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Abstract

Background & Aims: Patients with inflammatory bowel diseases (IBD) have intestinal barrier
dysfunction. Creatine regulates energy distribution within cells and reduces the severity of colitis
in mice. We studied the functions of the creatine transporter solute carrier family 6 member 8
(SLCB6AS, also called CRT) in intestinal epithelial cells (IECs) and mice, and measured levels in
mucosal biopsies from patients with IBD.

Methods: Colon biopsies from patients with IBD (30 with Crohn’s disease and 27 with ulcerative
colitis) and 30 patients without IBD (controls), and colon tissues from mice (with and without
disruption of Cr?), were analyzed by immunofluorescence, immunoblots, and/or quantitative
reverse-transcription PCR (gPCR). CRT was knocked down or overexpressed in T84 cells, which
were analyzed by immunofluorescence, immunoblots, high-performance liquid chromatography
(to measure creatine levels), qPCR, transepithelial electrical resistance, barrier function, actin
localization, wound healing, mitochondrial oxygen consumption, and glycolysis extracellular
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acidification rate assays. Organoids from colon cells of CRT-knockout mice and control mice were
analyzed by gPCR, immunoblot and transepithelial electrical resistance.

Results: CRT localized around tight junctions (TJs) of T84 IECs. In analyses of IECs with CRT
knockdown or overexpression, we found that CRT regulates intracellular creatine, barrier
formation, and wound healing. CRT-knockout organoids also had diminished barrier formation. In
the absence of adequate creatine, IECs transition toward a stressed, glycolysis-predominant form
of metabolism; this resulted in leaky TJs and mislocalization of actin and TJ proteins. Colon
tissues from patients with IBD had reduced levels of CRT mRNA compared with controls.

Conclusions: In an analysis of IEC cell lines and colonoids derived from CRT-knockout mice,
we found that CRT regulates energy balance in IECs, and thereby epithelial integrity and barrier
function. Mucosal biopsies from patients with ulcerative colitis and inactive Crohn’s disease have
lower levels of CRT, which might contribute to the reduced barrier function observed in patients
with IBD.
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Introduction:

The mucosal tissue microenvironment is tightly regulated in order to maintain homeostasis.
Intestinal epithelial cells (IECs) act in the important role of maintaining a selectively
permeable barrier that allows for absorption of nutrients while excluding luminal contents
that promote inflammation. Epithelial barrier is maintained by regulation of the apical
junction complex (AJC) composed of tight junctions (TJ) and adherens junctions (AJ)L. TJs
and AJs are regulated and stabilized by the actin cytoskeleton?=>. Cycling of TJ proteins
within the AJC is continuous and is required for the migration and change of shape that is
necessary to maintain barrier in mucosal tissue® 7. Additionally, endocytosis of TJ proteins
has been demonstrated in response to many factors including proinflammatory cytokines
that can result in impaired barrier, such as IFNy and TNFa?8 9. Actin polymerization and
myosin activity are necessary components of TJ regulation. The activities of actin and
myosin are energetically demanding, as 20% of total available energy in IECs may be
committed to maintenance of the actin cytoskeleton alonel?.
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The creatine-phosphocreatine cycle mediates an important mechanism of energy
distribution. Creatine serves as an energetic buffer by carrying a phosphate bond as
phosphocreatine that can be used to produce ATP at times of increased energy usage.
Phosphocreatine diffuses more readily than ATPL, allowing for the distribution of energy to
areas of increased need, such as those with active actin turnoverl®. Regulation of this
process is mediated by adequate creatine uptake by the creatine transporter, SLC6A8 or
CRT, and by metabolism through various creatine kinases2-14, Creatine kinases have been
implicated in actin polymerization that is required for phagocytosis in macrophages!®. Little
is known about the role of CRT in epithelial cell function and tissue homeostasis. However,
creatine activity has been demonstrated to be important in the mucosal environment as
creatine supplementation was protective in mouse models of colitis'®. Additionally, by
random mutagenesis, an increased susceptibility to DSS colitis was identified in mice with
mutations in GAMT, an enzyme that produces creatine using endogenous pathways!’. To
understand the role of creatine transport in intestinal epithelial function, we pursued targeted
CRT loss and gain-of-function analysis that identified a role for CRT in epithelial barrier
formation and wound healing. Of clinical significance, our studies identified a loss of CRT
expression in patient biopsy samples from certain IBD patients that suggest a possible
functional role for CRT in inflammatory mucosal disease.

Materials and Methods

Cell culture:

T84 IECs were grown in a 1:1 mixture of DMEM and Hams F-12 media supplemented with
penicillin, streptomycin and 10% fetal calf serum as previously described?.

Cell culture immunofluorescence:

Immunolocalization and confocal imaging were performed as previously described?6.
Briefly, T84 cells that were grown on glass coverslips or transwell membranes (0.33-cm?,
0.4 uM permeable polyester) were fixed with 4% paraformaldehyde, followed by
permeabilization with 0.2% Triton X-100. The cells were then blocked using 5% serum,
followed by exposure to a primary antibody as noted below followed by a tagged species-
specific secondary antibody. Cells were then stained with DAPI (Invitrogen) diluted
1:25,000 in PBS. Cells were covered with ProLong gold antifade (Invitrogen).
Immunolabeling was visualized with a Zeiss Axiovert 200 M microscope. Primary
antibodies for CRT (ab62196, Abcam), ZO-1 (617300, Lifetech), Claudin 1 (ab15098,
Abcam), Claudin 2 (ab53032, Abcam) were used. Actin was stained using rhodamine tagged
phalloidin (R415, Thermo Fisher Scientific).

Tissue Immunofluorescence:

Tissue was obtained from patients designated to be healthy by the physician obtaining the
biopsy, in accordance with the IRB approved University of Colorado IBD biobank protocol.
Mouse tissue was obtained from healthy BL6 mouse colons. Fresh tissue was fixed in 1:10
neutral buffered formalin, paraffin embedded and sectioned. Samples were deparaffinized
with xylene and ethanol washes. Antigen retrieval was achieved at 125° C for 25 minutes in
a pressure cooker. Tissue sections were blocked with 10% goat serum in PBS and treated
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with rabbit anti-human SLC6A8 (ab62196, Abcam) 20 ug/ml overnight and secondary
antibody (AF562 anti-rabbit, Invitrogen) 1:500 dilution. Tissue was imaged using a Zeiss
AX10 microscope.

Immunoblotting:

IECs, and mouse and human tissue samples were lysed using RIPA lysis buffer containing
protease inhibitors, sonicated and centrifuged. The protein concentration was determined by
BCA protein assay (Thermoscientific). Equal concentrations proteins were resolved using
10% SDS-PAGE and transferred to PVDF membrane. The membrane was blocked using 5%
Milk in TBS-T, probed with primary antibody, CRT (ab62196, Abcam), Claudin 1
(ab180158, Abcam), Claudin 2 (ab53032) and Actin (ab8227, Abcam), and corresponding
HRP-conjugated antibodies. Densitometry was measured using ImageJ comparing CRT
bands to Actin bands.

Lentiviral CRT knockdown:

shRNA control and CRT targeted lentiviruses were added to media of T84 cells (SHC216,
TRCNO0000377577, Sigma-Aldrich). After 24 hours lentivirus containing media was
removed. Transduced cells were then selected using 6ug/ml puromycin (Sigma-Aldrich).

RNA isolation, cDNA synthesis and qPCR:

RNA was isolated by phenol: chloroform extraction using TRIzol (Invitrogen), precipitated
with isopropanol and resuspended in RNase-free water. cDNA synthesis was conducted
using the iISCRIPT cDNA synthesis kit (Bio-Rad). gPCR expression of target mRNA was
assessed using SYBR Green master mix (Applied Biosystems). Fold change in expression of
target mRNA relative to beta-actin mRNA was calculated. Primer sequences: (F and R) CRT
CCCCTACCTGTGCTACAAGA, TTGAACAGGGGACAGATGTT; hClaudin 1
CCAGTCAATGCCAGGTACGAAT, TTGGTGTTGGGTAAGAGGTTGTT; hClaudin 2
CTCCTGGGATTCATTCCTGTT, TCAGGCACCAGTGGTGAGTAGA; hz0O-1
CAACATACAGTGACGCTTCACA, CACTATTGCCGTTTCCCCACTC; hJAM-A
CCTGGGAATCTTGGTTTTTG, GGAATGACGAGGTCTGTTTG; hAGAT
GGAAGGAGTGACAGTAAGGAGG, GCCCACAACTATCAGGATGTCTC; hGAMT
TGGCACACTCACCAGTTCA, AAGGCATAGTAGCGGCAGTC; mAGAT
TCACGCTTCTTGAGTACCG, TCAGTCGTCACGAACTTTCC; mGAMT
TGGCACACTCACCAGTTCA, AAGGCATAGTAGCGGCAGTC

Cell proliferation assay:

Cells were plated in 100ul/well of media on 96 well plates. 10 ul of CCK-8 (Sigma-Aldrich)
was added to each well. 10ul of 1% SDS was added to wells sequentially over 48 hours to
obtain multiple time points for subsequent analysis. Absorbance was measured at 450nm in
a microplate reader.

Brightfield image:

Cells were grown to confluence on tissue culture dishes. Images were obtained using a
Nikon Diaphot microscope.
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HPLC:

HPLC evaluations were performed as previously describedl. Briefly, extractions were
obtained from transwell permeable support inserts containing T84 cells which were
submerged in 500 pl of 80% MeOH. The sample was then placed in liquid N, until frozen.
The extraction process was repeated twice more. The resulting 1.5 ml of extract was dried
via an Eppendorf Vacufuge at room temperature. The dried extract was dissolved in 200 pl
of HPLC mobile phase A (details below) and filtered (Whatman Puradisc 4, 0.45 pm, nylon)
into vials for HPLC injection. Analyses were performed on an Agilent Technologies 1260
Infinity HPLC using a Phenomenex Luna C18(2) column.

Intracellular Creatine Assay:

T84 cells were grown in the presence of 0, 1 or 10 mM creatine (Sigma) in standard cell
culture media. Cells were washed with PBS then creatine reaction mix (Sigma) was added to
wells and incubated for 1 hour at 37° C. A standard curve was used for comparison.
Fluorometric measurement was conducted at 535 nm.

Barrier measurement:

Epithelial barrier was measured by transepithelial electrical resistance (TEER) and FITC
dextran flux assay. TEER was measured by growing IECs on permeable membranes, 0.4uM
pore, 24 well plate using an epithelial voltmeter (model EVOM?, World Precision
Instruments). Raw measurements were converted to Ohm*cm2. FITC-dextran flux was
measured when cells were at maximal barrier as measured by TEER. Media was replaced
with Hanks+ Buffer. The top well was filled with 80ul of 1.25 ug/ul of FITC-dextran 3KD in
Hanks+ Buffer. Samples were obtained from the lower chamber every 30 minutes for 2
hours and measured relative to a standard curve. Flux was measured as ng/cm2/hour.
Colonoid TEER experiments were conducted by dissociating colonoids in Trypsin-EDTA
(Fisher Scientific) by vigorous pipetting. Cells were strained through a 70 um filter, counted
and then plated in equal number per condition (approximately 25,000/well) on collagen
coating solution (Sigma-Aldrich, 125-50) pretreated transwells. To collagen coat transwells,
0.4uM pore, 0.33cm? transwells were incubated with 100ul of collagen coating solution for
12-24hrs prior to removal of excess by suction. Cells were grown in L-WRN cell
conditioned enteroid media for 24 hours, followed by maturation media (L-WRN media
diluted 1:10 with T84 media) for the remainder of the experiment. TEERS were obtained as
above and cells were given fresh maturation media every 2-3 days.

Wound healing assay:

Cells were plated on a 96 well Incucyte plate the day prior to starting the assay. Confluent
cells were wounded by the Incucyte wounder and images were collected every 2 hours for 3
days. Relative wound density was calculated by the Incucyte ZOOM software to calculate
cell density in the wound area relative to the spatial cell density outside of the wound area.

Lentiviral CRT overexpression:

T84 cells were treated with Dharmacon Precision LentiORF lentiviral particles
overexpressing CRT or control nonsense sequence with 8ug/ml of polybrene. Transduced
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cells were selected using 5ug/ml of blasticidin. After selection, cells were maintained in
normal T84 media as above.

Seahorse assay:

Metabolic capabilities were assessed using the XF Cell Energy Phenotype Test that includes
the metabolic stressors FCCP (final concentration 0.5 uM) and oligomycin (final
concentration 1uM) in Seahorse XFe. Cells were plated on a 96 well plate in equal numbers.
Analysis was done using Seahorse Wave Desktop Software.

Human biopsy biobank analysis:

Patient biopsy samples were collected for biobank repository at the University of Colorado
IBD Center with IRB approval. Endoscopic disease status and location were noted by the
physician who obtained the biopsies. Patient age, gender, current medications and duration
of disease were also collected at that time. These mucosal biopsies were analyzed by rtPCR
analysis, immunofluorescence and immunablot.

Colonoid development:

Statistics:

Results:

Colonoids were developed using colon samples from CRT whole body knockout and control
mice, generously donated by the lab of Dr. Matthew Skelton. Cells were isolated and grown
as previously described!® 19 Briefly, upon obtaining the samples, colonic tissue was
digested using LP dissociation kit (Miltenyi) with mechanical disruption using the
GentleMACS C tube (Miltenyi) on intestine setting. Cells were strained through a 70-um
cell strainer, washed and resuspended in Matrigel Basement Membrane (Corning). L-WRN
cell conditioned enteroid media (DMEM/F12 supplemented with 1% Pen/Strep, 1%
glutamax, 20% FBS) was used to maintain the cells as previously described®. Cells were
passaged 2 times per week involving dissociation by vigorous pipetting in the presence of
Trypsin and T84 media. Cells then underwent 2 rounds of washes with T84 media,
centrifugation at 200xg and then were resuspended in Matrigel and plated in spots on tissue
culture plates.

Statistical analysis was conducted using Prism. Tests used include unpaired t test, ANOVA,
mixed-effects analysis, one-way ANOVA and Wilson/Brown fraction of total analysis
depending on data set. Error bars indicate standard deviation. Probability values of p<0.05
were considered to be statistically significant.

Creatine transporter in human and mouse colonic tissue localizes near the tight junction
in epithelial cells

Creatine metabolism is an important component for protection against tissue damage in
mouse models of colitis® 17. Considering that creatine is acquired from both the diet and
endogenous sources, we sought to define the relative contribution of creatine transport to
energy homeostasis and function in IECs. As a starting point, we examined expression
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patterns of the creatine transporter (SLC6A8 or CRT) in the mucosa. In T84 human IECs,
CRT was localized near the TJs as determined by close localization to the TJ protein ZO-1
(Figure 1A). In order to localize CRT in human primary cells, patient biopsy specimen were
fixed, stained and imaged by immunofluorescence. Staining of healthy colonic biopsies
revealed that numerous cells contained CRT, including IECs, that appeared to localize CRT
to the tight junctional region (Figure 1B). Given the prior investigations in mouse models of
colitis, we anticipated that mouse IECs would contain CRT in order to allow for creatine
uptake. Indeed, CRT was localized to colonic IECs from healthy mouse colon (Figure 1C).
We confirmed expression in healthy human colon biopsies and mouse colonic tissues by
immunoblot (Figures 1D and 1E respectively). Interestingly creatine kinase localization in
IECs was similarly observed coincident with adherens junctions, suggesting that localization
of creatine machinery to the apical junction complex® is important for function of the
creatine pathway.

Targeted repression of CRT impairs creatine uptake, barrier function and wound healing

Given our understanding of the high energetic demand required to maintain barrier in
IECs10, we hypothesized that CRT would be an integral component of epithelial cell
function and homeostasis. To test this hypothesis, we selectively knocked down expression
of CRT using lentiviral sShRNA transduction in T84 IECs. Transduced cells were selected
using puromycin and resulted in stable knockdown (KD) cell lines. CRT expression was
assessed by gPCR of unstimulated cells and the most significantly knocked down line
demonstrated a 80% reduction (CRT KD) (Figure 2A). CRT KD cells had a greater than
50% reduction in CRT protein as measured by immunoblot (Figure 2B). Given the important
role of creatine in energy regulation within the cell, we evaluated CRT KD proliferative
ability. The CRT KD cell line did not demonstrate a proliferation deficit as measured by
CCKa8 proliferation assay (Supplemental Figure 1A). When viewed by bright field
microscopy, the CRT KD cell line appeared visually identical to the control cell line without
visible deficits in plate adherence (Supplemental Figure 1B).

Given that CRT is the only known creatine transporter, we anticipated that loss of CRT
would result in diminished intracellular creatine levels. We quantified intracellular creatine
by high performance liquid chromatography (HPLC), using methods previously developed
by our group?0. This analysis revealed that CRT KD cells carried a 50% reduction of
intracellular creatine compared to control cells in unstimulated conditions (Figure 2C). To
evaluate the ability of CRT to augment creatine uptake based on extracellular creatine
concentration, we incubated cells in the presence of extracellular creatine that was added to
the media for 96 hours prior to evaluation by creatine assay. Baseline intracellular creatine in
the CRT KD cells was reduced by 50%, similar to the HPLC findings. The addition of
extracellular creatine (1ImM and 10mM) significantly increased intracellular creatine in
control cells but not in CRT KD cells (Figure 2D). These findings identify a limitation in
creatine uptake by CRT based on relative CRT concentration.

Work in CRT-deficient mice has identified a compensatory increase in skeletal muscle of one
of the intrinsic creatine production enzymes, AGAT, but not the other, GAMTZ2C. We found
no statistically significant change in AGAT and GAMT expression in the CRT knockdown
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IECs. However, in colonoids derived from CRT whole body knockout and control mice, we
found that loss of CRT did result in increased AGAT mRNA expression compared to
controls (Supplemental Figures 2A and 2B).

Recent work has revealed that adenylate energy balance contributes fundamentally to actin-
based cytoskeletal functions1?. Since barrier function is tightly linked to the cytoskeleton,
we hypothesized that CRT deficiency would impact intestinal epithelial barrier function. To
evaluate the development of transepithelial barrier over time, cells were plated in equal
number and transepithelial electrical resistance (TEER) values were closely monitored.
There was a direct correlation between CRT expression and barrier formation rate (Figure
2E). We also evaluated functional barrier activity using a FITC-dextran flux assay. By this
measure of barrier function, CRT loss again resulted in reduced barrier function (Figure 2F).
We used CRT KO mouse colonoids to confirm the cell line findings. We demonstrated that
the cells were deficient in CRT by mRNA and protein (Figures 2G and 2H respectively). We
then grew the cells in 2D monolayers and found a significant barrier deficit in the CRT KO
colonoids as measured by TEER (Figure 2I).

Intestinal epithelial cell proliferation and movement are necessary in the wound healing
response. This function requires significant energy expenditure given actin and myosin
activity and we hypothesized that wound healing would also be impaired in the setting of
reduced creatine concentration due to loss of CRT. Utilizing a scratch wound assay, cells
were grown to confluence, then uniformly wounded and wound healing was monitored
photographically every 2 hours over 72 hours. Figure 2J depicts a representative image
obtained at 72 hours. A significant deficit in wound healing was identified in CRT KD cells
as compared to controls. Additionally, when images were evaluated for relative wound
density over time, the deficit was notable as early as 8 hours and maintained throughout the
72 hour period (Figure 2K). Wound closure and epithelial barrier deficits in CRT KD cells
indicate that adequate CRT concentrations are vital to appropriate epithelial cell function.

CRT loss results in a leaky tight junction protein profile, mislocalization of tight junction
protein and reduced actin polymerization

We have identified a profound barrier defect in IECs that lack adequate CRT expression.
Epithelial barrier is mediated by the expression profile and localization of proteins in the
junctional complex. We first profiled the TJ expression in the CRT KD cells, including target
proteins that promote barrier (Claudin 1, ZO-1 and JAM-A)21-24 and a target that diminishes
barrier (Claudin-2)2. There was a notable decrease in Claudin-1 and increase in Claudin-2
expression in the CRT KD cells relative to controls, a profile that represents a “leaky” TJ
phenotype (Figure 3A). There were no differences noted in expression of ZO-1 or JAM-A
between CRT KD and controls. Given the differences seen in expression in Claudin 1 and
Claudin 2 mRNA, we next determined if this observation translated to the protein levels.
Indeed, there was a significant loss of Claudin 1 protein, however increased expression of
Claudin 2 was not observed by immunoblot (Figure 3B). In addition to expression levels, we
evaluated localization of TJ proteins in the CRT KD cells relatives to controls. We noted that
all of the TJ proteins evaluated (ZO-1, Claudin 1 and Claudin 2) were mislocalized in the
CRT KD cell line as compared to controls, in that there is an absence of staining at the TJ
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and increased intracellular staining (Figure 3C). Thus, these results suggest that the
phenotype (i.e. barrier dysfunction in CRT KD) is primarily explained by the loss of a
“tight” Claudin as opposed to the introduction of a “leaky” Claudin as well as TJ
mislocalization.

Given the intimate connection between TJ proteins and the actin cytoskeleton as well as the
energy dependence of actin polymerization, we hypothesized that the mislocalization of
Z0-1 was likely related to dysregulation of actin polymerization. Indeed, polymerized actin
staining with phalloidin identified an altered staining pattern as well as a reduction in total
actin polymerization in the CRT KD cell lines compared to controls (Figure 3C).

Overexpression of CRT increases the rate and magnitude of epithelial barrier formation

Given the profound barrier deficit observed with targeted knockdown of CRT expression, we
hypothesized that over-expression of CRT would enhance barrier formation. To evaluate this
principle, T84 cells were transduced with a lentiviral CRT open reading frame (ORF) vector
or empty vector control. Transduced cells were selected with blasticidin and gPCR analysis
identified a 4-fold increase in CRT mRNA and a 2-fold increase in protein in CRT
overexpressor (CRT OE) cells as compared to control cells (Vector) (Figure 4A and 4B).
Functional analysis of intracellular creatine levels revealed a baseline 2-fold increase in
intracellular creatine in CRT OE cells compared to Vector (Figure 4C). Addition of
extracellular creatine did not significantly increase intracellular creatine in the CRT OE
cells, suggesting that our culture conditions provide saturating creatine levels for CRT OE
cells.

We proceeded to evaluate barrier function of the CRT OE cells. Consistent with our
hypothesis, TEER measurements revealed that both the rate and maximum barrier formation
of CRT OE cells was enhanced relative to Vector (Figure 4D). Additionally, FITC-dextran
flux assay identified a reduction in flux at maximum TEER reading (Figure 4E). These data
support the finding that barrier is directly related to relative CRT expression. Wound healing
density analysis demonstrated no statistically significant difference (Figure 4G), but images
of the final wound identified a mild improvement in healing of CRT OE wounds (Figure 4F).

It is notable that an inverse pattern to the TJ profile was observed between loss and gain of
CRT function cell lines. CRT OE cells expressed a profile consistent with “tighter” TJ
expression with decreased “leaky” Claudin 2 and an increase in ZO-1 that acts a tether
between other TJ proteins and the actin cytoskeleton (Figure 4H). Localization of ZO-1 and
actin profile were not notably different between Vector and CRT OE (data not shown).

Loss of CRT results in metabolic stress as represented by an inability to increase
mitochondrial respiration

Given the important role of creatine cycling in regulation of energy distribution within the
cell, we hypothesized that loss of CRT would promote metabolic stress. To assess baseline
and stressed phenotypes of CRT KD cells, we monitored mitochondrial oxygen consumption
rates (OCR) and glycolysis extracellular acidification rates (ECAR) using the Seahorse
XFe96 Analyzer. Energetic stress was induced using an ATP synthase inhibitor (oligomycin)
and an uncoupler of oxidative phosphorylation (FCCP). Analysis of control cells revealed
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normal increases in ECAR and OCR in response to the stress condition. By stark contrast,
CRT KD cells had an appropriate increase in glycolysis with stress but no increase in
mitochondrial activity. In this analysis, the lack of reserve metabolic potential is clearly
appreciated as the CRT KD cell OCR potential remains at baseline levels (Figure 5A). When
measured over time, the OCR of CRT KD cells revealed an inability to increase
mitochondrial respiration with stress induction (at 20 minute time point) compared to
control cells (Figure 5A). There were minor differences in ECAR between the two cell lines,
suggesting that glycolytic activity remains intact despite the loss of CRT expression.
Metabolic analysis of the CRT OE and Vector control cells identified no significant
differences in OCR or ECAR induction with stress (Figure 5B) suggesting that excess CRT
expression does not augment the metabolic stress response.

Taken together, this metabolic profiling approach revealed a significant mitochondrial
respiration deficit in the CRT KD cell line. As the role of creatine is to shuttle energy
produced by the mitochondria, the inability to compensate during metabolic stress may
contribute to cellular dysfunction in CRT deficient cells.

CRT expression is reduced in IBD patient intestinal biopsies as compared to healthy

controls

Given the significant barrier defects observed in IEC function with loss of CRT, we profiled
CRT expression in a disease associated with barrier dysfunction, namely inflammatory
bowel disease (IBD). We obtained biopsies from controls (h=30) and IBD patients (Crohn’s
disease (CD) n=30, Ulcerative Colitis (UC) n=27) from the University of Colorado IBD
biobank (see Table 1 for patient characteristics). Differences between the patient populations
of these cohorts included a younger age among the CD active patients, female predominance
among UC inactive patients and less anti-TNF exposure among UC patients (Table 1). RNA
was isolated from endoscopic biopsies and processed for gPCR. This analysis revealed that
CRT expression was significantly reduced in the UC patient cohort relative to control
biopsies (Figure 6A). No differences were detected between the CD patient cohort and
controls. When results were categorized based on endoscopic inflammation status, UC
patients had reduced CRT expression in both active and inactive states compared to healthy
controls. Only inactive CD patients had reduced CRT expression compared to healthy
controls (Figure 6B). In CD, a similar expression pattern was observed in ileal and colonic
biopsies, suggesting that intestinal location has minimal impact on CRT expression and that
disease activity is a more important factor (Figure 6C). These results identify aberrant
expression of CRT in IBD.

We also evaluated TJ protein expression in the biopsies and found a significant increase in
Claudin 1 in CD patients with active disease as compared to those with inactive disease and
increased Claudin 2 in UC patients with inactive disease as compared to control and active
disease patients (Figure 6D). Prior studies have similarly seen an increase in Claudin 1
protein in IBD with increased disease activity2: 27, Additionally, another group has shown
an increase in Claudin 2 in UC patients?8, although they did not differentiate between
patients with active vs inactive disease. When we compared expression of CRT with TJ
proteins by linear regression, we found a statistical positive correlation between CRT and
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Claudin 1 and negative correlation between CRT and Claudin 2 (Figure 6E). This data
validates our cell culture data and suggests that CRT and Claudin expression are related.

Discussion:

Given the highly ordered cytoskeletal network that supports mucosal surfaces, the
maintenance of barrier function requires large amounts of energy. Diverse pro-inflammatory
stimuli place significant metabolic stress on the mucosa, where IEC consume as much as
20% of overall ATP in barrier maintenancel®. Given the energetic demands of IECs, we
hypothesized a role for creatine transport in energy buffering and distribution. In the current
work, we identify a role for CRT in IEC homeostasis and aberrant expression of CRT in
IBD.

These studies identified several novel findings regarding the functional homeostasis in IECs.
First, the observation that targeted repression of CRT in IECs resulted in a profound loss of
epithelial barrier formation implicates intracellular creatine as a vital energy metabolite. This
finding is supported by previous work that demonstrated a compelling role for creatine
metabolism in the regulation of barrier function16: 17, Using loss and gain of CRT function
approaches, we confirmed the importance of creatine uptake to barrier formation. Such
findings support our recent metabolomic studies suggesting that creatine and
phosphocreatine strongly parallel barrier formation and represent metabolites of “last resort”
under severe stress of ATP depletion1®. Second, these studies implicate extracellular creatine
as the primary source of creatine for epithelial functional responses. A compensatory
mechanism by intracellular creatine production is likely in human CRT KD IECs as
evidenced by measurable intracellular creatine with minimal CRT and as was observed in
mouse CRT KO colonoids with increased AGAT. Third, the adaptive phenotype elicited
during CRT loss is insufficient to provide the energy necessary for functional barrier
formation. Finally, the loss of CRT results in a stressed metabolic phenotype. Using energy
phenotyping analysis, CRT KD cells were unable to increase mitochondrial respiration in
response to metabolic stress. The inability to compensate for metabolic stress suggests that
CRT deficient cells have limited energy reserve capacity, a phenotype observed in other
metabolically stressed cells?®. Such findings also support an important feedback loop
between mitochondrial respiration and intracellular creatine levels.

Older studies identified a creatine shuttle and functional coupling between creatine and
myosin in isolated brush borders, predominantly at the circumferential actomyosin ring30: 31,
The present studies identified CRT localization to the TJ region of confluent IEC. It is
notable that creatine kinases (CKs) also localize to adherens junction region of IEC16. In
addition to phosphocreatine generation via oxidative phosphorylation coupling, a subset of
cytosolic CKs have also been shown to associate with glycolytic enzymes and to mediate
phosphocreatine repletion from ATP generated through glycolysis32. Given the importance
of TJ integrity to epithelial homeostasis, co-localization of CRT and CK isoforms may
promote epithelial function through localized phosphocreatine production, particularly under
conditions of energetic stress.
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As part of our analysis, we examined CRT expression in patients with active and inactive
IBD, a disease widely accepted to involve barrier dysfunction33. The expression pattern of
CRT in IBD patient samples revealed a profound loss of CRT in all UC samples but a more
selective loss of CRT in patients with inactive CD. Regulation of CRT expression has not
been well characterized previously. Our prior studies identified induction of CRT expression
in the setting of hypoxia treatment®. It is possible that the increase in CRT expression in
active disease in CD is related to hypoxia, however other possible modulators include
extracellular creatine concentration34, hypertonic media3®, metabolic regulators PGC-1a
and PGC-1p36 and AMP-kinase®’. All of the aforementioned mediators have been
implicated in CRT expression. Beyond expression alone, the osmotic sensor kinases, SPAK
and OSR1, and cytokine signaling molecules JAK2 and JAK3 were also found to negatively
regulate CRT activity38 39, The above kinases have all been identified to be upregulated in
IBD. The difference in CRT expression in CD vs UC may be due to differential activation of
JAK signaling®®: 41, It is also notable that early JAK inhibitors (e.g. tofacitinib) appear to be
more effective in UC 42, although more specific JAK inhibitors (e.g. filgotinib) may provide
benefit in CD 3. These clinical trials suggest that the mucosal milieu could be
fundamentally different between UC and CD.

CRT expression in IECs correlated with TJ protein expression in cell culture as well as in
patient samples, with loss of CRT resulting in a leakier phenotype. This phenotype is
observed in patients with both CD and UC** 45, Given the decrease in expression of CRT in
IBD patient biopsy samples, it is possible that lack of creatine is contributing to TJ
regulation in IBD with implications on baseline barrier function. Interestingly, 35% of
individuals who have an X-linked creatine deficiency self-reported GI symptoms suggesting
that loss of CRT may result in a digestive tract that is more prone to disease*8. Further
studies to identify possible regulators of CRT expression and activity may provide
opportunities to understand CRT function in IBD patient.

Current medical therapies in IBD have focused primarily on immune regulation. No current
therapies are targeting barrier function, which would have the benefit of avoiding systemic
immune dysregulation that can increased risk of infection and malignancy. Creatine and
CRT regulation are attractive therapeutic targets. Creatine supplementation has been used for
other disease processes with a favorable side effect profile?”: 48, Moreover, there is a single
case report of creatine monotherapy improving endoscopic and symptomatic disease in
Crohn’s ileitis#®, which is promising. Further studies to test the utility of creatine in IBD
treatment will be necessary.

In summary, these findings identify an important role for creatine transport in epithelial
energetics and barrier formation. Results from these studies demonstrate that CRT
expression correlates directly with intestinal epithelial creatine concentration, barrier
formation and wound healing responses. Loss of CRT results in a metabolically stressed and
dysfunctional epithelial cell and these findings may provide important insight into the
pathophysiology of IBD given the profound loss of CRT expression in IBD patients.
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What you need to know:
Background and Context:

Creatine regulates energy distribution within cells and reduces the severity of colitis in
mice. This study investigated the functions of the creatine transporter CRT in intestinal
epithelial cells (IECs) and maintenance of the intestinal epithelial barrier.

New Findings:

In an analysis of IEC cell lines and colonoids from CRT-knockout mice, we found CRT
to regulate energy balance in IECs, along with epithelial integrity and barrier function.
Mucosal biopsies from patients with IBD have lower levels of CRT, which might
contribute to the reduced barrier function observed in patients with Crohn’s disease or
ulcerative colitis.

Limitations:

This study was performed in cell lines, mice, and human tissue samples — further /n vivo
studies in mice and humans are needed.

Impact:
Strategies to restore creatine to IECs might be developed for treatment of IBD.
Lay Summary:

The authors found that a protein that transports creatine across intestinal cells (CRT) is
required for maintenance of the intestinal epithelial barrier, which is disrupted in some
patients with IBD. Colon tissues from patients with IBD had lower levels of CRT.
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Figure 1. Expression of CRT in the colonic epithelium of humans and mice.
A. T84 human IECs were stained for immunofluorescence. Images were obtained by

confocal microscopy(n=5). B. Healthy human biopsy tissue was fixed stained and
immunostained for CRT(n=3). C. Healthy mouse colon tissue was fixed and stained for
immunofluorescence labeling of CRT(n=5). D. Healthy human patient colonic biopsies were
evaluated by immunoblot for CRT and Actin in 3 different patients. E. Healthy whole mouse
colon tissue was evaluated by immunoblot for CRT and Actin in 3 different mice.
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Figure 2. Influence of CRT knockdown on intracellular creatine, barrier function and wound
healing in 1ECs.

A. T84 IECs were transduced with lentiviral ShRNA targeting CRT. Cells were selected and
MRNA was obtained and analyzed using gPCR. B. Protein was isolated and analyzed by
immunoblot(n=5). Densitometry was conducted using ImageJ software. C. CRT KD cell
metabolites were isolated and analyzed by HPLC(n=3). D. CRT KD cells were grown in
standard growth media with and without creatine supplementation. Cells were washed and
intracellular creatine was evaluated using a creatine fluorometric assay(n=3). E. CRT KD
cells were grown on a permeable membrane and evaluated for barrier formation by
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transepithelial electrical resistance (TEER)(n=5). F. CRT KD cells were grown to maximum
TEER reading prior to FITC-dextran flux assay(n=3). G. CRT KD cells were grown to
confluence and wounded with incucyte wounder. Wound closure was assessed over time by
incucyte imager(n=4). H. Relative wound density was calculated Incucyte ZOOM software.
I. Colonoids from CRT KO and control mice were evaluated by qPCR for relative CRT
expression(n=3). J. Protein was isolated from the mouse CRT KO and control colonoids and
analyzed by immunoblot(n=3). K. Barrier analysis by TEER was conducted as previously
described using CRT KO and control colonoids(n=3). *p< 0.05, ** p< 0.01, ***p<0.001,
****p<0.0001 determined by unpaired T-test, one-way and two-way ANOVA
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Figure 3. Impact of CRT knockdown on TJ phenotype, localization of TJ proteins and actin
polymerization.

A. TJ expression was assessed in CRT knockdown cells by gPCR (n=3). B. Control and
CRT KD cells were evaluated by immunoblot for Claudin 1, Claudin 2 and actin (n=3). C.
CRT knockdown and control cells were grown on a permeable membrane and stained by
immunofluorescence for ZO-1, Claudin 1, Claudin 2 and polymerized actin with rhodamine
phalloidin(n=3). **p<0.01, ***p<0.001 determined by two-way ANOVA.
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Figure 4. Influence of CRT overexpression on IECs intracellular creatine and barrier function.
A. T84 IECs were transduced with lentiviral CRT ORF. CRT expression was assessed by

gPCR(n=4). B. CRT protein was assessed by immunoblot in Vector and CRT OE cells(n=4).
Densitometry was completed using ImageJ software. C. Intracellular CRT was assessed by
creatine fluorometric assay with and without creatine supplementation to media. D. Cells
were plated on a permeable membrane for transepithelial electrical resistance measurements
(TEER)(n=3). E. FITC-dextran flux was measured using cells grown to maximum
TEER(n=3). F. Wound healing was evaluated using the Incucyte wounder as previously
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described(n=4). G. Relative wound density was calculated incucyte ZOOM software. H. TJ
protein expression was evaluated using qPCR of unstimulated cells(n=3). **p<0.01,
****p<0.0001 determined by one-way and two-way ANOVA analysis.
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Figure 5. Influence of CRT knockdown on IEC metabolic phenotype.
A. Control and CRT KD cells were grown on Seahorse analysis plates. Cells were then

evaluated using the metabolic phenotype profiling protocol that measures metabolic activity
with the addition of stressors FCCP and oligomycin. Measurements of OCR and ECAR
were compared under baseline and stressed conditions. Metabolic potential was calculated
based on ability to increase OCR and ECAR over baseline values. OCR and ECAR values
plotted vs time with addition of stressors after third time point. B. The same metabolic
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analysis was conducted comparing the Vector and CRT OE cells. *P<0.05, ****p<0.0001
determined by two-way ANOVA.
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Figure 6. CRT and TJ expression profile in intestinal biopsies from IBD patients.
A. CRT expression was measured relative to actin by gPCR from patient biopsy samples

obtained from the University of Colorado IBD biobank. B and C. The data from these
samples were then sorted based on disease activity and biopsy location respectively. D.
Evaluation of Claudin 1, Claudin 2 and ZO-1 by gPCR from the same patients was also
conducted. E. Relative CRT expression was plotted vs relative TJ mRNA expression for each
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patient and a linear regression analysis was conducted. *p<0.05, **p<0.01, ***p<0.001,
determined by one-way ANOVA and Pearson correlation.
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Control, Crohn’s disease (CD) and ulcerative colitis (UC) patient characteristics was tabulated. Statistics for
mean age and duration of disease were calculated using one-way ANOVA.

Control CD Inactive CD Active UC Inactive UC Active
Mean Age (yrs.) 59.6 48.79 *35.46 49.57 50.31
Sex (% Female) 48.3 50 53.8 114 50
Steroid exposure (%) NA 35.7 30.8 28.6 40
Anti-TNF exposure (%) NA 50 46.2 **43 A
Duration of Disease (yrs.) NA 19.4 10.2 9.7 11.56
Colonic biopsies (%) 100 64.3 385 100 100

Aok

p<0.0001 compared to control patients. Statistics for sex, medication exposure and % colonic biopsies were calculated using Wilson/Brown

fraction of total analysis with 95% confidence interval.

*
indicates statistical significance relative to control patients

Aok

indicates statistical significance relative CD inactive patients

*okA

indicates statistical significance relative CD active patients.
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