells were imaged with a SP5 matrix confo-
cal microscope (Leica, Wetzlar, Germany) with a heated in-
cubator stage (37°C and 5% CO,). The cells were imaged
every 10 s for 2 min to track the movements of mitochon-
dria. Mitochondrial movement was quantified using the
manual tracking plugin in Fiji software (36). Ten to fifteen
mitochondria per image were tracked, and in total, the
motility of 92-208 mitochondria per genotype was ana-
lyzed. Fiji calculates the velocity and distance traveled by
each mitochondrion at every time point, and the average
velocity and distance traveled by every mitochondrion
were determined.

Transmission Electron Microscopy Analysis

Transmission electron microscopy (TEM) samples of K8 © I+
and K87/~ mouse proximal colon tissue were prepared as previ-
ously described (22), and TEM images of colonocytes in the
upper regions of crypts and surface epithelium were captured
with a JEM-1400 Plus transmission electron microscope (Jeol,
Peabody, MA). The images were randomized and blinded
for mitochondrial morphology analysis using Fiji software.
Mitochondrial area was determined by drawing a region of in-
terest around mitochondria and calculating the resulting area.
Mitochondrial shape was classified as long, oval, or round, and
the shape of mitochondria was assessed by measuring the as-
pect ratio (AR) of mitochondria. Mitochondria were classified
as long if mitochondrial length was two times larger than the
width (AR: >2), oval if mitochondrial length was from one and
a half times up to two times larger than the width (AR: 1.5-2),
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and round if mitochondrial length was less than one and a
half times larger than the width (AR: <1.5).

Statistical Analysis

The results were statistically analyzed with a ¢ test where
applicable using Prism 9 (GraphPad Software, San Diego,
CA). The results show the mean * SD with significant differ-
ences shown as P < 0.05, P < 0.01, or P < 0.001.

RESULTS

K8 Maintains Mitochondrial Shape In Vivo in
Colonocytes

As colonocytes devoid of K8 in our previous study showed
fewer mitochondrial cristae (22), we investigated whether
other changes in mitochondrial shape are manifested in
colonocytes of K8/~ mice. Ultrastructural analysis of K8 */*
and K8/~ colonocytes in vivo using TEM revealed that
~46% of K8*/* colonocyte mitochondria are round, while
~28% are long and ~26% are oval (Fig. 1, A and B). In con-
trast, loss of K8 elicited a shift in mitochondrial shape, as
K8/~ colonocytes displayed significantly fewer mitochon-
dria that have a long (~9%) or oval (~15%) shape and an
increased number of round-shaped mitochondria (~76%)
compared with K8*/* colonocytes (Fig. 1B). In addition, a
significant 28% decrease in average mitochondrial area was
observed in K8/~ colonocytes (0.19 um?) in comparison to
K8*/* colonocytes (0.26 pm?; Fig. 1C), while there was no
difference in the number of mitochondria (Fig. 1D). Taken
together, these results indicate that K8 is important for
maintaining mitochondrial shape and size in colonocytes.

Mitochondrial Motility Is Increased in Caco-2 Cells
Lacking K8

To gain insight into the impact of K8 on mitochondrial
physiological processes in colonocytes, we next performed
in vitro-based functional assays on K8 */* and K8/~ Caco-2
colon cancer cells. To assess whether K8 is involved in the
regulation of mitochondrial motility in colonocytes, we
tracked mitochondrial movement in K8 */* and K8/~ Caco-
2 cells labeled with TMRE or MitoTracker Deep Red (Fig. 2A).
Compared with K8*/* Caco-2 cells, mitochondrial velocity
in cells lacking K8 increased by ~39% as seen by TMRE (Fig.
2B) and by ~31% as seen by MitoTracker Deep Red (Fig. 2C).
Similarly, the average distance traveled during 2 min was
~40% longer as seen by TMRE and ~31% longer as seen by
MitoTracker Deep Red. While there are minor discrepancies
in the actual velocity and distance traveled of TMRE- and
MitoTracker Deep Red-stained mitochondria, the results
obtained with both dyes indicate that mitochondrial move-
ments are restrained by keratins.

Mitochondrial Respiration and AYm Are Diminished in
K8/~ Caco-2 Cells

To elucidate if mitochondrial oxidative phosphorylation
and ATP production are affected in colon epithelial cells
lacking K8, we compared mitochondrial respiration in
K8*/* and K8/~ Caco-2 cells using the Seahorse XF Cell
Mito Stress Test Kit (Fig. 3A). Compared with wild-type
cells, K8/~ cells exhibited decreased basal respiration, ATP
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Figure 1. K8/~ mouse colonocytes display smaller and more round mitochondria. Mitochondrial morphology was assessed by transmission electron mi-

croscopy (TEM) imaging of colonocytes in the surface epithelium and the upper regions of crypts in K8/ and K8/~
mouse colonocytes. Scale bar = 1 um. B: the shape of K8*'* and K8~
oval, or round mitochondria of total mitochondria. C and D: analysis of mito-
colon tissue TEM images. The results represent the average (n = 6 images/

ples. A: representative TEM images of K8 */* and K8/~
mitochondria was determined and is displayed as the percentage of Iong?
chondria area (C) and the number of mitochondria (D) in K8 "/ and K8

mouse proximal colon tissue sam-
~ colonocyte

mouse, 2 mice/genotype; 387 K8*/* and 330 K8/~ mitochondria analyzed) + SD with significant differences shown: **P < 0.01and ***P < 0.001.

production, maximal respiration, and spare respiratory
capacity, while proton leak and nonmitochondrial oxygen
consumption were comparable to K8 */* (Fig. 3, B-G). During
oxidative phosphorylation, proton pumps in the inner mito-
chondrial membrane (IMM) generate A¥Ym. As A¥Ym is tightly
linked to and essential for mitochondrial respiration, we
measured it using the fluorescent dye TMRE, which is sensi-
tive to changes in A¥m. As seen by both flow cytometry and
plate reader assays, A¥Ym was significantly diminished, on av-
erage, by 30-50% in K8/~ cells compared with wild-type cells
(Fig. 4, A and B). The ionophore FCCP, which depolarizes the
mitochondrial membrane and is used as a positive control in
this assay, efficiently reduced K8*/* A¥m, while the reduc-
tion was much smaller from the already low AWm in K8/~
cells. Intriguingly, as seen in the flow cytometry assays, A¥m
in untreated K8 /- cells decreased almost to a similar level as
in FCCP-treated K8 */* and K8/~ cells, while the decrease in
the plate reader assays was not as extensive (Fig. 4, A and B).
K8/~ mitochondria are thus more depolarized and/or inac-
tive than K8 */* mitochondria, indicating that K8 is impor-
tant for maintaining A¥m in colonocytes. To address whether
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another major source of cellular energy, glycolysis, is affected
in K8-deficient cells, we measured glycolytic flux in K8*/
and K8/~ Caco-2 cells. Seahorse analysis of glycolytic proton
efflux rate revealed that basal glycolysis is unaltered upon K8
loss (Fig. 3H), indicating that glycolysis does not compensate
for the decreased mitochondrial respiration. Taken together,
these results suggest that K8 is a key player in mitochondrial
bioenergetics in colonocytes.

Mitochondrial Proteins Associated with Oxidative
Phosphorylation and Mitochondrial Function Are
Downregulated in K8/~ Colonocytes

Mitochondrial respiration and A¥m are linked to the pro-
tein levels and activity of oxidative phosphorylation complex
proteins, and a partial or complete loss of cristae has been
associated with decreased mitochondrial bioenergetics. As
K8/~ colonocytes exhibit fewer mitochondrial cristae (22)
and K8/~ Caco-2 cells exhibit diminished respiration and
A¥m, we assessed the levels of oxidative phosphorylation
complex proteins in K8/ cells and K8/~ Caco-2 cells by
immunoblotting. Significantly decreased protein levels of
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Figure 2. Mitochondrial motility is increased in Caco-2 cells lacking K8. K8 */* and K8/~ Caco-2 cells were stained with mitochondrial dyes tetrame-
thylrhodamine ethyl ester (TMRE) or MitoTracker Deep Red and tracked by confocal microscopy. A: representative images of total mitochondrial tracks
(left: red color; scale bars = 25 um) and individual mitochondrial tracks (right: various colors; scale bars = 12.5 pm) in TMRE-stained K8+ and K8/~
Caco-2 cells. The tracks represent the movement of mitochondria over a 2-minute time lapse. B and C: velocities of mitochondria stained with TMRE (B)
and MitoTracker Deep Red (C) were quantified. The results represent the average (n = 149-165 mitochondria/genotype for TMRE; n = 145 mitochon-
dria/genotype for MitoTracker Deep Red; small dots represent individual values) + SD with significant differences shown: ***P < 0.001.

complex I (subunit NDUFBS8) and complex IV (subunit COX
1) were observed in K8/~ cells, while the levels of complex
III (subunit UQCRC2) and complex V (subunit ATP5A) were
comparable to K8/ cells (Fig. 5, A-E). To elucidate if a simi-
lar phenotype is observed in vivo in noncancer cells, we deter-
mined mouse colonocyte oxidative phosphorylation complex
levels and found that K8/~ mouse colonocytes exhibit
decreased levels of complexes I, III, IV, and V (Fig. 6, A-E). In
addition, the protein levels of complex III and V were
decreased in K8*/~ colonocytes; however, the decrease was
intermediate compared with K8/~ (Fig. 6, A-C).

As oxidative phosphorylation complex protein levels are
decreased in K8/~ Caco-2 cells, we analyzed the protein lev-
els of the mitochondrial regulatory proteins mitofusin-2 and
prohibitin, which are involved in the regulation of oxidative
phosphorylation complex protein expression, stability, and
activity (37-40). Mitofusin-2 and prohibitin protein levels
were significantly decreased both in vitro in K8/~ Caco-2
cells and in vivo in K8/~ mouse colonocytes compared with
their wild-type counterparts, while no change was observed
in K8/ colonocytes (Fig. 5, F and G, and Fig. 6, F and G).
Additionally, the protein levels of trichoplein, which may
facilitate keratin-mitochondria interactions, were unaltered
in both K8/~ Caco-2 cells and K8/~ and K8/~ mouse colo-
nocytes (Figs. SH and 6H). As mitofusin-2, in addition to its
role in respiration, is important for mitochondrial dynamics
(25), which are altered in K8/~ colonocytes (Fig. 1), we tested
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whether mitofusin-2 levels are dependent on K8 levels.
Reintroduction of K8 and its partner K18 into K8/~ Caco-2
cells led to a significant increase in mitofusin-2 levels com-
pared with control K8/~ Caco-2 cells, indicating that the K8
loss-associated mitochondrial phenotype could be mediated
through mitofusin-2 (Fig. 5, I-K). The downregulation of these
oxidative phosphorylation complex proteins and mitochon-
drial regulatory proteins may contribute to the decreased mi-
tochondrial respiration and AWm in K8/~ cells.

Mitochondrial Ca? " Dynamics Are Altered and Ca**
Levels Are Decreased in K8/~ Caco-2 Cells

As mitochondria are major Ca?* signaling hubs and
Ca?* stimulates respiration (41, 42), we studied mitochon-
drial Ca?* dynamics in vitro in K8 */* and K8/~ Caco-2
cells using the Ca®* probe aequorin targeted to the mito-
chondrial matrix. Upon stimulation of Ca?* signaling, both
K8*/* and K8/~ cells exhibited a mitochondrial Ca?*
response; however, Ca>* dynamics were altered in K8/
cells (Fig. 7A). In particular, K8 absence elicited a small,
short-lived Ca?* peak immediately upon stimulation of
mitochondrial Ca?* signaling (Fig. 7A). In addition, the
mitochondrial Ca?* levels were decreased as seen by A mi-
tochondrial [Ca?*] (the difference between maximum and
minimum) and area under the curve (AUC) mitochondrial
[Ca?™] values (Fig. 7, B and C). Analysis of cytoplasmic
Ca?™" using nontargeted aequorin revealed a similar, albeit
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Figure 3. Mitochondrial respiration and respiratory capacity, but not glycolysis, are diminished in K8/~ Caco-2 cells. A: Seahorse XF Cell Mito Stress

Test Kit was used to measure the oxygen consumption rates of K8 '+ and
B-G: Seahorse XF Mito Stress Test Report Generator was used to calculate

K8/~ Caco-2 cells, and the results were normalized to total protein quantity.
basal respiration (B), ATP production (C), maximal respiration (D), spare respi-

ratory capacity (E), proton leak (F), and nonmitochondrial oxygen consumption (G). H: Seahorse XF Glycolytic Rate Assay Kit was used to measure the

glycolytic proton efflux rate of K8 7/ and K8 '~ Caco-2 cells, and the resu

Its were normalized to total protein quantity. Agilent Seahorse Analytics was

used to calculate basal glycolysis. The results represent the average oxygen consumption rate/glycolytic proton efflux rate (n = 4/genotype, with 5-6
technical replicates each) + SD with significant differences shown: *P < 0.05 and **P < 0.01.

smaller, outcome with altered cytoplasmic Ca** dynamics
and decreased AUC but no change in A for cytoplasmic
[Ca%™*] (Fig. 7, D-F), indicating that K8 may also affect cyto-
plasmic Ca’?" signaling in addition to mitochondrial Ca?*
regulation. Analysis of the major mitochondrial Ca>* trans-
porters, the outer mitochondrial membrane (OMM) ca’t
transporter VDAC and the IMM Ca?* transporter MCU,
revealed unaltered protein levels of VDAC and MCU in K8/~
Caco-2 cells (Fig. 7, G-I). In contrast, VDAC and MCU protein
levels were decreased in vivo in K8/~ mouse colonocytes
compared with K8/, while no change was observed in
K8t/ (Fig. 7, J-L). These results suggest that an attenuated
mitochondrial Ca?* response may contribute to the energy
metabolism phenotype in K8/~ Caco-2 cells.

To assess whether the mitochondrial phenotype observed
in vitro in K8/~ Caco-2 cells and in vivo in colonocytes of
full-body K8/~ mice is colonocyte autonomous, we assessed
the protein levels of mitochondrial Ca®* transporters VDAC
and MCU and the mitochondrial regulatory proteins pro-
hibitin and mitofusin-2 in K8%°¥/f°%villin-Cre mice, in
which K8 is absent specifically in intestinal epithelial cells
(15). Compared with K81°¥1°X mjce, the protein levels of
VDAC, MCU, and mitofusin-2 were decreased in K8flox/flox,
Villin-Cre mouse colonocytes, while no difference was
seen for prohibitin (Fig. 7, M-Q). These findings indicate
that the mitochondrial phenotype in K8/~ colonocytes is
colonocyte autonomous.
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DISCUSSION

In this work, we have characterized the impact of simple
epithelial keratins on mitochondrial homeostasis and energy
metabolism in colonocytes (summarized in Fig. 8). Our
results show that mitochondria are smaller and rounder in
vivo in K8/~ mouse colonocytes and that K8 loss in vitro in
Caco-2 cells correlates with increased mitochondrial motil-
ity. K8/~ Caco-2 cells further display diminished mitochon-
drial respiration and decreased A¥m, whereas glycolysis is
unaffected. Oxidative phosphorylation complex, prohibitin,
and mitofusin-2 protein levels are reduced both in vivo in
mouse colonocytes and in vitro in Caco-2 cells lacking K8.
Furthermore, we show that mitofusin-2 levels could be res-
cued by reexpression of K8/K18 in Caco-2 cells lacking K8,
suggesting that the impact of keratins on mitochondria may
at least partly be mediated through mitofusin-2 in colono-
cytes. Importantly, we also observed decreased Ca>* levels
and altered Ca?* dynamics in K8/~ Caco-2 cell mitochon-
dria and cytoplasm, indicating that K8 is important for the
dynamic control of Ca?* in colonocytes. The protein levels
of mitochondrial Ca?* transporters VDAC and MCU were
unaltered in K8/~ Caco-2 cells, while they were downregu-
lated in K8/~ mouse colonocytes. Finally, reduced protein
levels of mitofusin-2, VDAC, and MCU were observed in colo-
nocytes from K81°¥/1°%,villin-Cre mice with intestinal-spe-
cific ablation of K8, indicating that the K8/~ mitochondrial
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Figure 4. Loss of K8 leads to decreased mitochondrial membrane potential (A¥m) in Caco-2 cells. A and B: A¥m was assessed in K8 /" and K8/~
Caco-2 cells using the A¥Ym-sensitive probe tetramethylrhodamine ethyl ester (TMRE). FCCP, which causes mitochondrial depolarization and decreases
AW¥m, was used as a positive control. A: TMRE fluorescence intensity levels analyzed by flow cytometry. The measured median fluorescence intensity
(MFI) values were normalized to the MFI of unstained cells. The results represent the average relative MFI (n = 5 replicate assays/genotype, with
50,000-100,000 cells/assay) + SD with significant differences shown: *P < 0.05, **P < 0.01, and ***P < 0.001. B: TMRE fluorescence intensity levels
analyzed by plate reader assay. The measured fluorescence intensity values were corrected for the background signal in unstained controls. The results
represent the average (n = 4, with 5-29 technical replicates each per genotype and condition/assay; small dots represent individual values) fold change
in TMRE fluorescence intensity relative to K8 7/ + SD with significant differences shown: ***P < 0.001.

energy metabolism likely is colonocyte autonomous. Our
findings in these three different in vivo and in vitro K8/~
model systems attribute an important role for K8 in main-
taining mitochondrial morphology, motility, energy metabo-
lism, and Ca?* homeostasis in colonocytes.

Mitochondria continuously adapt and respond to cellular
cues through the regulation of mitochondrial dynamics,
facilitating changes in mitochondrial shape, size, number,
location, and tethering (24, 25). IFs and IF-associated pro-
teins, including keratins, vimentin, desmin, neurofilaments,
and plectin, are emerging as important regulators of mito-
chondrial dynamics and function in different organs and
cell types (26, 27). Here, we observed in vivo in K8-deficient
colon a shift in mitochondrial morphology from larger, elon-
gated mitochondria to smaller and rounder mitochondria,
which could be a consequence of the reduced levels of the
mitochondrial fusion protein mitofusin-2 in K8/~ colono-
cytes (7, 43, 44). Furthermore, K8/~ colonocyte mitochon-
dria display fewer cristae (22). Our observations in the colon
are in agreement with earlier studies reporting similar phe-
notypes in K8/~ or K8 G62C or K18 R90C mutant mouse
B-cells and/or hepatocytes (7, 28). Conversely, K6a/K6b~/~
and K5/~ epidermal Kkeratinocytes exhibit swollen mito-
chondria in conjunction with a partial or complete loss of
cristae, while mitochondrial size and shape were unaffected
(8, 32), suggesting that a phenotype with rounder and/
or smaller mitochondria upon Keratin loss or mutation is
specific for simple epithelial keratin-expressing epithelia.
Furthermore, IFs can tether mitochondria and modulate mi-
tochondrial movement (26), and the loss or mutation of IFs
has been linked to increased mitochondrial motility and/or
disorganization of mitochondria (7, 8, 45, 46). Here, K8/~
Caco-2 cells display increased mitochondrial motility, which
is in line with earlier observations in keratin-deficient B-cells
and keratinocytes (7, 8). These findings by us and others
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support the notion that IFs in different cell types help anchor
and confine mitochondria spatially (26, 27), which may con-
tribute to local ATP production and Ca?* buffering. Taken
together, our findings support a role for K8 in maintaining
mitochondrial size and shape and restraining mitochondrial
movement in colonic epithelium.

K8/~ colonocytes exhibit a mitochondrial energy metabo-
lism phenotype characterized by blunted ketogenesis (22).
Here, we expand on this by showing that K8/~ Caco-2 cells
exhibit diminished mitochondrial respiration. Furthermore,
AW¥m, a dynamic indicator of mitochondrial respiration, is
significantly decreased in K8/~ cells. Interestingly, in con-
trast to K8/~ colonocytes, hepatocytes deficient for K8 do
not exhibit a phenotype with reduced respiration or ketogen-
esis, indicating that K8 impacts mitochondrial metabolism
differentially in colonocytes and hepatocytes (22, 28).
Notably, glycolysis is unaffected by K8 loss in Caco-2 cells,
indicating that it does not compensate for the decreased res-
piration in these cells. Similar energy metabolism pheno-
types have been reported for other epithelial cell types that
display IF mutations or lack IFs or plectin (7, 8, 31, 47-50).
Conversely, mouse Kkeratinocytes lacking all type I keratins
display increased respiration, suggesting that keratins can
also restrict mitochondrial activity (30). Several respiratory
chain proteins are downregulated both in vivo in K8/~ colo-
nocytes and in vitro in K8/~ Caco-2 cells, which, as K8/~
mouse colonocyte mitochondria display fewer cristae (22),
could reflect insufficient IMM surface area for efficient oxida-
tive phosphorylation complex assembly and activity (51, 52).
Additionally, the decreased levels of complexes I and IV could
possibly explain the diminished A¥m, as it is complexes I, III,
and IV that generate A¥Ym by pumping protons across the
IMM. The smaller, rounder, and more motile mitochondria of
K8/~ colonocytes may also negatively affect energy metabo-
lism, as respiration may be more efficient in large elongated
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Figure 5. K8/~ Caco-2 cells exhibit decreased protein levels of oxidative phosphorylation complexes and mitochondrial regulatory proteins, and rein-
troduction of K8 rescues the downregulation of mitofusin-2. A—H: K8 /* and K8/~ Caco-2 cells were analyzed by immunoblotting (4) for oxidative
phosphorylation protein complex V (CV) subunit ATP5A (B); complex Il (Clll) subunit UQCRC2 (C); complex Il (Cll) subunit SDHB, complex IV (CIV) subunit
COX Il (D); and complex | (Cl) subunit NDUFB8 (E) and mitochondrial regulatory proteins prohibitin (F), mitofusin-2 (G), and trichoplein (H). The K8 geno-
type is shown by the K8 blot (notably, the same K8 blot is presented in Fig. 7G, as the same sample set was used here). The immunoblots were quanti-
fied and normalized against B-actin. The results represent the average (n = 3/genotype) fold change relative to K8*/* + SD, with significant differences
shown: *P < 0.05. |-K: K8/~ Caco-2 cells transfected with PcDNA or K8 and K18 DNA plasmids and K8+ cells were analyzed by immunoblotting (/)
for mitofusin-2 (J) and K8 (K). The immunoblots were quantified and normalized against B-actin. The results represent the average (n = 3/genotype) fold
change relative to K8 /% + SD, with significant differences shown for mitofusin-2: *P < 0.05 and **P < 0.01. MW (kDa) indicates the closest molecular

mass marker on the Western blots.

mitochondria (25, 53, 54), and higher metabolic activity has
been observed in less motile mitochondria (55).

The OMM protein mitofusin-2 can modulate mitochondrial
metabolism independently of its function in mitochondrial
dynamics (56), and mitofusin-2 deficiency has been associ-
ated with diminished respiration, decreased A¥m, and
decreased respiratory chain complex activity or protein levels
(39, 40, 57). Similarly, the IMM protein prohibitin maintains
mitochondrial respiration by stabilizing and stimulating re-
spiratory chain complex activity, while, conversely, prohibitin
deficiency leads to reduced respiratory chain activity (37, 58—
60). Consequently, the mitofusin-2 and prohibitin deficiency
in K8/~ colonocytes likely contributes to impaired respira-
tion. Further, the decreased mitochondrial Ca?* levels in
K8/~ Caco-2 cells may contribute to the dysfunctional respi-
ration, as mitochondrial Ca?* uptake enhances respiration by
stimulating the activity of TCA cycle and respiratory chain

G446

enzymes (41, 42). Notably, the observed changes in mitochon-
drial energy metabolism upon K8 loss are similar in vivo in
mice colonocytes and in vitro in human colorectal cancer
cells, suggesting a role for colonocyte keratins in mitochon-
drial metabolism in both humans and mice and in normal
and disease states. However, further research is needed to elu-
cidate the sequence of events leading to blunted mitochon-
drial respiration upon K8 loss. Further, given our present and
prior findings (22), and that K8/~ mice display colonocyte
hyperproliferation (16), another important question for future
studies is how rapid proliferation can take place in these met-
abolically compromised colonocytes.

K8/~ Caco-2 cells display altered dynamics and decreased
levels of mitochondrial matrix and cytoplasmic Ca®™.
Mitochondrial Ca?* entry is facilitated by VDAC in the OMM
and MCU in the IMM (41, 42). VDAC and MCU levels are unal-
tered in K8/~ Caco-2 cells, thus likely excluding a role for
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Figure 6. K8~ mouse colonocytes display decreased protein levels of oxidative phosphorylation complexes and mitochondrial regulatory proteins.
A—H: isolated colonocytes from K8*/*, K8/~ and K8*'~ mice were analyzed by immunoblotting (A) for oxidative phosphorylation protein complex V
(CV) subunit ATP5A (B); complex lll (Clll) subunit UQCRC2 (C); complex Il (Cll) subunit SDHB, complex IV (CIV) subunit COX Il (D); and complex | (Cl) subu-
nit NDUFB8 (E) and mitochondrial regulatory proteins prohibitin (F), mitofusin-2 (G), and trichoplein (H). The K8 genotype is shown by the K8 blot (notably,
the same K8 blot is presented in Fig. 7J, as the same sample set was used here). The immunoblots were quantified and normalized against Hsc70. The
results represent the average (n = 3 male mice/genotype) fold change relative to K8 /" +SD, with significant differences shown: *P < 0.05 and **P <
0.01. MW (kDa) indicates the closest molecular mass marker on the Western blots.

them in the observed phenotype. Conversely, VDAC and MCU
are downregulated in K8/~ mouse colonocytes, indicating
that mitochondrial Ca?* uptake may be deficient also in vivo.
It is unclear why VDAC and MCU levels are not similarly
affected in cultured Caco-2 cell upon K8 loss, but it could be
due to compensatory expression in Caco-2 colon cancer cells.
As A¥m is the main driver of mitochondrial Ca®* entry (61),
the decreased AWm in K8/~ Caco-2 cells may partly underlie
the reduced Ca?* uptake. Another possibility is that K8 loss
impacts mitochondrial interactions with other organelles. As
MCU has a low affinity for Ca®*, mitochondrial Ca?* uptake
occurs close to the plasma membrane, endoplasmic reticulum
(ER), or sarcoplasmic reticulum (SR), where Ca®?* levels are
higher (41, 62, 63). Mitochondria and the ER are linked by pro-
tein tethers at specific ER membrane sites termed mitochon-
dria-associated membranes (64, 65), where complexes of ER
inositol 1,4,5-trisphosphate receptors (IP3Rs), grp75, and VDAC
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facilitate ER-mitochondria Ca?* flux (66). As IP;Rs are essen-
tial for ER-mitochondria linkage (67), mitochondria-ER tether-
ing may be reduced in K8/~ mouse colonocytes due to the
downregulation of VDAC. This is supported by studies show-
ing that desmin may bind VDAC (68) and that aggregate-prone
desmin mutations are associated with decreased mitochon-
drial Ca®* uptake, likely due to loss of mitochondria-SR inter-
actions (63). Interestingly, plectin 1b has been speculated to
bind VDAC (48), raising the possibility that K8 or another part-
ner keratin could bind VDAC directly or indirectly through,
for example, plectin. Mitofusin-2 has also been implicated as a
mitochondria-ER tether, as mitofusin-2 deficiency increases
the distance between mitochondria and the ER and reduces
mitochondrial Ca?* uptake (44, 69). However, several reports
either support or challenge this notion, and the matter
remains subject to further study (44, 69-75). As mitofusin-2
is involved in the regulation of mitochondrial dynamics and
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Figure 7. The mitochondrial Ca® " response is attenuated in Caco-2 K8/~ cells and colonic epithelium of mice lacking K8. A and D: K8/ and K8/~
Caco-2 cells were transfected with aequorin targeted to the mitochondrial matrix (mito-Aeq; A) or untagged aequorin (D; no target, cytoplasmic localiza-
tion), and Ca?™ responses were measured following stimulation with ATP. Representative mitochondrial (4) and cytoplasmic (D) Ca®™ responses are
shown. B, C, E, and F: changes in mitochondrial and cytoplasmic Ca?™ levels were quantified and displayed as A (maximum — minimum) Ca®™" concen-
tration ([Ca®"]) (B and E) and area under the curve (AUC) [Ca® "] (C and F). The results represent the average Ca® " responses (n = 24/genotype for mi-
tochondrial [Ca2+] and n = 35-36/genotype for cytoplasmic [Caz+] from 3 experiments; small dots represent individual values) £ SD with significant
differences shown: ***P < 0.001. G-L: K8 /" and K8 '~ Caco-2 cells (G—/) and isolated colonocytes from male K8 7", K8 /=, and K8 "/~ mice (J-L)
were analyzed by immunoblotting for the mitochondrial Ca?" transporters voltage-dependent anion channel (VDAC) and mitochondrial calcium uni-
porter (MCU). The K8 genotype is shown by the K8 blots (notably, the same K8 blot is shown in Figs. 5A and 7G, as both used the same Caco-2 sample
set, and, similarly, the same K8 blot is shown in Figs. 6A and 7J, as both used the same mouse colonocyte sample set). The immunoblots were quantified
and normalized against B-actin or Hsc70. The results represent the average (n = 3/genotype) fold change relative to K8 "/* + SD, with significant differ-
ences shown: *P < 0.05 and **P < 0.01. M—Q: VDAC, MCU, prohibitin, and mitofusin-2 protein levels were determined in male and female K8"1°* and
K8ofoxvsjllin-Cre (endogenous K8 knockdown) mouse colonocytes by immunoblotting (a representative Western blot is shown). The immunoblots
were quantified and normalized against Hsc70. The results represent the average fold change relative to K8/ +SD (n = 6 mice/genotype for VDAC
and MCU; n = 3 mice/genotype for prohibitin and mitofusin-2) with significant differences shown: *P < 0.05, **P < 0.01, and ***P < 0.001. MW (kDa)
indicates the closest molecular mass marker on the Western blots.
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mitochondria-ER cross talk, the reduced mitofusin-2 protein
levels in K8/~ Caco-2 cells, which can be rescued by reexpres-
sion of K8/K18, could potentially explain why mitochondrial
Ca* uptake is perturbed in these cells. Finally, while the cyto-
plasmic Ca®>* changes can in part reflect the changes in mito-
chondrial matrix Ca?*, these data suggest that K8-mediated
processes may also play a role in cytoplasmic Ca?* signaling.
All in all, these results, together with findings that desmin reg-
ulates Ca®* signaling (63, 76), support an important role for
keratins and IFs in Ca®>* homeostasis.

While IFs have many cell- and tissue-specific functions, this
study clearly adds to the growing number of evidence showing
a common IF function in mitochondrial regulation independ-
ent of IF type, cell type or type of energy source. A clear molec-
ular mechanism for how IFs, and Kkeratins in particular,
interact with and regulate mitochondria, however, remains
elusive. Some IFs, including vimentin and desmin, can directly
bind to and regulate mitochondria (45, 48, 77). Intriguingly,
K18 contains an NH,-terminal amino acid sequence, which
could potentially facilitate direct interaction between keratin
IFs and the OMM (48). IF-mitochondria interactions can also
occur indirectly through IF-associated proteins. In regard to
keratins, the linker protein trichoplein (43, 78), which can bind
both keratins and mitofusin-2, has been suggested to facilitate
keratin-mitochondria interactions in pB-cells, as both tricho-
plein and mitofusin-2 are downregulated upon K8 loss (7).
Similarly, mitofusin-2 protein levels are significantly decreased
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both in vitro and in vivo in colonocytes upon K8 loss; however,
trichoplein protein levels were unaltered. These observations
suggest that the mitochondrial shape changes in K8/~ colono-
cytes may at least partly be caused by the mitofusin-2 defi-
ciency (53), while changes in trichoplein protein levels likely
are dispensable for this phenotype. However, directed mito-
chondrial movement increases considerably upon trichoplein
loss (79), indicating that keratin-trichoplein interactions may
be instrumental in keratin-mediated regulation of mitochon-
drial movement. The cytolinker protein plectin, which links
vimentin and desmin to mitochondria (45, 80-82), is another
potential candidate for anchoring K8 to mitochondria. Indeed,
it has been reported that plectin mediates K8-mitochondria
interactions in the retinal pigment epithelium and that K8
phosphorylation disrupts this interaction (83). We have
recently shown that plectin is downregulated in K8/~ colono-
cytes, indicating that the coupling of keratins and nuclei is lost
(6). It is thus plausible that plectin could mediate the associa-
tion between Keratins and mitochondria in colonocytes. In
addition, mitochondrial trichoplein levels are reduced upon
plectin 1b silencing in HeLa cells (43), indicating that plectin
may play a role in facilitating keratin-trichoplein interactions
at mitochondria. Based on these observations by us and others,
we propose that K8 tethers and stabilizes mitochondria in colo-
nocytes, thus maintaining mitochondrial shape and size.
However, further research is warranted to elucidate the exact
molecular mechanism for keratin-mitochondria interactions.
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Based on the finding that butyrate oxidation is decreased
in the colonic mucosa in ulcerative colitis, Roediger (84) pro-
posed that ulcerative colitis could be characterized as an
energy-deficiency disease. Veritably, mitochondrial dysfunc-
tion is increasingly recognized as a contributing factor to
IBD pathogenesis (85). For instance, ulcerative colitis has
been characterized by downregulation of both respiratory
chain complex levels and activity and reduced A¥m (86, 87).
Similarly, Crohn’s disease has been associated with dysfunc-
tional mitochondrial metabolism (88, 89). Further, Crohn’s
disease in pediatric patients is characterized by a depletion
of butyrate-producing bacteria, the levels of which appeared
to correlate with mitochondrial protein levels, suggesting a
role for butyrate in mitochondrial regulation (89). As K8/~
colon epithelium displays several of the hallmarks of dysfunc-
tional energy metabolism in IBD, including reduced butyrate
uptake (22, 90) and diminished mitochondrial respiration, we
propose that the changes in mitochondrial dynamics and me-
tabolism presented here may contribute to K8-associated coli-
tis pathophysiology.
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