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Abstract

Islet B-cell dysfunction is an underlying factor for type | diabetes (T1D) development. Insulin sensing and secretion are tightly
regulated in B-cells at multiple subcellular levels. The epithelial intermediate filament (IF) protein keratin (K) 8 is the main B-cell
keratin, constituting the filament network with K18. To identify the cell-autonomous functions of K8 in B-cells, mice with targeted
deletion of B-cell K8 (K8"¥1°*: |ns-Cre) were analyzed for islet morphology, ultrastructure, and integrity, as well as blood glucose
regulation and streptozotocin (STZ)-induced diabetes development. Glucose transporter 2 (GLUT2) localization was studied in
B-cells in vivo and in MING cells with intact or disrupted K8/K18 filaments. Loss of B-cell K8 leads to a major reduction in K18.
Islets without B-cell K8 are more fragile, and these B-cells display disjointed plasma membrane organization with less membra-
nous E-cadherin and smaller mitochondria with diffuse cristae. Lack of B-cell K8 also leads to a reduced glucose-stimulated insu-
lin secretion (GSIS) response in vivo, despite undisturbed systemic blood glucose regulation. K8"°* |ns-Cre mice have a
decreased sensitivity to STZ compared with K8 wild-type mice, which is in line with decreased membranous GLUT2 expression
observed in vivo, as GLUT2 is required for STZ uptake in B-cells. In vitro, MING cell plasma membrane GLUT?2 is rescued in cells
overexpressing K8/K18 filaments but mistargeted in cells with disrupted K8/K18 filaments. B-Cell K8 is required for islet and B-cell
structural integrity, normal mitochondrial morphology, and GLUT2 plasma membrane targeting, and has implications on STZ sen-
sitivity as well as systemic insulin responses.

NEW & NOTEWORTHY Keratin 8 is the main cytoskeletal protein in the cytoplasmic intermediate filament network in B-cells.
Here for the first time, we assessed the B-cell autonomous mechanical and nonmechanical roles of keratin 8 in B-cell function.
We demonstrated the importance of keratin 8 in islet and B-cell structural integrity, maintaining mitochondrial morphology and
GLUT2 plasma membrane targeting.

B-cell ultrastructure; GLUTZ2; intermediate filament; islet integrity; keratin

INTRODUCTION

Maintaining blood glucose homeostasis in diabetes is met-
abolically demanding on pancreatic islet B-cells due to the
constant requirement for insulin synthesis and secretion.
The ability to meet this demand depends on the number of
B-cells, their adaptive capacity, and functional integrity
(1, 2). Due to their critical function in glucose sensing and in-
sulin secretion, B-cells are highly susceptible to diabetes-
related cell stress. Disruptions or insufficiencies in B-cell
processes can affect B-cell mass and function and lead to
alterations in systemic normoglycemia and increased diabe-
tes susceptibility (3, 4). Cytoskeletal filament proteins are
structural components in B-cells and contribute to several
cellular processes. Actin microfilaments and microtubules
have established roles in glucose and insulin processes
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through modulating glucose uptake (5) and the spatial orga-
nization, trafficking, and secretion of insulin granules (6, 7).
It has been suggested that the B-cell cytoskeletal component,
keratin intermediate filaments (IFs), also plays a role in
B-cell glucose sensing, insulin secretion, and stress mecha-
nisms (8). However, the B-cell autonomous functions of kera-
tins are not known.

The epithelial keratin protein family forms filaments that
consist of obligate heteropolymers of type I (K9-28) and type
II (K1-8 and K71-80) keratins (9). Keratins are expressed in a
cell-, development- and differentiation-dependent manner
(10), have well-established stress-protecting functions in sev-
eral organs, and are frequently upregulated during stress or
regeneration (11, 12). Keratin filaments maintain mechanical
stability in epithelial tissue by providing cells with structural
support, for example, through binding by cytolinkers to
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other cytoskeletal proteins, hemidesmosomes, or desmo-
somes (10, 13, 14). Keratins are organizers of the cytoplasmic
space and are involved in several cellular processes such
as targeting proteins and organelles, modulating signaling
pathways, cell growth, proliferation, differentiation, and ap-
optosis (11, 15, 16). Simple epithelial tissues, such as the pan-
creas, liver, and intestine, express the type II K7 and K8 and
type I K18-K20 and K23 Kkeratins (17), where K8 is the main
type II keratin in these tissues (18-20). K8 and K18 are the
only keratins that are known to be expressed in human
B-cells; however, mouse B-cells additionally express K7 (19,
21). Of interest, during experimental diabetes cell stress in
several type I diabetes (T1D) mouse models, B-cell K7, K8,
and K18 levels, and the filament network density increase
significantly (8, 21).

The few studies so far addressing the roles of K8/K18 in
B-cells and glucose homeostasis by gene deletion have used
the global K8/~ mouse model. This model, however, has
shown to be inadequate for studying B-cell mechanisms due
to the multiorgan effects of systemic K8 deletion. Considering
the major role of K8 in most simple epithelia, K8/~ mice
present multiple pathologies in organs involved in glucose
and insulin homeostasis and suffer from liver fragility and co-
litis (20, 22-24). K8/~ mice show alterations in systemic glu-
cose use and insulin responses, whereas the B-cell insulin
vesicle ultrastructure is irregular, and the overall insulin con-
tent and mitochondrial energy metabolism are reduced (8,
25). Nonetheless, it is unclear if these changes in K8/~ mice
are specifically caused by K8 loss in B-cells or an indirect
effect of increased B-cell stress due to disruptions in glucose
metabolism and systemic inflammation owing to the liver
and intestinal pathologies.

In this study, we hypothesized that K8 is important for
B-cell function, and we aimed to identify the B-cell specific
role of K8 in B-cell processes and diabetes sensitivity using a
conditional B-cell K8 knockout mouse generated by the loxP-
Cre-mediated system, under the insulin promotor. Our
results show that B-cell K8 is specifically involved in main-
taining islet structural integrity, insulin responses to glucose
stimulation, mitochondrial morphology, and glucose trans-
porter 2 (GLUT?2) plasma membrane targeting.

MATERIALS AND METHODS

Experimental Animals

K8M1o¥/foxX transgenic mice, generated by, and a kind gift
from, Prof. Karen Ridge (Northwestern University), in the
C57BL/6 background (26), were used to generate a B-cell spe-
cific K8 knockout mouse. To achieve this, K81°¥19% were
bred with female Ins1®® (here called Ins-Cre) mice (27)
(Jackson Laboratory/RRID:IMSR_JAX:026801) and back-
crossed for at least six generations to minimize any potential
differences between parental C57BL/6 strains. The condi-
tional knockout mice were subsequently maintained by
breeding K8™1¥/1°% with K81°%¥/1°%; Ins-Cre. As a secondary
control for all the mouse experiments, Ins-Cre mice were
used, which were maintained by breeding female Ins-Cre
mice with male K8"°%~, Mice were genotyped as described
previously (26). All mice were housed at the Central Animal
Laboratory at the University of Turku (Turku, Finland)
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and handled according to the animal study licenses 197/
04.10.07/2013, 3956/04.10.07/2016, ESAVI/16359/2019, and
ESAVI/4498/2023, which were approved by the State
Provincial Office of South Finland. Age-matched (2-6 mo)
male and female mice were used as described in this study.

Streptozotocin Treatment

Streptozotocin (STZ) (Sigma-Aldrich, St. Louis, MO) dilu-
tion was prepared in 50 mM sodium citrate (Sigma-Aldrich)
in PBS (pH 4.5) and administered intraperitoneally to mice
in a single dose of 140 mg/kg. The blood glucose levels were
measured from the tail vein, once on 4 h fasting before injec-
tion and once every day until 72 h postinjection. The mice
were considered diabetic when two consecutive blood glu-
cose measurements exceeded 14 mmol/L (28). Animals were
euthanized 72 h after STZ administration and pancreas tis-
sue samples were collected for further processing.

Histopathological Analysis

Pancreata from mice were dissected and fixed in parafor-
maldehyde (4% vol/vol in PBS, pH 7.4) for preparation of
hematoxylin-eosin (H&E) stained paraffin-embedded sec-
tions. The sectioning and staining were performed at the
Turku Center for Disease Modeling Histology Service Unit,
University of Turku (Turku, Finland). A 40 pm sectioning
interval was considered between each tissue section mounted
on the slides. The sections were scanned using a Pannoramic
1000 system (3D HISTECH, Budapest, Hungary) and ana-
lyzed using QuPath 0.2.3 bioimage analysis software (29). To
perform the histomorphological analysis, islets were anno-
tated manually, and the islet mass was estimated by dividing
the islet area to the tissue section area. For STZ-treated histo-
pathological analysis, the islet damage was scored blinded,
from O to 4, where 0 indicated no evident islet damage, 1 islet
damage of 15%, 2 islet damage of 15-30%, 3 islet damage of
30-50%, and score 4 islet damage of >50%. A minimum of
40 islets per pancreas were scored.

Transmission Electron Microscopy and Image Analysis

Pancreata were dissected, and tissue pieces of 1-2 mm? were
fixed in 5% glutaraldehyde in 0.16 mol/L S-collidin-HCI buffer,
pH 7.4. Electron microscopy samples were processed in the
Electron Microscopy Laboratory, Institute of Biomedicine,
University of Turku, and islet B-cells were imaged using a JEM-
1400 Plus transmission electron microscope (Jeol, Peabody,
MA). The images were quantitatively analyzed using ImageJ
software (National Institutes of Health, Bethesda, MD) for
B-cell mitochondrial number and morphology. Mitochondria
were manually annotated to measure the area. Cristae mor-
phology was determined visually for individual mitochondria.
The mitochondrial shape aspect ratio was determined by dvid-
ing the local height by local width.

Fasting Blood Glucose Measurements and Glucose and
Insulin Tolerance Tests

Blood glucose levels were measured using a handheld glu-
cose monitor (Contour, Bayer, Basel, Switzerland) by taking
blood from the tail vein after fasting, and at indicated time
intervals (up to 2.5 h) after a single intraperitoneal injection
of 2 g/kg of body weight glucose (Sigma-Aldrich) or 0.75 U/kg
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of body weight insulin (Liprolog, Oriola, Finland). Mice were
fasted overnight for glucose tolerance tests and fasting blood
glucose measurements, and for 4 h for the insulin tolerance
tests.

Insulin Extraction from Pancreas Tissue

Pancreatic insulin content was determined by acid-etha-
nol extraction, using 1.5% vol./vol. concentrated HCI (Sigma-
Aldrich, Saint Louis, MO) in 70% ethanol. Pancreata were
dissected and tissue pieces from mid-pancreas were homog-
enized manually in 20 uL acid-ethanol solution/mg weight
of pancreas tissue. The homogenate was incubated at 4°C
overnight under stirring and then centrifuged at 13,000 g for
30 min. The supernatant containing extracted insulin was
collected and stored at —80°C before further processing.

Glucose-Stimulated Insulin Secretion and Serum Insulin
Measurement

Mice were challenged with 2 g/kg of body weight glucose
(ip) after 4 h fasting. Blood was collected from fasted mice
and 10 min after the glucose administration, from the femo-
ral vein using a capillary blood sampling microvette
(Sarstedt, Numbrecht, Germany). Samples were centrifuged
at 2,000 g for 10 min and serum was extracted to determine
the insulin concentrations using a mouse ultrasensitive in-
sulin enzyme-linked immunosorbent assay (ELISA) Kkit
(Mercodia- 10-1247-01, Uppsala, Sweden) according to the
manufacturer instructions.

Isolation of Pancreatic Islets

Pancreatic islets were isolated as previously described
(30). Collagenase P (Roche, Mannheim, Germany) at concen-
tration of 1.5 mg/mL, diluted in Hanks Balanced Salt
Solution (HBSS) (Sigma-Aldrich, Saint Louis, MO) was
injected into the common bile duct for tissue digestion.
Isolated islets were subsequently cultured in RPMI-1960 me-
dium supplemented with 10% fetal bovine serum, 2 mM L-
glutamine, and 100 U/mL penicillin-streptomycin at 37°C
and 5% CO,, for 24 h before further processing.

Dispase Assay

Isolated islets were stained with dithizone (Sigma-Aldrich)
according to the supplier’s instructions to confirm the exclu-
sion of nonislet tissue. Islets were hand-picked under a dissec-
tion microscope (Leica MZ6), to collect islets of approximately
similar size (including both smaller and larger islets) and
achieve a roughly equal size distribution across groups. Islets
were transferred to a 96-well plate (30 islets/well) with culture
medium containing 17.5 U/mL dispase (Sigma-Aldrich). The
plate was then placed on an orbital shaker to apply mechani-
cal stress (250 rpm), at 37°C and 5% CO,. After 3 h, the islet
fragments and dissociated islet cells were imaged using
bright-field Zeiss Axio Vert Al microscope. The images were
quantified for the number of intact islets and islet fragments
using ImageJ software (National Institutes of Health,
Bethesda, MD).

Cell Culture and Transfection

MING6 cells (mycoplasma-free; AddexBio, San Diego, CA)
were cultured in Dulbecco’s modified Eagle medium (DMEM)
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containing 15% fetal bovine serum, 1 mM sodium pyruvate,
0.05 mM B-mercaptoethanol, 2 mM L-glutamine, 100 units/
mL penicillin, and 100 pg/mL streptomycin. The cells were
grown in T25 flasks (Sarstedt, Numbrecht, Germany) at 37°C
and 5% CO,. The cells were transfected using electroporation
as previously described (21). The transfection constructs used
were Krt8/Krt18, a kind gift from Rudolf Leube (Aachen
University, Aachen, Germany), and Krt18 R90C, a kind gift
from Bishr Omary (Rutgers University, New Brunswick, NJ).

SDS-PAGE and Immunoblotting

Isolated pancreatic islets and MIN6 cells were harvested
and homogenized on ice in homogenization buffer (0.187 M
Tris-HCI, 3% SDS, and 5 mM EDTA, pH 6.8) using a syringe
and a 30G needle (Henke Sass Wolf, Tuttlingen, Germany).
Samples were then prepared for protein measurement using a
Pierce BCA protein assay kit (Thermo Fisher Scientific,
Waltham, MA) in 5 pg protein/10 uL sample ratio using 3x
Laemmli sample buffer (30% glycerol, 3% SDS, 0.1875 M Tris-
HCI (pH 6.8), 0.015% bromophenol blue and 3% B-mercapto-
ethanol). SDS-PAGE was performed and samples were ana-
lyzed by immunoblotting. Primary antibodies used were rat
anti-K8 (Troma I; Developmental Studies Hybridoma Bank),
rabbit anti-K7 (monoclonal/ERP17078, Abcam, Cambridge,
UK), rabbit anti-K18 (Sigma-Aldrich), rabbit anti-amylase
(Biorbyt, Cambridge, UK), mouse MitoProfile Total Oxphos
human WB antibody cocktail (Abcam, Cambridge, UK), rab-
bit anti-MFN2 (Sigma-Aldrich), rabbit anti-TCHP (Biorbyt,
Cambridge, UK), rabbit anti-OPA1, rabbit anti-cytochrome C
(Cell Signaling Technologies), mouse anti-p-tubulin (Sigma
Aldrich, St. Louis, MO), and rabbit anti-GAPDH (Abcam).
The Secondary antibodies used were anti-rabbit IgG-HRP
(Promega, Madison, WI), anti-rat IgG-HRP (Cytiva, UK and
Cell Signaling Technology), and anti-mouse IgG-HRP
(Cytiva, UK). See Supplemental Tables S1 and S2 for anti-
body details and Research Resource Identifier informa-
tion. The HRP signal was detected using Amersham ECL
Western blotting detection reagent (Cytiva, UK) or ECL
plus (PerkinElmer, Waltham, MA). The immunoblotting
results were quantified using ImageJ software (National
Institutes of Health, Bethesda, MD) and normalized to pro-
tein loading controls.

Immunofluorescence Staining and Image Analysis

Pancreata, intestine, liver, and kidney from mice were dis-
sected and embedded in Optimal Cutting Temperature com-
pound (OCT, Tissue-Tek, Sakura Finetek Europe B.V., Alphen
aan den Rijn, The Netherlands). The frozen tissue was sec-
tioned in 6 pm thickness using Leica CM1950 Research
Cryostat (Leica Microsystems, Wetzlar, Germany) and fixed
in paraformaldehyde (1% vol./vol. in PBS, pH 7.4) or ice-cold
acetone after which they were immunostained as previously
described (31). Isolated islets were dispersed using trypsin
and gentle pipetting motion, and MING6 cells were plated on
10 mm glass coverslips and fixed in ice-cold acetone before
staining. The primary antibodies used were rabbit anti-K7
(monoclonal/ERP17078, Abcam, UK), rat anti-K8 (Troma I;
Developmental Studies Hybridoma Bank, Iowa, IA), rabbit
anti-K18 (Sigma-Aldrich), mouse anti-K18 (Invitrogen), rabbit
anti-insulin (Cell Signaling, Danvers, MA), mouse anti-insulin
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(monoclonal; Santa Cruz Biotechnology, Dallas, TX), guinea
pig anti-insulin (Progen, Heidelberg, Germany), mouse anti-
glucagon (monoclonal; Santa Cruz Biotechnology), rabbit
anti-GLUT2 (Millipore, Temecula, CA), rat anti-E-cadherin
(Thermo Fisher Scientific, Waltham, MA), rabbit anti-Ki67
(Abcam, Cambridge, UK) and rabbit anti-YAP (Cell Signaling
Technologies, Danvers, MA). The secondary antibodies
used were donkey anti-rat Alexa 488 and 568, donkey anti-
rabbit Alexa 488 and 546, goat anti-mouse Alexa 488, and
goat anti-guinea pig Alexa 546 (Thermo Fisher Scientific,
Waltham, MA). See Supplemental Tables S1 and S2 for anti-
body details and Research Resource Identifier information.
DAPI (Invitrogen) and DRAQS (Thermo Fisher Scientific,
Bannockburn, IL) were used for the nuclear staining and the
stained tissue and cell samples were mounted using ProLong
Gold antifade reagent (Invitrogen). All immunofluorescence-
stained tissues and cells were imaged using Marianas Spinning
disk confocal microscope (Intelligent Imaging Innovations,
Denver, CO) and/or SP5 confocal microscope (TCS SP5; Leica).
For quantitative image analysis, ImageJ software (National
Institutes of Health, Bethesda, MD) and QuPath 0.2.3 bioimage
analysis software (29) were used. All the fluorescence signal in-
tensity measurements and GLUT2 signal intensity profiling
were done as previously described (21). For quantitative analy-
sis of cell membrane features using E-cadherin staining, cells
were manually annotated and membrane roundness was nor-
malized to cell shape aspect ratio according to (32). For tissue
disorganization analysis, images were minimally preprocessed,
and Voronoi analysis (33, 34) was applied while the tissue irreg-
ularity index was calculated by mean cell area divided by
standard deviation (SD).

Statistical Analysis

Statistical analyses were performed using Prism 9
(GraphPad Software, San Diego, CA). Student’s ¢ test, one-way
and two-way ANOVA, Fisher’s exact test, and logarithmic
analysis were used as indicated in the figure legends.
Statistically significant differences are shown as *P < 0.05,
P < 0.01, **¥*P < 0.001, or ****P < 0.0001.

RESULTS

Loss of -Cell K8 Leads to Decreased K18 Expression

To investigate the role of B-cell K8 in islet physiology and
pathophysiology, we developed a B-cell specific K8 knockout
mouse using conditional Krt8 gene inactivation. We crossed
K8flox/flox (56) and Ins1®™ (27) mice to achieve B-cell specific
K8 deletion at the embryonic level (here called K8%°¥/f1°%; 1ns-
Cre). Complete loss of p-cell K8 was confirmed in K81o%/flox;
Ins-Cre islets by K8 immunostaining of pancreatic tissue
while K8 was still present in the surrounding exocrine pan-
creas (Fig. 1AD) as expected. Immunostaining of dispersed is-
let cells from the K81°1°% Ins-Cre mice confirmed that
insulin-positive B-cells were devoid of K8 (Fig. 1Bb). Both is-
let tissue immunostaining, and immunoblotting of isolated
islets showed a decrease in K18 protein levels (~40%) in
K8f1o¥/flox. Tns-Cre mice compared with K81°¥/f°% control (Fig.
1, A, c—f, C, and D). The remaining K18 expression was likely
due to pairing and filament formation with K7. No signifi-
cant overall change in K7 levels in K8°¥/1°%; Ins-Cre B-cells
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was detected, indicating that K7 is likely not able to com-
pensate for the loss of K8 expression in B-cells in a tissue-
wide manner (Fig. 1, A, g-h, C, and E). Immunoblotting of
Kgflox/flox, 1ns-Cre isolated islet lysates showed a minor K8
band (Fig. 1C), which was expected due to the K8 expression
in other islet cell types (8, 21). In addition, a minor exocrine
contamination in the islet lysate samples was observed (evi-
denced by the presence of amylase), which likely also con-
tributed to the K8 signal in all isolated islet samples (Fig.
1C). The K7, K8, and K18 islet expression in Ins-Cre control
mice (Supplemental Fig. S1) was comparable to that of
K8flox/flox mice (Fig. 14). K8M¥/1X; 1ns-Cre K8 and K18 were
expressed at comparable levels to K81°%/f°% in other major
K8-expressing epithelial organs including the liver, kidney,
and colon (Supplemental Fig. S2), further confirming the
specific deletion of K8 from B-cells.

Loss of B-Cell K8 Does Not Alter the Pancreatic Islet
Histomorphology

To investigate the effect of B-cell specific K8 loss on is-
let histomorphology, islet phenotype was assessed using
H&E stained pancreas sections (Fig. 2A). No significant
alterations in the islet mass (Fig. 2B), islet number (Fig.
2C) per pancreas tissue area, or mean islet size (Fig. 2D)
was observed in K8M°%/floX; Ins-Cre mice compared with
K8flox/flox The Ins-Cre gene insertion did not affect the islet
histomorphology, as Ins-Cre mouse islet size, the frequency
distribution of islet size, mass, and the islet number were
comparable to K81°¥/1°X mice (Supplemental Fig. S3, A-E).
To examine the proportions of islet cell types, we analyzed
the islet a- and B-cell population ratio in K8%°¥/f°%; ns-Cre
dispersed islets immunostained for insulin and glucagon,
respectively. We also assessed the level of active prolifera-
tion by the number of Ki67-positive cells in islet sections.
Neither the o-to B-cell ratio nor the level of active cell prolif-
eration in K81°%/flox. Ing-Cre islets differed from Kgf1ox/flox
(Supplemental Fig. S3, F and G).

p-Cell K8 Maintains the Islet Tissue Integrity and
Mechanical Stability

As K8 and K18 protect the colon and liver against tissue
fragility (23, 35), we asked if B-cell K8 might similarly protect
the mechanical integrity of islet tissue or islet cell adhesion
properties. We observed that the number of islets isolated
from K871°%/f°% Tng-Cre and K81°¥f°% mice pancreata after
collagenase P digestion was similar (Fig. 3A). However, when
islets exposed to the enzyme dispase were subjected to me-
chanical stress for 3 h, a higher number of islet cell frag-
ments and a decrease in the number of intact islets could be
observed in K81°¥/f°%; 1ns-Cre mice compared with Kgox/flox
(Fig. 3, B-D). To investigate this further, we immuno-
stained the pancreas tissue sections for cell adhesion pro-
tein E-cadherin (Fig. 3E), which is a well-characterized
mechanosensor and mediator protein for B-cell adhesion
and structure (36, 37). A significant disorganization of the
B-cell plasma membrane, as well as islet tissue structure,
evidenced by a decrease in B-cell membrane roundness
and tissue structure regularity was observed in K81o¥/flox,
Ins-Cre islets (Fig. 3, F and G). Moreover, membrane-proxi-
mal E-cadherin protein expression was reduced in Kgmo¥/flox,
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Figure 1. B-Cell K8 loss leads to decrease in K18 expression with no overall change in K7 expression in B-cells. A: immunostaining of pancreatic sections
from K8™/oX gng K&M"Mox: |ns-Cre mice for K8 (a, b), K18 (c, d), K8/K18 (e, f), and K7/K8 (g, h). B: immunostaining of dispersed islet cells isolated from
K81 gnd K&M"/f1oX: |ns-Cre mice for K8/insulin (a, b). Images represent n = 3 male mice per group. C—£: immunoblotting of isolated islets from K&
and K8™"1°% |ns-Cre mice for K8, K18, K7, glucagon, and amylase. The immunoblots for K18 (D) and K7 (E) were quantified and normalized to GAPDH (repre-
sentative of n = 10-12 male mice with isolated islets from two mice combined in each lane). Scale bars = 20 pum (4) and 10 um (B). Islets are indicated by dot-
ted lines. Data are shown as means * SE, and data analyzed using Student’s t test, ns, not significant; ****P < 0.0001. MW (kDa) indicates the closest
molecular weight marker on the Western blots, whereas the expected protein molecular weight is mentioned next to each protein name.

Ins-Cre B-cells (Fig. 3H). To investigate whether the decrease
in B-cell membrane E-cadherin and islet tissue disorganization
compromise the mechanical stability of p-cells and islet tissue,
we performed immunostaining for the mechanosensor yes-
associated protein (YAP) (Fig. 3I) (38, 39). Immunostaining

indicated a slight, but significant increase of YAP accumula-
tion in K81°¥/1°%: Tns-Cre B-cell nuclei compared with the nuclei
of K&Mo¥/foX g_cells (Fig. 3J). Together, these results indicate a
role for B-cell K8 in maintaining the islet tissue integrity and
mechanical robustness.
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Figure 2. B-Cell K8 loss does not alter the
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p-Cell K8 Does Not Alter the Systemic Blood Glucose
Regulation, but Modifies the B-Cell Glucose-Stimulated
Insulin Response

Blood glucose homeostasis is dependent on -cell function.
Previously, a lower fasting blood glucose, higher glucose tol-
erance, and insulin sensitivity with a reduced pancreatic in-
sulin content were reported in K8/~ mice (8). Howevetr,
glucose uptake in hepatocytes and glycogen synthesis is
increased in K8/~ mice (40), implying that systemic K8 loss
may modulate blood glucose regulation through a concerted
action of multiple organs. To determine the independent role
of B-cell K8 in the physiological control of blood glucose and
islet function, we investigated the systemic glycemic control
in K8fo¥/flox, 1ns-Cre mice. No change was observed in the
body weight (Fig. 4A), and the mice retained normal over-
night fasting blood glucose levels compared with Kgflox/flox
(Fig. 4B). The pancreas tissue insulin content was also similar
to that of K81°¥/M1°% (Fig 4C) and K871°¥11°%; Ins-Cre mice fur-
ther demonstrated an unchanged glucose tolerance (Fig. 4D).
On a short-term insulin challenge, K8%°¥/f°% Ins-Cre mice
were able to sustain a similar blood glucose regulation to
K8flo¥/flox (gis 4F). Likewise, fasting serum insulin levels were
not significantly different to K81°/1°% mice after a 4 h fast
(Fig. 4F). However, when performing a glucose-stimulated in-
sulin secretion (GSIS) test, intraperitoneal glucose adminis-
tration did not induce any significant increase in serum

AJP-Cell Physiol - doi:10.1152/ajpcell.00123.2024 - www.ajpcell.org

insulin in K8%°¥/1°% Ins-Cre mice, whilst K81°¥/1°% showed an
increase in serum insulin levels 10 min after intraperitoneal glu-
cose challenge, as expected (Fig. 4F). Control Ins-Cre mice were
tested in an identical setting, and showed a similar systemic
blood glucose regulation to K81°1°% mjce (Supplemental Fig.
S4, A-D). These results show that B-cell K8 does not alter the sys-
temic glycemic control, but may have a role in the regulation of
insulin release in the GSIS process.

p-Cell K8 Maintains Mitochondrial Morphology, but
Does Not Affect the Levels of Mitochondrial Regulatory
or Functional Proteins

As mitochondrial function and ATP production are central
for glucose-stimulated insulin secretion, we assessed if loss of
B-cell K8 leads to mitochondrial alterations. Ultrastructural
analysis of K81°1°% Ins-Cre B-cell mitochondria (Fig. 5A)
demonstrated a decrease in mitochondrial size with a higher
percentage of small mitochondria (Fig. 5, B and C), and less
electron-dense, more diffuse cristae (Fig. 5D). However, ab-
sence of B-cell K8 did not alter the total number of mitochon-
dria per unit area (Fig. 5E) or mitochondrial shape (aspect
ratio) (Fig. 5F). To investigate if the changes in mitochondrial
size and cristae are related to alterations in the fission or
fusion processes, or the levels of mitochondrial inner mem-
brane proteins (41), we analyzed the levels of OPA1 and mito-
fusin 2 (MFN2), fusion regulatory proteins respectively
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located on the inner and outer mitochondrial membranes
(42). We also investigated the level of mitochondrial inner
membrane proteins involved in oxidative phosphorylation,
using immunoblotting of isolated islets. Protein levels of

OPA1 and MFN2 (Fig. 5G), complex I (subunit NDUBS), III
(subunit UQCRC2), IV (subunit COX2) and complex V (subu-
nit ATP5A) and cellular cytochrome C were unaltered in
Kgflox/flox. 1ng5-Cre islets compared with K81°¥19% (Fig. 5H).
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Figure 4. B-Cell K8 loss does not interfere with the systemic blood glucose regulation but leads to suppression of insulin response to glucose stimula-
tion. K8119% and K811%: |ns-Cre mice were analyzed for (A) weight, (B) blood glucose levels after overnight fasting, (C) pancreas tissue insulin con-
tent, (D) glucose tolerance shown as blood glucose values as a function of time after glucose administration (intraperitoneal 2 g/kg of body weight), and
(E) insulin tolerance shown as blood glucose values as a function of time after insulin administration (intraperitoneal insulin 0.75 U/kg of body weight). F:
Kgoflox ang K81o/ox |ns-Cre mice were analyzed for basal serum insulin and glucose-stimulated serum insulin levels (GSIS) 10 min after glucose
administration (intraperitoneal 2 g/kg of body weight). n = 6—10 male mice per group, graph dots represent mice. Data are shown as means + SE, and
data analyzed using Student’s t test (A—C, F) and two-way ANOVA (D, E), ns, not significant. *P < 0.05.

The level of mitostatin (TCHP), a keratin-binding protein B-Cell K8 Regulates the Cell Sensitivity toward Acute
involved in mitochondrial dynamics (43) was also unchanged  Toxic Effects of Streptozotocin
(Fig. 5G). These results demonstrate that p-cell K8 is likely

involved in regulating mitochondrial morphology, but Keratins are upregulated in epithelial cells upon cell stress
through mechanisms that are permissible to the mitochon- and tissue damage, and in disease conditions (12). To investi-
drial fusion or oxidative phosphorylation. gate the diabetes sensitivity in K81°¥1°%; Ins-Cre mice, a

Figure 3. p-Cell K8 maintains islet mechanical stability. A: quantification of number of islets isolated from K8"°* and K8"°X. |ns-Cre mice (n = 12
male and female mice per group, each graph dot represents islets from two mice). B: isolated islets from K8MoMox gng K8™1%: |ns-Cre mice (a, b) were
exposed to enzyme dispase and subjected to mechanical stress under culture conditions 37°C and 5% CO- (images represent n = 4 male mice per
group). Quantitative analysis of islet intactness (C) (n = 8 images analyzed from four male mice per group) and fragmentation (D) (n = 5 images analyzed
from four male mice per group) for islets exposed to enzyme dispase and subjected to mechanical stress. E: immunostaining of pancreatic sections from
KgoMox ang Kg1o¥1°%: |ns-Cre mice (a—d) for E-cadherin (images represent n = 3 male mice per group). Quantitative analysis of B-cell membrane fea-
tures for roundness (F) (n = 60 B-cells analyzed from three male mice per group), tissue regularity (G) (n = 55 B-cells analyzed from three male mice per
group), and membranous E-cadherin signal intensity levels (H) (n = 55 B-cells analyzed from three male mice per group), /: Immunostaining of pancreatic
sections from K819/1°% and K8"¥M°*: |ns-Cre mice (a—d) for YAP (images represent n = 4 male mice per group) and J: quantitative analysis of YAP accu-
mulation in nuclei (n = 120 cells analyzed from four male mice per group), boxes indicate 25-75 percentiles, line represent the median and whiskers
show minimum and maximum values, graph dots represent islets (4, C, G), images (D) and B-cells (F, H). Scale bars = 20 um, islets are indicated by dot-
ted lines. Data are shown as means + SE, and data analyzed using Student’s t test, ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001.
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Figure 5. -Cell K8 maintains mitochondrial size and cristae, but its loss does not affect the level of mitochondrial regulatory or functional proteins. A:
transmission electron microscopy images of islet B-cells from K8/ °X and K8"°X. |ns-Cre mice (a, b) (images represent n = 3 male mice) were ana-
lyzed for mitochondria size (n = 85-135 mitochondria analyzed per group) (B), mitochondria size frequency distribution (n = 85-135 mitochondria ana-
lyzed per group) (C), morphology of mitochondria cristae (n = 85-135 mitochondria analyzed per group) (D), mitochondria number (n = 10-12 images
analyzed from three male mice per group) (E), and mitochondria shape (n = 85-135 mitochondria analyzed per group) (F). G: immunoblotting of isolated
islets from K8"°X and Kg1/1X: |ns-Cre mice for K8, and mitochondrial regulatory proteins OPA1, MFN2, and TCHP (representative of n = 12 male
mice with isolated islets from two mice combined in each lane), (H) immunoblotting of isolated islets from K8™1°% |ns-Cre and K8 mice for oxida-
tive phosphorylation protein complexes V (CV) subunit ATP5A, complex Il (Clll) subunit UQCRC2, complex IV (CIV) subunit COX2, complex | (Cl) subunit
NDUFB8 and cytochrome C. Protein levels were normalized to -tubulin (representative of n = 12 male mice with isolated islets from two mice combined
in each lane). Scale bars = 500 nm. Data are shown as means * SE, and data analyzed using Student’s t test (B, E, and F) and Fisher’s exact test (D), ns,
not significant. *P < 0.05 and **P < 0.01. MW (kDa) indicates the closest molecular weight marker on the Western blots, whereas the expected protein
molecular weight is mentioned next to each protein name.
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single high dose of the p-cell toxin; streptozotocin (STZ) was
administered, and the blood glucose levels were monitored
daily postinjection. Under these conditions a significant ele-
vation in blood glucose levels was observed 48 and 72 h after
STZ treatment in both K81°¥/1°%; Ins-Cre and K81°¥1°% mice
(Fig. 64), whereas only 43% of K81°%/f°% Ins-Cre mice
became diabetic (assessed by hyperglycemia > 14 mmol/L)
48 h postinjection compared with 63% of K81°/1°X mice (Fig.
6B). Although this difference was not statistically significant,
histopathological analysis showed significantly less islet
damage in diabetic K87°%/1°%; Ins-Cre (Fig. 6, C and D) com-
pared with K87°¥/1°% counterparts. When the islets were his-
tologically scored (damage score 1-4), only 18.5% of Kgflox/flox
islets were intact compared with 31.2% of K871°¥f°%; Ins-Cre
islets (Fig. 6D). These findings show that K8 deletion in
B-cells renders the pancreatic islets less sensitive to the acute
toxic effects of STZ.

p-Cell K8 Maintains the GLUT2 Plasma Membrane
Localization

As STZ is taken up by B-cells via GLUT2 (44), the protec-
tion from STZ damage in K81°¥/1°%; Ins-Cre mice could be
due to a membrane-mislocalized GLUT2 hindering or delay-
ing STZ uptake. To establish if B-cell K8 is responsible for the
GLUT2 membrane-proximal localization, K81°%¥/f°%; Ins-Cre
islet tissue was analyzed by immunostaining (Fig. 7A).
GLUT2 fluorescent signal intensity profiled along a line
drawn across the plasma membrane, connecting the nuclei
of two adjacent B-cells, demonstrated a broader distribution
of GLUT2 in the cytoplasm in K82°¥/1°%; Ins-Cre B-cells com-
pared with K81°¥M1°% in which GLUT2 was localized at the
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membrane between the two adjacent cells (Fig. 7, A and B).
Although the mean cell GLUT2 level was unchanged, meas-
ured by the area under the signal distribution curve (AUC)
(Fig. 7D), the analysis showed a significant decrease in the
peak of GLUT2 fluorescence intensity over the cell mem-
brane between the adjacent p-cells in K87°¥/f1°% Ins-Cre com-
pared with K81°¥/f°X These findings indicate decreased
GLUT2 plasma membrane-proximal localization in the ab-
sence of B-cell K8 (Fig. 7C).

To further assess if K8 is required for GLUT2 membrane
localization, we used mouse insulinoma MING6 cells, which
express minimal levels of endogenous filamentous keratins
(21). To obtain K8/K18 filament formation, MING6 cells were
transiently transfected with human K8/K18 and immuno-
stained for GLUT2. A significantly higher number (40%) of
K8/K18 overexpressing MIN6 cells showed GLUT2 mem-
brane-proximal localization compared with control cells
devoid of keratin filaments, in which GLUT2 was more
prominently distributed in the cytoplasm (Fig. 7, Eb and F).
To explore whether intact K8/K18 filaments are needed for
membrane GLUT2 targeting, we expressed human K8 with
the filament assembly-deficient mutation K18R90C in MIN6
cells, which leads to a complete disassembly of the keratin
filament network into dot-like structures (45) (Fig. 7Ec).
Compared with intact human K8/K18 overexpressing MIN6
cells, there was a 35% decrease in membrane-proximal
GLUT?2 localization in cells with disrupted keratin filaments
(Fig. 7G). Taken together, these results demonstrate that
B-cell K8 maintains the GLUT2 plasma membrane localiza-
tion and that an intact K8/K18 filament network is required
for GLUT2 membrane targeting.
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DISCUSSION

In this study, we investigated for the first time the B-cell
specific functions of the main IF protein K8 in vivo. The spe-
cific and complete B-cell K8 deletion in mice led to a signifi-
cant reduction in the expression of its partnering type I
keratin protein K18, with no significant overall compensatory
upregulation of type II K7 protein. Here we report that p-cell
K8 is required in vivo to maintain islet mechanical integrity
and for the structural organization of essential functional
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B-cell proteins, including E-cadherin, YAP, and GLUT2. We
further demonstrated the critical role of an intact K8/K18 fila-
ment network in vitro, for the membrane-targeting of GLUT2.

Previously, global K8/~ mice have been the only model
used for studies related to the role of keratins in insulin/glu-
cose processes (8, 40). Systemic K8 knockout, however, leads
to a complicated physiological phenotype implying that
multiorgan interactions (including the liver and intestine)
contribute to the metabolic effects of K8 deletion (23, 46),
making it difficult to discern the specific roles of B-cell K8 on
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glucose- or insulin-related functions. Our results show that
glucose-stimulated insulin release is blunted in the K81ox/flox;
Ins-Cre model similar to the K8/~ model (8). However, in
K8M1o¥/flox. Tns-Cre mice, we did not note any differences in
blood glucose regulation after glucose- or insulin challenge,
indicating that despite a B-cell specific K8-dependent role in
the GSIS response, blood glucose levels remain under control
if K8 is expressed normally in other organs; the liver likely
being the most important in this context (40).

Furthermore, impaired glucose-stimulated insulin responses
in stem-cell-derived B-cells in vitro have been associated with
YAP activation, as well as disturbed B-cell differentiation and
proliferation (47). Although we did not observe any K8-related
changes in cell type differentiation (o-/f-cell ratio) or prolifera-
tion in vivo in the islets, it is possible, that increased YAP acti-
vation in K81°¥f°% Ins-Cre mouse p-cells contribute to the
blunted GSIS response.

The keratin cytoskeleton is important for maintaining epi-
thelial cell polarity and polarized membrane traffic (16, 48).
Loss of K8 leads to mistargeting of polarized membrane pro-
teins in other organs, such as the intestine (16). In vitro stud-
ies using hepatocyte and kidney cells overexpressing mutated
K18R90C have demonstrated that this filament-disrupting
mutation leads to disrupted E-cadherin membrane localiza-
tion and increased cell size (49). Similar to other epithelial
cells, B-cell functional membrane proteins are organized in a
polarized manner: the B-cell surface is structured into specific
functional domains where membrane proteins, including
E-cadherin and GLUT2, accumulate at the lateral domains.
This organization is thought to play a significant role in B-cell
glucose and insulin responses (50-52).

E-cadherin is essential for cell-cell adhesion and contrib-
utes to several key cellular pathways, including mechano-
transduction, cell growth, and development (36). E-cadherin
also regulates YAP1 activation in keratinocytes and breast
epithelial cells (53, 54). Isolated islets from K8%°¥/f1°%; Ins-Cre
mice in this study were more sensitive to combined enzy-
matic-mechanical disruption, and E-cadherin expression at
the B-cell membrane was reduced and appeared disjointed,
concomitant with the increased YAP nuclear localization.
The Kkeratin cytoskeleton in epithelial cells plays a major role
in the maintenance of cell integrity and mechanical stability
of the tissue (10). Hence, the increased nuclear accumulation
of the mechanosensory YAP in B-cells could be associated
with the B-cell fragility and the observed disorganization of
B-cell membrane structure, which may disrupt the cell-cell
contacts. Disruption of the membrane localization of pro-
teins important in p-cell glucose uptake, polarity, and secre-
tory function significantly alters B-cell function. This is
evidenced by the increase in basal insulin secretion in MIN6
cells stably overexpressing E-cadherin (37). Therefore, our
novel results strongly advocate a role for K8 in maintaining
islet integrity and architecture in vivo and suggest that K8-
dependent E-cadherin membrane localization may be a key
contributor to these processes.

The impact of keratin deficiencies on tissue fragility in the
liver and intestine has been studied extensively (17, 23), but
the potential role of keratins in maintaining islet integrity in
the pancreas has not previously been addressed. Due to the
importance of islet integrity and architecture for susceptibil-
ity to T1D and in T2D pathology, a detailed understanding of
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the determinants regulating islet integrity is nevertheless
critical (55). This insight is, moreover, directly applicable to
islet isolation procedures for transplantation in diabetic
patients, during which islets are exposed to considerable lev-
els of mechanical and enzymatic stress.

B-Cell intracellular and functional robustness is important
for counteracting insulin insufficiency (4). B-Cell function
and the GSIS process are dependent on adequate cellular
ATP levels (56, 57). Depending on the energetic state of the
cell, the mitochondrial morphology and membrane compo-
sition change dynamically (25, 42, 58). Changes in mitochon-
drial size and networks have been reported in K8 /-, K8
G62C, and K18 R90C mutation overexpressing mice, in hepa-
tocytes and/or B-cells (25, 59). We show here that the mito-
chondria of B-cells with specific loss of K8 were smaller, with
less electron-dense cristae which demonstrate a role for
B-cell K8 in the regulation and maintenance of mitochon-
drial morphology. Decreased mitochondrial membrane sur-
face area can compromise the activity and/or assembly of
oxidative phosphorylation complexes (41), and a decrease in
mitochondrial size can negatively impact the levels of energy
metabolism (60), leading to insufficient mitochondrial func-
tion and ATP production. The decrease in mitochondrial
size and electron-dense cristae in the absence of K8 can
therefore be a contributing factor to the blunted insulin
response to glucose stimulation that was observed in vivo in
this study. As the levels of mitochondrial regulatory proteins
OPA1, MFN2, and TCHP in isolated islets from K8°¥/f1°%, Ing-
Cre mice were unchanged, the changes in mitochondrial net-
work are unlikely to be related to the mitochondrial fission
and fusion processes. Nevertheless, the decrease in K81¥/flox,
Ins-Cre B-cell K18 levels might contribute to the observed mi-
tochondrial morphology changes, as K18 filament disruptions
in vitro lead to smaller, more fragmented mitochondria (61).
K18, moreover, reportedly contains an N-terminal amino acid
sequence facilitating a direct interaction between keratin IFs
and the outer mitochondrial membrane (62).

Another central factor that may affect GSIS is the altera-
tions in the glucose transport processes. Loss of GLUT2 cor-
relates with impairments in the GSIS process and changes in
fasting blood glucose, as shown in several murine models of
diabetes (2, 63, 64). Moreover, in human islets from diabetic
donors, reduced GSIS is accompanied by a significant reduc-
tion in mRNA levels of GLUT1 and GLUT2 in B-cells (65). A
major finding of the present study is that p-cell K8 is needed
for GLUT2 plasma membrane localization both in vivo and
in vitro. Glucose transporter membrane tethering has previ-
ously been associated with keratins in different organs.
Keratin type II-knockout embryos show loss of plasma mem-
brane GLUTI1 and GLUT3 (66), and the global K8/~ mice dis-
play pronounced membrane mistargeting of GLUT2 in
hepatocytes (40) and B-cells (8). Diabetes progression was,
moreover, significantly altered in K8/~ mice subjected to
acute and chronic STZ treatment (8). As the STZ mouse
model of diabetes exhibits a broad spectrum of multiorgan
damage, and considering the B-cell K8 role in GLUT2 cell
membrane targeting as the gate for STZ uptake (44, 67), we
investigated whether the lower diabetes incidence depends
specifically on B-cell K8. We observed decreased diabetes
incidence and less islet injury in K87°¥/f1°%; Ins-Cre mice after
acute STZ treatment, concurrent with significantly decreased
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GLUT2 B-cell plasma membrane localization, despite unal-
tered total B-cell GLUT2 protein levels. Similarly, in MIN6
cells a higher percentage of cells devoid of K8/K18 filaments,
or overexpressing filament-disrupting K8/K18 R90C muta-
tion, show mislocalization of GLUT2. Our results further dem-
onstrate that GLUT2 localization at the cell membrane can be
rescued in MING6 cells by overexpressing K8/K18 filaments in
these cells. Hence, using three different methods, our study
demonstrates that B-cell K8 has a cell-type autonomous func-
tion in ensuring GLUT2 plasma membrane targeting.

It has been shown that elevated glucose levels in vitro lead
to an increase in K8 protein levels as well as increased K8 acet-
ylation and phosphorylation (24, 68, 69). Moreover, GLUT2
knockout mouse B-cells show a distinct loss of first-phase GSIS
(70). Therefore, it can be speculated that the blunted GSIS
response seen in K81°¥/f°% Ins-Cre mice, may be associated
with the GLUT2 membrane mistargeting. Although the mecha-
nisms behind GLUT2 membrane/cytoplasm trafficking have
not been elucidated in detail, it is known that dysfunctional
GLUT?2 posttranslational modifications result in GLUT2 mis-
localization from the B-cell surface (71). Hence, keratins could
play a role in the regulations of GLUT2 posttranslational modi-
fications in B-cells. However, further studies would be required
to fully explore this possibility.

Conclusions

Our results demonstrate several previously unknown K8
functions in B-cells. This study underlines the importance of
K8 filaments for the maintenance of B-cell ultrastructure, is-
let integrity, and B-cell mechanical stability, as well as p-cell
plasma membrane protein targeting and organelle morphol-
ogy. The results suggest that p-cell K8 is involved in the insu-
lin response to glucose stimulation and modulates the
sensitivity of p-cells to STZ-induced diabetes in mice. In
addition, the B-cell autonomous roles of K8 in regulating cell
membrane GLUT2 localization are demonstrated using
mouse islet B-cells and MING6 cells and we showed that K8
maintains p-cell robustness through the membrane targeting
of the cell adhesion protein E-cadherin. It can be speculated
that these mechanical and nonmechanical functions of K8
in B-cells may contribute to diabetes pathophysiology and
underline the importance of this protein in maintaining
B-cell structure and cellular processes that can directly or
indirectly impact diabetes susceptibility.
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