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Abstract

The molecular and cellular level reaches of the metabolic dysregulations that characterize
diabetes are yet to be fully discovered. As mechanisms underlying management of reactive
oxygen species (ROS) gain interest as crucial factors in cell integrity, questions arise about the
role of redox cues in regulation and maintenance of bone marrow-derived multipotent stromal
cells (BMSCs) that contribute to wound healing, particularly in diabetes. Through comparison of
BMSCs from wild type and diabetic mice, with a known redox and metabolic disorder, we found
that the cytoprotective Nrf2/Keapl pathway is dysregulated and functionally insufficient in
diabetic BMSCs. Nrf2 is basally active, but in chronic ROS we found irregular inhibition of
Nrf2 by Keapl, altered metabolism and limited BMSC multipotency. Forced upregulation of
Nrf2-directed transcription, through knockdown of Keapl, restores redox homeostasis.
Normalized Nrf2/Keapl signaling restores multipotent cell properties in diabetic BMSCs
through Sox2 expression. These restored BMSCs can resume their role in regenerative tissue
repair and promote healing of diabetic wounds. Knowledge of diabetes and hyperglycemia-
induced deficits in BMSC regulation, and strategies to reverse them offers translational promise.
Our study establishes Nrf2/Keapl as a cytoprotective pathway, as well as a metabolic rheostat

that affects cell maintenance and differentiation switches in BMSCs.
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Introduction

Addressing the clinical manifestations of type II diabetes and associated complications, such as
chronic non-healing wounds, necessitates a thorough understanding of pathological molecular
and cellular events. Oxidative stress and flawed redox mechanisms induce metabolic deficiencies
in diabetes and give rise to the characteristic insulin resistance (1, 2). An intriguing new direction
of research, into the intersection of redox homeostasis and adult stem cell maintenance, raises
questions about the effect of diabetes and hyperglycemia on stem/progenitor cells. Considering
participation of bone marrow-derived multipotent stromal cells (BMSCs) in wound healing
processes (3), the delay in tissue repair that we have found is synonymous with diabetes (4, 5)
further asks whether diabetic BMSCs (dBMSCs) are aberrant or absent, and do not function in a
regenerative environment. We aimed to explore whether diabetes and redox stresses critically

affect BMSCs.

Metabolic changes and management of reactive oxygen species (ROS) are emerging as
fundamental features that regulate cell identity across a range, from embryonic stem cells, to
induced pluripotent stem cells, to bone-marrow-derived hematopoietic (HSCs) and BMSCs (6,
7). Studies on metabolic regulation of HSCs function and stemness are growing, but BMSC
parallels are relatively scarce. Similar to their HSC neighbors (8, 9), BMSCs thrive and remain
multipotent in the hypoxic environment of the bone marrow (BM) (10). BMSCs also retain their
capacity to differentiate along osteogenic, adipogenic and chondrogenic lineages as they respond
to non-native sites with oxidative imbalance, such as a hypoxic wound (11). As metabolic and
redox dysregulation are such central features of diabetes, the mechanisms that enable BMSC
metabolic modulation and those that preserve cell integrity in oxidative imbalance may be

compromised.
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A pathway that encompasses metabolic and cytoprotective roles, and is disrupted in diabetes is
the Nuclear-factor-erythroid-related-factor-2 (Nrf2)/Kelch-like-erythroid-cell-derived-protein-1
(Keapl) pathway (12). Nrf2 is a transcription factor driving over 50 redox homeostasis-related
genes, and nearly 200 genes influencing metabolism and repair (13). Keapl functions as an
intracellular ROS sensor, as oxidants and electrophiles modify its cysteine residues. Without
ROS, Keapl binds to Nrf2 and promotes Nrf2 proteasomal degradation. ROS accumulation
disrupts the Keap1-Nrf2 interaction. Nrf2 binds with small Maf proteins to antioxidant response
elements (AREs) in the regulatory regions of target genes. Key genes activated to respond to
oxidative stress include NAD(P)H-quinone-oxidoreductase-1 (NQOI), manganese-superoxide-
dismutase (MnSOD), heme-oxygenase-1 (HO-1), glutamate-cysteine-ligase (GCL) and
glutathione-S-transferases (GSTs). A study found that human BMSCs in high ROS shift their
metabolism to resemble differentiated cells, and increase expression of antioxidant enzymes,
MnSOD and catalase (14). Nrf2 overexpression can reduce ROS-induced apoptosis and
cytotoxicity in BMSCs through upregulation of MnSOD and HO-1 (15). In diabetes and chronic
hyperglycemia, unusually high levels of superoxide leak from the mitochondrial electron
transport chain during aerobic respiration (2). The rate of ROS scavenging cannot compensate,
resulting in damaging oxidation of cellular components (16). Previously, we found that despite
high ROS, diabetic skin has low Nrf2 activation and subsequently has low antioxidant expression
to affect delayed wound healing outcomes (5). Whether Nrf2/Keapl-mediated redox regulation
plays a role in dBMSCs, or affects their identity, that in turn can influence BMSC response
during diabetic wound healing, is yet to be discovered. We postulate that to retain their
multipotency and contribute to wound healing, BMSCs need to minimize ROS damage and

preserve robust redox mechanisms.
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Here, through comparison of wild type (WT) and dBMSCs, we identified dysregulated redox
metabolism in dBMSCs leading to loss of multipotency, bias towards an adipogenic fate, and
reduction of Nrf2-transcribed antioxidants. Using short-interfering-RNA (siRNA) against Keap!,
we forced activation of the endogenous Nrf2 in dBMSCs to reprogram their metabolic and redox
mechanisms, as well as restore multipotent cell behavior through Sox2 expression. Finally, we
show that the Keapl downregulation and Nrf2-activation-based rescue of dBMSCs enables them
to participate in diabetic wound healing. We demonstrate the importance of intrinsic resistance
mechanisms mediated by Nrf2/Keapl in response to oxidative stress. Through the range of
effects on redox homeostatic and metabolic maintenance mechanisms, the Nrf2/Keap1 pathway

is critical in the maintenance of fate and function of adult BMSCs.

Research Design and Methods

Mice. C57BL/6J and BKS.Cg-Dock7™" " Lepr™” (blood glucose > 400 mg/dL) strains were from
Jackson Laboratories. All protocols were approved by the IACUC at New York University
School of Medicine.

BMSC culture and immunophenotyping. 6-8 weeks old mouse BM aspirates were cultured in
Mesencult at 37°C/5%CQ0,/5%0,. After first media change, BMSCs were cultured in alpha-
MEM supplemented with 15% fetal-bovine-serum, 1% non-essential amino acids. Low-glucose
(LG) and high-glucose (HG) medium contained 1g/L and 4.5g/L d-glucose, respectively. BMSCs
were detached using 3:2 accutase:trypsin-EDTA, resuspended in 1xPBS/5%FBS/0.1%NaNj3, Fc-

blocked with anti-mouse-CD21/CD23, and stained with fluorophore-conjugated antibodies
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against CD45, Terl19, Scal, PDGFRa, CD29, CD44, CD73, CD90.2, CD105, CD34 or flkl
(Miltenyi), and analyzed on a BD-FACS-Calibur and FlowJo.

Single-cell colony-forming assay. BMSCs were plated into 96-well plates at 1 cell/3-wells.
After 2 weeks, colonies stained with crystal violet were counted.

Adipogenic and osteogenic differentiation. For adipogenic induction, BMSCs were cultured in
0.5uM dexamethasone, 0.5mM IBMX, 50uM Indomethacin, with ImM insulin for initial 4 days,
and analyzed at 14days for Oil-Red-O-stained lipid droplets. For osteogenic induction, BMSCs
were cultured in 100nM dexamethasone, S0uM ascorbate phosphate, 10mM B-glycerophosphate
with 100ng/mL BMP2 every 2 days. After 14days, cells were analyzed for calcium deposits
using alizarin red. Cells were photographed using a Zeiss Observer microscope.

Chondrogenic differentiation. 2.5x10° cells were pelleted in 15mL tubes. Cell pellets were
cultured in LG-a-MEM containing 1%FBS, 100nM dexamethasone, 50ug/mL ascorbic acid 2-P,
40pg/mL L-Proline, 1% ITS/supplement B-D, and 1mM sodium pyruvate with 10ng/mL TGFB3
and 100ng/mL BMP2 added every 2 days. At 21days, pellets were fixed, embedded in agarose,
processed into paraffin blocks, sectioned and stained for cartilage using Safranin-O.

siRNA transfection. BMSCs were seeded at 20,000ce11s/cm2. Dilutions of siRNA and
Lipofectamine2000 were mixed and incubated for 20minutes, before addition to cells. Media was
changed 6hours later. Cells were harvested at 24, 48 or 72hours post-transfection for RNA and
protein analyses.

Quantitative RT-PCR. From phenol-chloroform extraction, aqueous-phase RNA was
precipitated with isopropanol and purified in spin columns of RNeasy kits (Qiagen). 500ng total

RNA was reverse transcribed using the High-Capacity cDNA synthesis kit (ThermoFisher) and
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quantified in real-time with SYBRgreen detector in a QuantStudio7-Flex (ThermoFisher),

relative expressions were calculated by delta-delta-Ct method.

CM-H;DCFDA assay. BMSCs were resuspended in HBSS and incubated in 10uM 5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate (ThermoFisher) for 45minutes at

37°C/5%C0,/5%0,, then analyzed on a BD-FACS-Calibur.

Fluorogenic ROS-cytochemistry. CellROX (ThermoFisher) were added to BMSCs at SuM for
30minutes at 37°C. Cells were counterstained with DAPI and photographed with an Olympus

BX51 microscope.

8-OHdG measurement. 8-hydroxy-2’-deoxyguanosine (8-OHdG) was measured with Oxidative
DNA Damage ELISA kit (Cell Biolaboratories). Wells of 96-well plates were coated with 100uL
8-OHdG-BSA/PBS-conjugate overnight at 4°C. After washes, plates were blocked with 200uL
assay-diluent for lhour at RT. 50ul samples and standards were incubated for 10minutes,
followed by incubation with 50pL anti-8-OHdG antibody for lhour. After washing, 100pL
horseradish-peroxidase-coupled secondary antibody was incubated for lhour. After several
washes, 100uL of peroxidase-substrate solution was added. The reaction was stopped with
100pL stop solution after 5 minutes and measured at 450nm on the Synergy-H1 plate reader

(BioTek), standardized to total DNA.

Immunocytochemistry. BMSCs were fixed for 10minutes using 4%paraformaldehyde/PBS,
then permeabilized in 0.2%Tween/PBS and blocked 30minutes in 5% donkey serum (Jackson
Immunoresearch). Nrf2 (ab92946, AbCam) and Keapl (60027-1-Ig, Proteintech) antibodies
were applied and detected with fluorophore-conjugated secondary antibodies. Cells were

photographed on an Olympus BX51.
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Protein lysates and Western Blot. Cells were lysed in 10mM HEPES (pH7.9), 10mM KClI,
0.ImM EDTA, 10mM DTT, 2x protease/phosphatase-inhibitor (Sigma-Aldrich). Following
15seconds vortexing, the lysate was centrifuged at 15,000xg for 20minutes to separate the
cytoplasmic extract (supernatant) and nuclear extract (pellet). Cytoplasmic extract was removed
into pre-chilled tubes. The nuclear extract pellet was resuspended in 20mM HEPES (pH7.9),
0.4M NaCl, 1mM EDTA, 25% glycerol, and 2x protease/phosphatase inhibitor mixture, and
incubated for 10minutes. Nuclear lysate was separated by centrifugation at 15,000xg for
Sminutes. Protein concentration was measured using Pierce 660nm Reagent (ThermoFisher) on a
Nanodrop 2000. 20ug extracts were separated in 12% SDS-polyacrylamide gels and transferred
to PVDF membranes (Biorad). The membrane was blocked for 2hours using a 5% non-fat-
milk/Tris-buffered-saline/0.1% Tween (Pierce) and probed with Nrf2, Keapl, PCNA (2586, Cell
Signaling), or B-actin (ab8229, AbCam) antibodies. HRP-conjugated secondary antibodies

allowed protein detection on hyperfilm (Amersham) with ECL plus reagent.

MTT assay. 15ul premixed Dye of CellTiter 96®-Cell Proliferation Assay (Promega) was added
to cells in 96-well plates for 4 hours at 37°C, to allow tetrazolium conversion into a formazan
product. 100ul of Solubilization/Stop Solution per well solubilized the formazan product and

plate read at 570nm.

Nrf2 ELISA. Nuclear and cytoplasmic extracts were prepared using the Active Motive ™
Nuclear Extract Kit (No.40010), and concentrations measured using Pierce 660nm Reagent on
Nanodrop 2000. Activated Nrf2 levels were determined using the TransAm'™ Nrf2 ELISA kit
(N0.50296). 96-well plates that are coated with an ARE consensus sequence oligonucleotide,
were blocked with DTT/herring-sperm-DNA buffer. 10uL samples and positive controls were

added to wells, followed by Nrf2 antibody for 1hour incubation at RT. 100uL HRP-conjugated
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secondary antibody was added per well for lhour at RT. The ELISA was developed by
sequentially adding 100uL each of Developing and Stop solution per well, and reading the plate

at 450nm (reference 655nm). Nrf2 quantity was based on the positive control.

Keapl ELISA. 100uL nuclear and cytoplasmic lysates were added to Keapl-antibody-coated
plates (ABIN1980574) for 2hours at 37°C. After sample removal, 100uL Detection Reagent A
was added per well for lhour at 37°C. 100uL Detection Reagent B was added to each well for
30minutes at 37 °C. After washes, 90uL Substrate was added per well and incubated for 15-
25minutes at 37°C to allow the liquid to turn blue. 50uL Stop Solution turned the liquid yellow
and the plate was read at 450nm. Keapl quantities were calculated based on a standard curve

created with recombinant protein in the kit.

GSH/GSSG assay. Glutathione-S-transferase converts a luminogenic GSH (reduced) probe,
luciferin-NT, to luciferin. BMSCs were lysed to release GSH and GSSG (oxidized). The lysis
buffer for one set contained N-ethylmaleimide to block GSH, allowing luminescence from only
GSH reduced from GSSG. Luminescence readings from the total glutathione and only GSSG

were used to calculate the GSH/GSSG values.

Cellular metabolism assay. Agilent Seahorse Cell Mito Stress Kit was used. Briefly, 60,000
cells were seeded in Seahorse XF24 microplates, in low serum media to prevent changes in cell
numbers. One hour before measurement of oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR), cells were washed with and switched to Seahorse Assay Medium
(5mM or 25mM glucose by cell type, 2mM L-glutamine, no bicarbonate), and incubated without
CO; to remove any traces. Data was collected at baseline and at intervals after sequential

addition of inhibitors oligomycin (1uM), FCCP (2uM), and rotenone/antimycin A (0.5uM).
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Following data collection, cells were counterstained and fixed. The plate was imaged using the
Arrayscan VTI Acquisition Only protocol by collecting 9 tiles at 5x magnification and 2x2 pixel
binning. Images were analyzed using the Morphology Explorer protocol (v4). Object
identification was performed using 3D surface background subtraction, dynamic isodata
thresholding of -0.5, and segmented by shape = 2 with object cleanup enabled. Objects touching
the border of the image field were rejected from analysis. Between one and four fields/well were
used to calculate the average number of cells per field area and used to extrapolate total cell

counts in the entire well. Data was normalized to cell number.

Wounding and BMSC seeding. 10mm-full-thickness wounds were created on mice dorsum,
then splinted open with 10mm-diameter silicone stents, that were secured by interrupted 4-0
nylon sutures (Ethicon). Photographs of stented wounds were analyzed for percent wound
closure (non-healed wound/original wound), standardized to the internal stent diameter. Area-
under-the-curve (AUC) was calculated using the trapezoidal rule (Graphpad Prism). BMSCs
were seeded into wounds with a 20G needle. For histology, 10day wounds were harvested and
fixed, processed into paraffin, sectioned and stained with H&E, or rabbit anti-mouse CD31
antibody (Cell Signaling), and scanned. Blood glucose was measured once a week to ensure

diabetic mice retained > 400 mg/dL glucose throughout the study period.

Statistical Analysis. Data are expressed as meantstandard deviation of at least 3 separate trials,
each n=3. Students’ t-tests and one-way-ANOVA were used. P-values less than 0.05 determined

statistical significance.
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Results
Diabetic BMSCs exhibit altered identity and compromised multipotency

To investigate whether diabetes induces changes in BMSCs, we compared immunophenotypes of
BM aspirates between WT and db/db mice. Based on lack of expression of the hematopoietic
markers, CD45 and Terl19, we identified 0.45% and 0.19% BMSCs in WT and db/db,
respectively (FiglA). We analyzed expression of Sca-1 and PDGFRa, as the combination
enriches for BM-resident mesenchymal stem cells (17). CD45 Ter119 Sca-1" PDGFRa” BMSCs
comprised 0.16% of the WT BM-aspirate, but only 0.072% of that of db/db mice (FiglB). The
55% reduction in both CD45 Ter119 and Sca-1"PDGFRa CD45 Ter119 cells in db/db BM-
aspirates compared to that of WT indicates a compromised dBMSC pool, including reduced
number of mesenchymal stem cells. Analysis of passage 3 (P3) BM cells showed that the
percentage of CD45 Ter119 cells is consistently lower in db/db cultures (FigS1A). Of CD45"
Ter119™ cells, the percentages of db/db Sca-1" and PDGFRa" cells are 28.3% and 64% less than
that of WT (FigS1B), respectively, while the db/db Sca-1" PDGFRa" fraction is only 8.47% of
that of WT by P3 (FiglC). Expression of other cell surface markers associated with BM stromal
fraction revealed downregulation of CD29 and CD44 in P3 dBMSCs vs P3 WT-BMSCs, but

upregulation of CD73 (FigS1C).

We then assessed whether the diabetic hyperglycemic conditions affect other multipotency
characteristics. Single-cell colony forming assays revealed 12+4 colony forming units (CFUs)
with dBMSCs, compared to 28.5+2.5 CFUs with WT-BMSCs at P1 (Figl D). At P2, we observed
6.5+1.5 dBMSC CFUs and 30.5+1.5 WT-BMSC CFUs. At equivalent passages, dBMSCs had

greater number of flat, polygonal cells (FiglF, 55%) and lower number of spindle-shaped cells,
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compared to WT-BMSCs (FiglE). Flow cytometry forward scatter also revealed that dBMSCs
have larger nuclei, compared to WT-BMSC nuclei (FiglG). The larger morphology and nuclei
are both indicative of differentiated cells. We then cultured both WT and db/db BMSCs in
adipogenic, osteogenic or chrondrogenic media. dBMSCs could only successfully differentiate
into adipocytes (FiglH), indicating that diabetes precludes osteogenic and chondrogenic
differentiation capacities. Our results reveal that in diabetic hyperglycemic conditions,

phenotypic and behavioral changes in BMSCs reflect their altered identity.

Lack of Nrf2 activity in diabetic BMSCs corresponds with dysfunction in ROS

management

To determine whether the lack of BMSC characteristics in diabetic mice corresponds with
metabolic shifts, we assessed live ROS levels in dBMSCs, WT-BMSCs and stromal cells. ROS
levels in dBMSCs are 3.34-fold higher than in WT-BMSCS (Fig2A-B). Between WT-BMSC
and stromal cells, WT-BMSCs contain significantly lower ROS (Fig2C), suggesting dBMSCs
are more similar to stromal cells than to WT-BMSCs. dBMSCs displayed high levels of non-
reduced ROS in the cytoplasm (Fig2D). Small spindle-shaped dBMSCs showed nuclear and
mitochondrial accumulation of ROS (Fig2E). The larger polygonal dBMSCs only show
cytoplasmic ROS (Fig2D). ROS generation is associated with oxidative phosphorylation, which
is observed in differentiated cells unlike glycolysis in primitive cell populations (7). To
determine whether the high ROS in dBMSCs is associated with precocious oxidative
phosphorylation and differentiation, we examined expression of key genes that identify this
metabolic state. Gene expressions of CytC and ATPSynthaseF1, components of the electron
transport chain during aerobic respiration, are upregulated in dBMSCs compared to WT-BMSCs

(Fig2F). Interestingly, Cox4i, a subunit of cytochrome oxidase that transfers electrons to oxygen
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in the final steps of the electron transport chain and prevents buildup of H,O,, is downregulated
in dBMSCs, compared to WT-BMSCs (Fig2F). For a functional readout, we analyzed
bioenergetic profiles of WT and dBMSCs, and found consistently higher glycolytic indices in
similar numbers of dBMSCs, than WT-BMSCs (Fig2G, FigS2A). Mitochondrial respiration rates
demonstrate that dBMSCs have significantly higher oxidative phosphorylation indices than WT-
BMSCs (Fig2H, FigS2B). However, dBMSCs also demonstrate sharp depletion of mitochondrial
reserve capacity with a second addition of FCCP, which maximizes respiration steadily in WT-
BMSCs (Max 2, Fig2H). Combination of glycolytic and mitochondrial respiration profiles
indicates that dBMSCs do not display the glycolytic profile seen in WT-BMSCs and
characteristic of progenitor cells. Of interest, increasing passages of WT-BMSCs demonstrate a

shift away from a glycolytic profile as well, towards that of dBMSCs (Fig 2I).

As the Nrf2/Keapl pathway would typically manage ROS burdens, we analyzed key
components. Protein expression demonstrated that Nrf2 is less abundant in nuclei of dBMSCs,
compared to WT-BMSCs (Fig2J). Concurrently, Keapl is strongly upregulated in dBMSC
cytoplasm, compared to WT-BMSCs (Fig2K). Immunocytochemistry showed significant
upregulation in cytoplasmic Keapl in dBMSCs compared to that of WT-BMSCs (Fig2L). NOOI
and MnSOD gene expression showed significant downregulation in dBMSCs (Fig2M). Due to
disruption of the Nrf2/Keapl antioxidant pathway in diabetes, dBMSCs show reduced ability to
manage ROS, concomitant with a conspicuous shift away from typical glycolytic metabolism of
multipotent cells and towards energetic oxidative phosphorylation seen in differentiated cells.
Our results thus far indicate that the uncoupling of ROS accumulation and Nrf2 release from
Keapl, and consequently, downregulation of intrinsic Nrf2-mediated redox regulatory

mechanisms in dBMSCs propels differentiation at the cost of multipotency.
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Silencing Keapl upregulates antioxidant mechanisms in dBMSCs

Based on anomalous levels of Nrf2 and Keapl in dBMSCs, we analyzed Keapl gene expression
and found 1.65+0.1-fold increase in dBMSCs compared to WT-BMSCs (Fig3A). To restore
nuclear Nrf2 activity, we silenced Keapl in dBMSCs using siRNA, while cells were still
cultured in hyperglycemic conditions. We detected 65+7.9% Keap! knockdown compared to
untreated dBMSCs and 41.5+1.3% knockdown compared to WT-BMSCs (Fig3A). With siKeap!
in WT-BMSCs, cytoplasmic Keapl protein sharply decreased in contrast to untreated cells
(Fig3B,C). In dBMSCs, Keap! silencing results in remarkable reduction in Keapl protein as well
(Fig3B, C). Keapl knockdown in WT-BMSCs and dBMSCs resulted in significant upregulation
of nuclear Nrf2, compared to untreated cells (Fig3B, D). Immunocytochemistry revealed that
Nrf2 is present in the nucleus in siKeap/-dBMSCs, along with a conspicuous lack of Keapl in
the cytoplasm (Fig3E). Next, we investigated whether Nrf2 upregulation affects redox
homeostasis of dBMSCs. ROS levels of siKeap/-dBMSCs diminished significantly, compared to
untreated dBMSCs (Fig3F). Keapl inhibition in dBMSCs increased CD45 /Terl19 /Sca-
1+/PDGFRa+ cells to 1.4% (Fig3QG), a nearly five-fold increase from their original numbers
(FiglC). We then quantified 8-OHdG, a bio-marker of oxidative stress, between WT and
siKeapl-dBMSCs. In dBMSCs, silencing Keapl results in a significant decrease in 8-OHdG
concentrations to near WT levels (Fig3H). Fluorogenic indicators also confirmed the diminished
levels of cytoplasmic ROS in siKeapl-dBMSCs, with 32.22+11.24% of siKeapl-dBMSCs

containing ROS in stark contrast to 86.11+15.26% of dBMSCs (FigS2A-B).

To assess Nrf2 activity, we examined the expression of key transcripts following Keapl
silencing. In comparison to untreated dBMSCS, gene expressions of NOQOI and MnSOD are

significantly upregulated (Fig3I-J). Nox4, known for its protective functions in redox
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management (18), was upregulated (Fig3K). Gene expression of other Nrf2-transcribed
antioxidant molecules, HO-1, glutathione-S-reductase (GSR), glutathione-peroxidase-1 (Gpx1),
GSTul, GSTa3 followed the significant upregulation trend (Fig S3). To further evaluate the
metabolic effects of upregulating Nrf2 levels, we assessed the GSH/GSSG ratio, an indicator of
cellular redox status that is regulated by Nrf2-targets (19). Silencing Keapl raises the
GSH/GSSG ratio in dBMSCs compared to untreated cells (p<0.005), and similar to GSH/GSSG
in WT-BMSCs (Fig3L). These data suggest that restoring expression of the major regulator Nrf2
can resolve the diabetes-induced aberrant intracellular redox homeostasis and metabolic routes in

dBMSCs.

Nrf2 activity rescues multipotent cell traits in dBMSCs

Having successfully rescued the diabetes-induced disruptions in the Nrf2/Keapl pathway in
dBMSCs, we now assessed the role of Nrf2/Keapl in cell identity in high ROS. As Nrf2
upregulation increased percentage of immature dBMSCs, we analyzed their differentiation
potential. Quantity of lipids present in native dBMSCs resembles that of purposefully
adipogenic-differentiated siKeapl-treated ones (Fig4Ai). This indicates dBMSCs exhibit
precocious adipogenic differentiation. Unlike the absence of red calcium deposits in native
dBMSCs, the Keapl-silenced cells in osteogenic media have remarkable staining (Fig4Aii). In
contrast to native dBMSCS, siKeap-treated cells show the onset of chondrogenic differentiation
(FigdAiii). We further analyzed expression of genes associated with each lineage among WT-
BMSCs, dBMSCs, and siKeapl-dBMSCs. At basal stages, adipogenesis associated gene,
adipocyte-protein-2 (aP2), is similar between WT and dBMSCs (Fig4B), while peroxisome-
proliferator-activated-receptor-y (PPARy) is upregulated in dBMSCs relative to WT-BMSCs

(FigdC). At 3 days into adipogenic induction, both aP2 and PPARy are significantly
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overexpressed in dBMSCs, compared to WT-BMSCs (Figure4B,C). siKeapl-dBMSCs
significantly reduce both genes. Then, we analyzed osteogenic genes — bone-morphogenetic-
protein-2 (BMP2), osterix (Osx) and runt-related-transcription-factor-2 (RUNX2). At day0,
BMP?2 expression in dBMSCs is remarkably downregulated, compared to WT-BMSCs (Fig4D).
At day3 of osteogenic induction, while WT-BMSCs showed downregulation of BMP2, dBMSCs
show abnormal upregulation. siKeap/-dBMSCs reduce BMP2 expression, similar to WT-
BMSCs. Compared to WT-BMSCs, the irregular temporal pattern of gene expression in
dBMSC:s is apparent with Osx and RUNX2 as well, but is restored with siKeap! (Fig4E,F). For
chondrogenic induction, dBMSCs showed downregulation of collagen-type-2-alpha-1 (Co/2al)
and aggrecan (4ACAN) with respect to WT-BMSCs, but with siKeap!, gene expression followed
the WT-BMSC pattern (FigdG, H). Our data indicates that activation of Nrf2 is necessary for

multilineage differentiation, and this capacity can be restored in dBMSCs.

To evaluate the extent of restoration of typical multipotent cell features in Keapl-silenced
dBMSCs, we used analyzed BMSC migration capacity towards SDF1, as BMSCs express the
CXC-chemokine-receptor-4 (CXCR4) (20). dBMSCs exhibit reduced migratory capacity,
compared to WT-BMSCs (Figdl). Keapl silencing not only rescues this behavior but boosts
migration capacity over that of WT-BMSCs (Fig4l). We explored gene expression of CycD1I and
CycD2, which allow cell cycle progression, and found significantly downregulated expression in
dBMSCs, compared to WT-BMSCs. Keapl inhibition in dBMSCs resulted in statistically
significant upregulation of both CycDI and CycD2, compared to untreated dBMSCs (Fig4)J).
Next, we measured the proliferation of WT-BMSCs, dBMSCs and siKeap/-dBMSCs. At all time
points following transfection with siKeapl, siKeap-dBMSCs had nearly twice the quantity of

cells, compared to untreated ones (FigdK). Nrf2 activity restores not only multipotency of
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dBMSCs, but their behavioral aspects as well. Our results indicate that BMSCs require
functional Nrf2/Keapl signaling to maintain cell identity in unusual redox conditions, as in

diabetes.

Nrf2 activity in BMSCs is coupled to Sox2 expression

Searching for candidates that further examine the Nrf2-initiated mechanisms in retaining BMSC
multipotency, we came across Sox2 that regulates self-renewal and stemness of osteo-adipo
lineage cells (21). We analyzed whether Sox2 expression is affected by modulation in Nrf2
activity. WT-BMSCs and dBMSCs did not show differential expression (FigSA). However, a
time course analysis following Keap! inhibition showed that dBMSCs significantly upregulated
Sox2 expression, particularly at 48 and 72 hours, in relation to native dBMSCs (Fig5B).
Additionally, analysis of gene expression of Yes-associated protein 1 (YAPI), a direct
downstream target and effector of Sox2 (21), showed similar upregulation at 48 and 72 hours
post-siKeap! transfection. To analyze functional consequence of the transient upregulation of
Sox2 brought induced by Nrf2, we analyzed differentiation potential of siKeap/-dBMSCs with
and without Sox2. We knocked down Nrf2 using siRNA and/or Sox2 using shRNA in WT-
BMSCs. We also knocked down Keap! and Sox2 in dBMSCs, in siKeap/-dBMSCs. Following 2
weeks in osteogenic media, siNrf2-WT-BMSCs showed poor alizarin red staining, indicating
poor osteogenesis (FigS5C). WT-BMSCs with both Nrf2 and Sox2 knockdown displayed similar
failure. In dBMSCs, the simultaneous knockdown of Sox2 and Keapl negated the osteogenic
capacity induced by only Keap! inhibition. Our results suggest that Sox2 and YAP are necessary

to impart the BMSC multipotency that is regulated by Nrf2 and compromised in diabetes.

Lack of Nrf2/Keap1 signaling in diabetic BMSCs limits their role in tissue regeneration
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As BMSCs orchestrate repair/regeneration in a wound setting (3), we assayed the impact of
Nrf2/Keapl activity on this capacity using cultured BMSCs in a previously established wound
model (22). We seeded the wound with BMSCs and monitored time to closure as a readout of
BMSC function during repair (FigbA). The addition of any BMSCs provided an advantage to
diabetic wound closure and healing. Addition of siNS-dBMSCs accelerated healing time to
25.5+2.12 days, compared to untreated diabetic wounds at 31.25+1.5 days (Fig6B-D). Wounds
with WT-BMSCs and siKeap/-dBMSCs demonstrated the most significant reduction in wound
healing time to 22+2.4 days and 20.75+2.36 days, respectively (FigbB,C). These data indicate
that Nrf2 induction by siKeap! enables dBMSCs to successfully coordinate tissue repair, like
WT-BMSCs. For diabetic wounds with siKeap/-BMSCs, the decrease in pathological wound
burden correlated with the significant decrease in time to closure (FigoC-D, FigS4A). Wound
healing rates further highlight the impact of seeding siKeap/-dBMSCs to diabetic wounds in
comparison to untreated wounds (FigS4B). As BMSCs exert their repair role in the granulation
tissue, we analyzed tissue sections of the wound bed. WT and siKeap/-dBMSCs promote larger
areas of granulation tissue in the healing edges compared to siNS-dBMSC-treated diabetic
wounds (Fig6E). In addition, WT and siKeapl-dBMSCs significantly increased CD31+
neovascularization in the granulation tissue, compared to siNS cells (Fig6F), a feature that
BMSCs typically contribute to during repair (23). Isotype controls for the primary antibodies
failed to show any immunoreactivity (data not shown). Our data demonstrate that restoration of
the Nrf2/Keapl signaling axis in dBMSCs normalizes their capacity to facilitate tissue

regeneration, even in an environment presenting extracellular redox stresses.
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Discussion

Knowledge of molecular regulators and their deficits in diabetes is critical to enable specificity
and efficacy in therapeutic approaches. We previously showed that lack of tissue repair in the
extreme redox imbalance of diabetic wound healing is due to dysregulated Nrf2/Keap1 signaling
(5). As BMSCs contribute to wounds with oxidative stress to limit tissue damage and promote
tissue re-growth (3, 24), we explored the effect of diabetes on BMSCs. We established that Nrf2-
mediated transcription in BMSCs influences cellular metabolism through redox management to

affect differentiation status.

We found diabetes induced unusually high ROS accumulation in dBMSCs, similar to reported
diabetic bone marrow-derived cells (25), along with significantly increased Keapl expression,
downregulation of Nrf2 and downstream redox enzymes. Normalization of Nrf2/Keapl levels
produced upregulation of antioxidant enzymes, diminishing ROS levels, and restoration of
metabolism in dBMSCs. 8-OHdG decreased and GSH/GSSG increased to WT levels, possibly
due to Nrf2-regulated DNA repair enzymes (26) and transcription of GCL-catalytic subunits,
respectively (13). Low GSH in dBMSCs is likely exacerbated by the polyol pathway in diabetes,
due to lack of NADPH also regulated by Nrf2/Keapl (2, 27). We show that Nrf2/Keapl is a
major determinant of low ROS, a known requirement in glial progenitors and HSCs also (28,
29). This redox management is conserved across vertebrate and invertebrate HSCs (30, 31), and
intestinal stem cells (32). Activation of the Nrf2/Keapl pathway mitigates oxidative stress in
adult mouse BMSCs in their native state and prevents multifaceted metabolic deficiencies, but is

severely compromised with the extrinsic environment in diabetes.
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Lack of multipotency in dBMSCs corresponded to phenotypic and morphological features of
differentiated cells, and expression of oxidative phosphorylation genes. A preference for
glycolysis in wild type BMSCs is not surprising given the hypoxic nature of bone marrow.
However, dBMSCs exhibited metabolic profiles associated with differentiated cells as well, such
as high energy-producing oxidative phosphorylation. The high ATP-linked respiration and
higher basal respiration in dBMSCs, together with proton leak and less Cox4i, with higher ROS
may explain this observation. Premature differentiation in diabetes possibly limits the pool of
self-renewing BMSCs. Forced downregulation of Keapl and thus Nrf2 activation, and
subsequent Sox2 expression, reverted the adipogenic differentiation bias in dBMSCs and enabled
them to respond to distinct lineage induction cues in culture. Sox2 is a sensitive transcription
factor, well recognized for its role in maintenance of multipotency in osteoblasts (21), and
proliferation potential (33). Similar to our findings of the deficiencies in dBMSCs, Nrf2 and
Sox2 are required for proliferation in glioma stem cells (34). A well-tuned homeostatic balance
of Keapl and Nrf2 is obviously vital, as loss of Keap1 has been shown to lead to

hyperproliferation, Nrf2 is known to regulate SIRT1 which post-translationally regulates Sox2 in

human bone marrow derived mesenchymal stem cells (35), Metabolic changes in pluripotent
and cancer cells have been shown to alter their cell differentiation status (36), not unlike the
changes in diabetes. Mitochondrial ROS accumulation is sufficient to trigger adipocyte
differentiation in human BMSCs (37) to resemble dBMSCs. ROS in fact primes Drosophila
HSCs for a specific lineage (30). Similar to our approach, the authors prevent Drosophila HSC
differentiation by neutralizing ROS. Even in a whole organ, such as the mouse liver, Nrf2
negatively regulates lipid biosynthetic mechanisms (38). Our results would then indicate that

Nrf2/Keapl signaling is required to preserve the multipotency of BMSCs in cooperation with

For Peer Review Only



Diabetes

Sox2. In diabetes, long term hyperglycemia and persistent downregulation of Nrf2 signaling via

Keapl is a switch for adipogenic differentiation.

Improvement in time to closure of diabetic wounds when seeded with Nrf2-activated dBMSCs
illustrated the link between redox and multipotency status of BMSCs, and their ability to
coordinate successful healing. Muted Nrf2/Keapl signaling in dBMSCs negatively affected
migratory capacity and proliferation in culture, to possibly affect mobilization of BMSCs into
injury sites, and insufficient healing events in diabetic tissues. A supporting study found that
neovascularization was impaired in diabetes models due to defective adipose-derived MSCs (24).
We demonstrate that metabolic shifts that characterize diseases like diabetes trickle down to the
level of stem/progenitor cells, crippling their populations, identity, behavior to limit regenerative
ability. Existing literature describes the detrimental effects of diabetes and hyperglycemia, such
as depletion of endothelial precursor cells, as irreversible through glycemic control (39).
Focusing on the mechanisms that modulate metabolism offers options to rescue these detrimental
changes at a cellular level at least. The hyperglycemia induced ROS accumulation can be

restored at a local tissue (5) and cellular level.

Our study strongly indicates that co-induction of the redox and metabolism modulatory roles of
the Nrf2/Keapl pathway governs the identity of mouse BMSCs. We showed that diabetes
diminishes properties and alters cell fates of BMSCs by unhinging the endogenous Nrf2/Keap1-
mediated antioxidant mechanisms that are at the core of ROS management (Fig 7). The lack of
Nrf2 signaling reprograms metabolism in diabetic BMSCs to add to ROS mismanagement and
indicates a need for low ROS for maintenance. In Drosophila, constitutive Nrf2 or CncC
activation limits proliferation of intestinal stem cells (ISCs) by keeping ROS in check (32). In

response to injury and regenerative need, Keapl represses CncC to induce proliferation. Though
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mouse BMSCs require Nrf2 activation to proliferate in very obvious discrepancy with
Drosophila ISCs, Nrf2 activation maintains the stem cell pool in intestinal stem cells and our
BMSC model. In-depth understanding of the metabolic changes in BMSC regulation will allow
us to address diabetic complications and design rescues for desired outcomes. In a departure
from traditional signaling and growth factors in cell lineage, we show evidence that the
Nrf2/Keapl pathway has a much broader cytoprotective role in BMSCs than appreciated,
encompassing redox homeostasis and metabolic modulation to determine cell identity and

maintenance.
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Figure 1. Diabetic BMSCs demonstrate reduced multipotent cell characteristics.

A) Non-hematopoietic fractions of bone marrow aspirates between WT and db/db mice. B)
Phenotypic comparison of CD45 /Ter119 /PDGFRa/Sca-1" BMSCs in WT and db/db bone-
marrow aspirates, using cell surface markers. C) CD45 /Ter1 19 /PDGFRa/Sca-1" BMSCs in
passage 3 cell culture. D) Single cell-based colony forming assay. E-F) Morphology of WT and
dBMSCs in culture. G) Comparison of nuclei size between WT and dBMSCs. H) Stained WT
and dBMSCs after 14 days in differentiation media as indicated. Data represented as mean =+ sd,

n>3. See also Figure S1.
Figure 2. Nrf2/Keap1 pathway affected in altered diabetic BMSCs

A) Detection of intracellular ROS using CM-H,DCFDA. ROS induces deacetylation of cell-
permeant CM-H,DCFDA to fluorescent DCF (Ex/em 492-495/517-527 nm) that is trapped. B)
Quantification of intracellular ROS. C) Comparison of ROS levels between WT-BMSCs and
stromal cells using CM-H,DCFDA. D-E) Fluorogenic detection of ROS in cytoplasm (red), and
nuclei and mitochondria (green). F) Gene expression of oxidative phosphorylation genes. G)
Glycolytic indices, derived from Seahorse Mito Stress analysis. (H) Mitochondrial respiratory
indices, derived from Seahorse Mito Stress analysis. I) Energy map of WT and dBMSCs,
comparison between passages 3 and 6. J-K) ELISA of nuclear Nrf2 and cytoplasmic Keapl
using lysates of WT and dBMSCs. L) Immunofluorescence of Nrf2 and Keapl proteins in WT
and dBMSCs. M) Relative expression of Nrf2 target genes in WT vs dBMSCs. Data represented

as mean + sd. *, p<0.05, n>3. See also Figure S2.
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Figure 3. Knockdown of Keapl restores Nrf2-mediated antioxidant and metabolic

mechanisms in dBMSCs

A) Relative expression of Keap! following silencing, 24 hours post-transfection. NS served as a
negative control for transfection. B) Immunoblot of nuclear and cytoplasmic lysates of untreated
and silenced WT and dBMSCs, 48 hours post-transfection. C-D) Relative protein expression of
Nrf2 and Keapl in cells as indicated. E) Immunofluorescence of Nrf2 and Keapl in dBMSCs
transfected with siNS or siKeap!. F) Flow cytometric analysis of intracellular ROS of indicated
cells after Keap! silencing, using CM-H,DCFDA. G) Percentage of PDGFRa /Sca-1" dBMSCs
following siKeap! application. H) Quantification of 8-OHdG adducts, an indicator of ROS-
mediated DNA damage. [-K) QRT-PCR of Nrf2 transcribed genes as indicated. L) Total
glutathione in cells. Data represented as mean =+ sd. *, p<0.05; **, p<0.01, n>3. See also Figure

S3, S4.
Figure 4. Nrf2 activation restores multipotency in diabetic BMSCs

A) Stained db/db and siKeap-dBMSCs at P3 and 14 days in differentiation media as indicated.
B-C) Relative expression of adipogenic genes. D-F) Relative expression of osteogenic genes. G-
H) Relative expression of chondrogenic genes. I) Transwell migration assay using WT or
dBMSCs as indicated. J) Relative expression of cell cycle regulators. K) Proliferation in cells

using MTT assay. Data represented as mean + sd. *, p<0.05; **, p<0.01, n>3.
Figure 5. BMSC multipotency dependent on restoration of Sox2 expression

A) Relative expression of Sox2. B) Time course of relative expression of Sox2 and YAP
following Keapl knockdown. *, p<0.05 in comparison to untreated dBMSCs. C) Alizarin red

staining of BMSCs as indicated, after 2 weeks in osteogenic media.
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Figure 6. siKeapl transfected dBMSCs reconstitute role in repair

A) BMSCs from WT or db/db mice were cultured and prepared 24 hours prior, with our without
transfection with siKeap!. 5,000,000 cells in 300ul were injected into the cutaneous wound bed
and immediate periphery, 24 hours post-excision. 100puL was seeded into the wound bed and the
remaining 200puL was seeded in 50uL aliquots in the immediate wound periphery. B)
Photographs of excisional wounds inoculated with BMSCs as indicated. C) Mean time to closure
of cutaneous wounds. D) Photometric quantification of wound area. E) H&E stains of tissue
sections of 10d wounds. Wound is to the left of image. Dashed black line, wound edge
epidermis. E) CD31 immunohistochemistry on 10d wound tissue. Scale bar, 100um. *, p< 0.05.

Data represented as mean + sd, **, p<0.01, n=4. See also Figure S5.

Figure 7. Model for regulation of BMSCs by the Nrf2/Keapl pathway and disruption in

diabetes

In steady-state, activation of the Nrf2/Keap1 pathway preserves redox metabolism, multipotency
and associated features of BMSCs. Nrf2 drives transcription of antioxidants, metabolic
modulators and Sox2 to maintain low ROS in BMSCs and maintain multipotency. In diabetes,
loss of Nrf2-driven transcription, high intracellular ROS promotes expression of adipogenic

genes and leads to commitment of BMSCs to an adipogenic fate.
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Supplemental Materials

Dysregulation of Nrf2/Keapl redox pathway in diabetes affects multipotency of stromal
cells

Piul S Rabbani, Marc A Soares, Sophia G Hameedi, Rohini L Kadle, Adnan Mubasher, Maria
Kowzun, Daniel J Ceradini

Supplemental Figures

Figure S1. Related to Figure 1.
Figure S2. Related to Figure 2.
Figure S3. Related to Figure 3.
Figure S4. Related to Figure 3.
Figure S5. Related to Figure 5.
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Figure S1. Related to Figure 1. Cell surface marker analysis of passage 3 BMSCs.

A) Passage 3 bone marrow was stained with CD45-PE and Ter119-PE to identify cells with and without these

hematopoietic lineage markers. B) Single color stains on CD45-/Ter119- P3 cells. C) Single color stains as
indicated.
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Figure S2. Related to Figure 2. Energy profiles of BMSCs with mitochondrial inhibitory
analysis.

A) Extracellular acidification rate (ECAR) analysis, and (B) oxygen consumption rate (OCR)
analysis in WT and dBMSCs. Baseline and measurements after addition of oligomycin,
FCCP (2 separate injections to detect maximal mitochondrial respiration), and
rotenone/antimycin A are shown.
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Figure S3. Related to Figure 3. ROS decreases in dBMSCs with Keapl inhibition.

A) Cytoplasmic and (B) nuclear ROS imaging following siKeapl transfection in dBMSCs. C, D)
Quantification of cells displaying ROS. At least 3 fields at 20x were used for counting
DAPI'ROS" and DAPI'ROS" cells.
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Figure S4. Related to Figure 3. Antioxidant gene expression changes in
db/db BMSCs following silencing Keap1.

Relative expression of antioxidant genes, downstream of Nrf2, 24 hours after
siKeap1 transfection in db/db BMSCs.
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Figure S5. Related to Figure 5. siKeap7-db/db BMSCs accelerate diabetic wound healing
and lower pathologic wound burden.

A) Wound burden (area under curve of Figure 5D). B) Wound healing pace of diabetic wounds
with seeded BMSC as indicated. Color of dashed lines correspond to BMSC treatments in key,
and slope indicates rate of closure.
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