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Abstract

Hypoxia inducible factor 1o (HIF1a) is a master regulator leading to metabolic adaptation, an essential physiological process
to maintain the survival of stem cells under hypoxia. However, it is poorly understood how HIFla translocates into the
nucleus in stem cells under hypoxia. Here, we investigated the role of a motor adaptor protein Bicaudal D homolog 1
(BICD1) in dynein-mediated HIF1a nuclear translocation and the effect of BICD1 regulation on hypoxia adaptation and its
therapeutic potential on human umbilical cord blood-derived mesenchymal stem cells (UCB-MSCs). In our results, silencing
of BICDI but not BICD2 abolished HIF1a nuclear translocation and its activity. BICD1 overexpression further enhanced
hypoxia-induced HIF1a nuclear translocation. Hypoxia stimulated direct bindings of HIF1a to BICD1 and the intermediate
chain of dynein (Dynein IC), which was abolished by BICD! silencing. Akt inhibition reduced the binding of BICD1 to
HIFla and nuclear translocation of HIF1a. Conversely, Akt activation or GSK3f silencing further enhanced the hypoxia-
induced HIFla nuclear translocation. Furthermore, BICD] silencing abolished hypoxia-induced glycolytic reprogramming
and increased mitochondrial ROS accumulation and apoptosis in UCB-MSCs under hypoxia. In the mouse skin wound
healing model, the transplanted cell survival and skin wound healing capacities of hypoxia-pretreated UCB-MSCs were
reduced by BICD] silencing and further increased by GSK3f silencing. In conclusion, we demonstrated that BICD1-induced
HIF1a nuclear translocation is critical for hypoxia adaptation, which determines the regenerative potential of UCB-MSCs.

Introduction

Edited by D. Aberdam L. . .
Hypoxia inducible factor 1 (HIF1) is a master regulator for

hypoxia-stimulated metabolic adaptation through the
induction of anaerobic glycolytic enzymes [1]. The HIF1-
induced metabolic switch during hypoxia adaptation is a key
physiological process to reduce the oxidative metabolism-
dependent toxic ROS production and ATP demands [2—4].
This HIF1-induced metabolic reprogramming is required for
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maintaining the survival of stem cells under hypoxia [5, 6].
Under hypoxia, the alpha subunit of HIF1 (HIFla) accu-
mulates by the inactivation of von Hippel-Lindau tumor
suppressor protein (pVHL)-mediated proteosomal degrada-
tion and dimerizes with HIF1p in the nucleus [7, 8]. Pre-
vious studies investigating the mechanism of HIFla nuclear
transport demonstrated that microtubule stabilization is an
important factor for HIFla nuclear translocation under
hypoxia [9, 10]. In addition, it has been suggested that a
microtubule motor protein, cytoplasmic dynein, mediates the
microtubule association of HIFla involved in its nuclear
translocation [11]. These reports provide proof that dynein-
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mediated HIFla nuclear transport is a key factor regulating
the hypoxia adaptation under hypoxia with the low activity
of pVHL [9, 11]. However, the mechanism for how hypoxia
regulates dynein-mediated HIFla nuclear translocation is
poorly understood. Moreover, microtubule stabilizers and
dynein inhibitors have a limitation in that they affect the
general cell physiology as well as HIFla. Therefore, an
investigation into the control of the interaction between
dynein and HIF1a will provide a new strategy for enhancing
the hypoxia adaptation capacity of stem cells.

Bicaudal D (BICD) is an evolutionarily conserved motor
adaptor protein between microtubule-associated motor
proteins including dynein and their cargo for minus end-
directed transport [12]. The N-terminal region of BICD is
recruited to microtubule motor proteins and organelles [12,
13]. Meanwhile, the C-terminal region of BICD has a cargo
binding domain involved in the transport of Rab6-
dependent vesicles, viral genome and several kinds of
proteins [14—16]. It has been reported that BICDs have
physiological roles in various kinds of intracellular cargo
transport and in the central positioning of the centrosome
and nucleus in mammalian neuron and mitotic cells [17].
Splinter et al. [18] reported that BICD2 binds to nuclear
pore complex (NPC) on the nuclear envelope in the G2
phase prior to mitosis, but it does not interact with Rab6.
This indicates that BICD has mutually exclusive roles
depending on the cellular physiological status. Noticeably,
BICD2 directly binds to NPC, and a SUMO E3 ligase
RanBP2, also known as a Nup358, is presented as a major
interacting partner of BICD [18, 19]. RanBP2 is a major
component of the cytoplasmic filament of NPC and closely
associated with the nuclear translocation of transcription
factors [20]. Although the role of BICD in HIFla nuclear
transport has not been reported yet, previous findings sug-
gest a possibility that BICD could be a factor regulating
dynein-mediated HIF1a nuclear translocation.

Human umbilical cord blood-derived mesenchymal
stem cells (UCB-MSCs) are abundant non-embryonic
multipotent stem cell sources that have multiple lineage
differentiation potential and immune modulation capacity
[21, 22]. Many stem cell studies have shown that
mesenchymal stem cell (MSC)-based therapy is a pro-
mising therapeutic strategy for the treatment of inflam-
matory, ischemic and neurodegenerative diseases [23,
24]. However, the low survival rate of transplanted MSCs
induced by oxidative stress is the greatest obstacle to
MSC transplantation into the patients. Importantly,
HIFIA mRNA expression is 32-fold higher in UCB-
MSCs than in HEK cells under normoxia suggesting that
UCB-MSCs have a great capacity for HIFla-induced
metabolic adaptation under hypoxia [25]. Indeed,
hypoxia-preconditioned MSCs exhibit a high survival
rate and therapeutic potential compared with normoxia-

preconditioned MSCs [26-28]. Concerning that HIFl«
can be stimulated by serum-activated Akt pathway, cul-
ture condition of the UCB-MSC can lead higher HIFl«a
expression level than other cells [29-32]. Therefore, an
investigation into the regulation of HIFla nuclear trans-
location for hypoxia adaptation is necessary to improve
the therapeutic effect of MSC transplantation. To address
this issue, we investigated the role of BICD in the nuclear
translocation of HIFla and determined the effects of
BICD regulation on hypoxia adaptation and the regen-
erative potential of UCB-MSCs.

Materials and methods
Materials

The UCB-MSCs were acquired from Kang Stem Biotech
(Seoul, Korea). Fetal bovine serum (FBS) and antibiotics
were purchased from Hyclone (Logan, UT, USA) and
Gibco (Grand Island, NY, USA), respectively. The reagents
used in this study were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and are listed as follows: Ciliobrevin D
(Sigma-Aldrich, #250401), nocodazole (Sigma-Aldrich,
#M1404), wortmannin (Sigma-Aldrich, #W1628), MG-132
(Sigma-Aldrich, #M7449), and SC-79 (Sigma-Aldrich,
#SML0749). The antibodies used in this study are listed as
follows: anti-HIF1la (Abfrontier, Seoul, Korea, #YF-
MA13455), anti-Lamin A/C (Santa Cruz Biotechnology,
Dallas, TX, USA, #sc2068), anti-a-Tubulin (Abfrontier,
#LF-PAO146), anti-intermediate chain of dynein (Dynein
IC, Santa Cruz Biotechnology, #sc-66866), anti-BICDI1
(Novus Biologicals, Littleton, CO, USA, #NBP1-78735),
anti-BICD2 (Novus Biologicals, #NBP1-81488), anti-
Importin o3 (Abfrontier, #YF-MA10506), anti-RanBP2
(Novus Biologicals, #NB120-2938), anti-B-Actin (Santa
Cruz Biotechnology, #sc-47778), anti-p-GSK3p (Ser9,
Santa Cruz Biotechnology, #sc-11757), anti-GSK3p (Santa
Cruz Biotechnology, #sc-9166), anti-Cleaved caspase-3
(Cell Signaling Technology, Beverly, MA, USA, #9661)
and anti-Caspase-9 (Santa Cruz Biotechnology, #sc-8355).
The plasmids for pcDNA3.1/BICD1-c-eGFP and
pcDNA3.1/c-eGFP were purchased from KomaBiotech,
Seoul, Korea). mRNA primers for HK1, LDHA, G6PD, and
ACTB were purchased from Bioneer (Daejeon, Korea).
Small interfering RNAs (siRNAs) for BICDI, BICD2,
GSK3p, and NT were purchased from Dharmacon (Lafay-
ette, CO, USA).

Cell cultivation and hypoxia treatment

The UCB-MSCs were cultured with a-minimum essential
medium (a-MEM; Hyclone, #SH30265.01), 10% FBS and
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antibiotics at 37 °C with 5% CO,. Cells grown to 80%
confluency were washed with phosphate-buffered solution
(PBS; Hyclone, #SH30256). To reduce the effect of the
serum, the UCB-MSCs were incubated with o-MEM with
5% Knockout™ serum replacement (SR; Gibco,
#10828028) for 24 h. The SK-N-MC neuroblastoma cells
were provided by the Korean Cell Line Bank (Seoul,
Korea). The SK-N-MCs were cultured with high glucose
Dulbecco’s  essential medium (DMEM; Hyclone,
#SH30243.01), 10% FBS and antibiotics at 37 °C with 5%
CO,. For serum reduction, the SK-N-MCs were incubated
with DMEM with 2% SR for 24 h prior to hypoxia treat-
ment. BICD1 knock out (BICD1 KO) SK-N-MCs were
established using CRISPR/Cas9 system. For the hypoxia
treatment, a modular hypoxia incubation chamber (Billups-
Rothenberg, Del Mar, CA, USA) was used. The hypoxia
chamber was purged with hypoxic gas (0.5% O,, 5% CO,,
and 94.5% N») at a 5 L/min flow rate for 15 min and then
incubated in a cell incubator at 37 °C.

Western blot analysis

The western blot analysis was performed essentially
according to the protocol previously described using the
indicated antibodies [33, 34]. Briefly, cells were washed in
ice-cold PBS twice and harvested with a cell scraper. Pel-
leted samples were lysed with RIPA lysis buffer (Atto,
Tokyo, Japan, #AE6500) with protease and phosphatase
inhibitors. Cell debris was removed by centrifugation
(13,000 x g, 4 °C, 30 min). Protein determination was per-
formed by a bichichoninic acid (BCA) quantification assay
(Thermo Fisher, #23227). Laemelli sample buffer was
added to the samples. Then, the protein samples were boiled
at 100 °C for 5 min. Finally, 10 pg of protein samples were
loaded into a 8-12% SDS-polyacrylamide gel and trans-
ferred to a polyvinylindene fluoride (PVDF) membrane.
The membrane was washed with tris-buffered saline con-
taining 0.2% Tween-20 {TBST; 150 mM NaCl, 10 mM
Tris-HC1 (pH 7.6), 0.1% Tween-20} three times. The
membranes were blocked with 5% skim milk (Gibco, Grand
Island, NY, USA, #232100) in TBST for 30 min. The
membrane was incubated with a primary antibody solution
(1:1,000 dilution) at 4°C overnight. After washing with
TBST three times, the membrane was incubated with anti-
mouse or rabbit horseradish peroxidase (HRP)-conjugated
secondary antibody solution (1:10,000 dilution) at room
temperature for 2h. Western blots were detected with a
chemiluminescence detection kit (Advansta Inc., Menlo
Park, CA, USA, #K-12045-D50). Protein bands were ana-
lyzed with the Imagel] software (developed by Wayne
Rasband, National Institutes of Health, Bethesda, MD,
USA; imagej.nih.gov./ij/). To blot the control proteins
including B-Actin, Lamin A/C and a-Tubulin, membranes
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were incubated in stripping buffer (1.5% glycine, 0.2%
SDS, 1% Tween-20, pH 2.2) for 30 min. For the preparation
of the cytosolic and nuclear fractionized samples, the
EzSubcell™ subcellular fractionation/extraction kit (Atto,
Tokyo, Japan, #WSE-7421) was used. Cytosolic and
nuclear samples for the western blot analysis were prepared
according to the manufacturer’s instructions. Nuclear
HIFla expression levels in nuclear fractionized samples
were normalized by Lamin A/C expression levels.

Immunocytochemistry analysis

For the immunocytochemistry, UCB-MSCs were fixed with
4% paraformaldehyde (PFA; Lugen Sci, Seoul, Korea,
#LLGB-1175) for 10min, and then incubated in 0.5%
Tween-20 for 10 min. Cells were incubated with primary
antibodies in PBS containing 0.1% Tween-20 (PBST; 1:100
dilution) for 2 h and washed with PBS three times. Cells
were incubated with Alexa Fluor" 488 or 555-conjugated
secondary antibodies in PBST (1:100 dilution) for 1 h.
Immunofluorescence stained samples were visualized by a
super-resolution radial fluctuations (SRRF) imaging system
(Andor Technology, Belfast, UK) [35]. Relative fluores-
cence intensities of HIFla, HIF1o/BICD1 and HIF1lo/
Dynein IC were quantified with the Image] software. The
co-localization rate of HIFla with BICD1 was analyzed
with the MetaMorph™ software (Universal Imaging, West
Chester, PA, USA).

Co-immunoprecipitation

Harvested = UCB-MSCs  were lysed with  co-
immunoprecipitation lysis buffer (20mM Tris—-HCl pH
8.0, 137mM NaCl, 1% Nonidet P-40, and 2 mM EDTA)
with a protease inhibitor and incubated for 30 min on ice.
Protein concentrationf determination was performed by a
BCA quantification assay (Thermo Fisher, #23225). Primary
antibodies used in this study were immobilized with Sur-
eBeads™ Protein G magnetic beads (BioRad, Hercules, CA,
USA, #161-4021). Immobilized magnetic beads were
washed in PBST three times and then incubated with cell
lysates for 6 h at 4 °C. Beads were washed in PBST three
times and incubated with elution buffer (20 mM glycine pH
2.0) for 5min. 1 M phosphate buffer and Laemelli sample
buffer were added to the samples. Then, the protein samples
were boiled at 100 °C for 5 min. Protein analysis was per-
formed by western blot analysis. Anti-mouse or rabbit IgG
antibodies were used as a negative control.

Transfection of siRNAs for gene silencing

Prior to normoxia or hypoxia treatment, UCB-MSCs were
incubated with 25nM of the indicated siRNAs and
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transfection reagent TurboFect™ (Thermo Fisher, Wal-
tham, MA, USA, #R0531) for 24 h without antibiotics. The
medium was changed to a-MEM with 5% SR and 1%
antibiotics prior to the normoxia or hypoxia treatment. The
sequences for the siRNAs indicated in this study are
described in Table S1. We confirmed that the siRNA effi-
cacies for BICD1, BICD2 and GSK3p were at least 70%.
Non-targeting siRNA (NT) was used as a control siRNA.

Transfection of plasmid DNA

Prior to the normoxia or hypoxia treatment, UCB-MSCs
were incubated with a mixture of plasmid DNA (pcDNA3.1/
BICDI1-cEGFP or pcDNA3.1/cEGFP), Lipofectamine™
Stem transfection reagent (Thermo Fisher, #STEMO0015) and
o-MEM for 6h. The medium was changed to a-MEM
medium with 10% SR and 1% antibiotics and incubated for
18 h prior to the normoxia or hypoxia treatment.

Polymerase chain reaction (PCR)

RNA samples were extracted using a commercial RNA
extraction kit (TaKaRa, Otsu, Shiga, Japan, #9767). Then, 1
pg of RNA was reverse-transcribed with a reverse
transcription-PCR premix (iNtRON Biotechnology, Seong-
nam, Korea, #25081). Reverse transcription was performed
for 1h at 45°C followed by 5min at 95°C. The cDNA
samples were amplified with the mRNA primers indicated in
this study and a TB™ Green Premix Ex Taq™ (TaKaRa,
#RR420A). The relative mRNA expression levels of the tar-
get genes were quantified with double delta Ct analysis, and
the data were normalized with the ACTB mRNA expression
levels. Quantitative real-time PCR was performed as follows:
10 min at 95 °C for DNA polymerase activation and 50 cycles
of 15s at 94°C, 15s at 55°C, and 30 s at 72 °C. The identity
and specificity of the amplified PCR product was validated by
melting curve analysis. The sequences of the mRNA primers
used in this study are described in Table S2.

In situ proximity ligation assay (PLA)

HIF10/BICD1 and HIFla/Dynein IC interactions were
detected in situ using Duolink™ II secondary antibodies
and detection kits (Sigma—-Aldrich, #DUO092001,
#DUO92005, and #DUO92008) according to the manu-
facturer’s instructions. Briefly, PLA probes and primary
antibodies against anti-HIF1a, anti-BICD1 and anti-Dynein
IC were applied to fixed cells. Then, Duolink™ secondary
antibodies were added. These secondary antibodies were
ligated together to make a closed circle by the Duolink™
ligation solution if the antibodies were in close proximity
(<40 nm). Polymerase and amplification buffer were added
to amplify the positive signal (red dot) of exiting closed

circle and detected by SRRF microscopy. DAPI was used
for counterstaining of the nucleus.

Measurement of HIF1 transcriptional activity

The transcriptional activity of HIF1 was assessed via a
HIF1-responsive dual firefly/Renilla luciferase Cignal™
reporter assay system (Qiagen, Hilden, Germany, #CCS-
007L). UCB-MSCs were seeded at a density of 4 x 10°
cells/well with a transfection mixture of 200 ng of Cignal™
reporter construct, 25 ng of siRNA and Lipofectamine™
Stem transfection reagent for 24 h according to the manu-
facturer’s instructions. Cells were incubated under nor-
moxia or hypoxia condition for 24 h. The HIF1 reporter
activity in UCB-MSCs was assessed using a dual luciferase
reporter assay system (Promega, Madison, WI, USA,
#E1910). The DLR assay was performed according to the
manufacturer’s instructions. The luciferase activities of
firefly and Renilla were measured using a luminometer
(Victor3; Beckman Coulter, Fullerton, CA, USA)

Measurements of the hexokinase activity and
lactate production

The hexokinase colorimetric assay kit (Biovision, Mountain
View, CA, USA, #K789) and lactate colorimetric assay kit
(Biovision, #K607) were used to measure the hexokinase
activity and lactate production in the UCB-MSCs. The
assays were performed according to the manufacturer’s
instructions. The activity of the hexokinase and cellular
lactate levels in the UCB-MSCs were measured with a
microplate reader at 450 nm for the hexokinase activity
assay and at 570 nm for the lactate assay.

Intracellular pH measurement

To measure the intracellular pH, we used the cell permeable
pH-sensitive fluorescent probe BCECF-AM [2°,7’-Bis-(2-
carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl
ester; Thermo Fisher, #B1150]. After the hypoxia or nor-
moxia treatment, cells were washed with PBS twice. Then,
the cells were incubated in 2 uM of BCECF-AM in PBS and
kept at 37 °C for 10 min. Cells were washed with PBS twice.
The fluorescence intensity (excitation/emission = 485/535
nm) of the BCECF-AM-stained cells were measured with a
luminometer (Victor3).

Annexin V-FITC/ Pl staining
Fluorescein isothiocyanate-conjugated annexin V (Annexin
V-FITC) and propidium iodide (PI) staining analysis was

performed with an Annexin V-FITC apoptosis detection kit
(BD Bioscience, Franklin Lakes, NJ, USA, #556547). The
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analysis was performed according to the manufacturer’s
instruction. After the normoxia or hypoxia treatment, UCB-
MSCs (1x10° cells) were suspended in binding buffer.
Annexin V-FITC and PI were added to the samples and
incubated for 15 min at room temperature. Apoptosis of the
samples was measured with flow cytometry (Quanta SC;
Beckman Coulter). The samples were analyzed by the
flowing software 2 (developed by Perttu Terho, Turku,
Finland). Annexin V-FITC-negative and Pl-positive (Q1),
Annexin V-FITC-positive and Pl-positive (Q2), and
Annexin V-FITC-positive and Pl-negative (Q4) UCB-
MSCs were considered as late apoptotic, apoptotic,
early apoptotic, respectively. Annexin V-FITC-negative
and Pl-negative (Q3) UCB-MSCs were considered
viable. The following formula was used to determine the
percentage of apoptotic cells: Apoptotic cells (%) = QI +

Q2 + Q4.

Water soluble tetrazolium salt (WST-1) cell
proliferation and viability assay

The proliferation and viability of the UCB-MSCs were
determined with the WST-1 cell viability assay kit (EZ-
Cytox™; Daeil Labservice, Seoul, Korea, #EZ-1000). The
assay was performed according to the manufacturer’s
instructions. Briefly, BICDI, BICD2 or NT siRNA-
transfected UCB-MSCs cultured in 96-well plates were trea-
ted with normoxia or hypoxia for 24 h. Cells were incubated
in 10 pL of EZ-Cytox™ solution in 100 uL of medium for 30
min in a cell incubator at 37 °C. Then, the absorbance was
measured with a microplate spectrophotometer (Epoch 2™,
BioTek, Winooski, VT, USA) at 450 nm.

Trypan blue cell viability assay

The UCB-MSCs were washed twice with PBS, and
then incubate with a 0.05% trypsin and 0.5 mM EDTA
solution to detach the cells. Soybean trypsin inhibitor
was added to cell suspension solution to quench trypsin.
Cell suspension solution was centrifugated 1,500 x g
for 5min. Cell pellet was suspended with 0.4% trypan
blue (Sigma—Aldrich, #T6146) in PBS to stain the dead
cells. Typan blue-stained and -unstained cells were
counted by using a Petroff-Hausser counting chamber
(Hausser Scientific, Horsham, PA, USA). Cell viability =
[{1-(Trypan blue-stained cell number/total cell num-
ber)} x 100].

Measurements of intracellular ROS, mitochondrial
ROS, and mitochondrial membrane potential

The CM-H,DCFDA (Thermo Fisher, #C6821), MitoSOX
Red™ (Thermo Fisher, #M36008) and
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tetramethylrhodamine, ethyl ester (TMRE; Sigma-
Aldrich, #87917) was used for measure the intracellular
ROS, mitochondrial ROS and mitochondrial membrane
potential, respectively. The detailed protocols were pre-
viously described [33, 34]. The fluorescence intensity of
CM-H,DCFDA was measured with a luminometer at an
excitation and emission wavelength of 485 and 535 nm
and those of MitoSOX Red™ and TMRE were measured
at an excitation and emission wavelength of 530 and 580
nm.

Mitochondrial stress test and glycolysis stress test
assays

The oxygen consumption rate (OCR) under mitochon-
drial stress test assay and the extracellular acidification
rate (ECAR) under glycolysis stress test assay were per-
formed using the Seahorse XF24 Extracellular Flux
Analyzer (Agilent Technologies, Santa Clara, CA, USA).
Mitochondrial stress and glycolysis stress test assays
were performed using XF Cell Mito Stress Test kit
(Agilent Technologies, #103015-100) and XF Glycolysis
Stress Test Kit (Agilent Technologies, #103020-100),
respectively. The assays were performed according to the
manufacturer’s instructions. The UCB-MSCs (1 x 10*
cells/well) were cultured in XF24 cell culture
microplate (Agilent Technologies, #100777-004). For
mitochondrial stress test assay, oligomycin (1 uM), car-
bonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP, 0.5 uM) and antimycin A and rotenone mixture
(0.5 uM) were treated to cell culture plate to determine
the mitochondrial respiration including basal respiration,
maximal respiration and spare respiratory capacity. For
glycolysis stress test assay, D-glucose (10 mM), oligo-
mycin (1 uM) and 2-deoxy-D-glucose (50 mM) were
treated to cell culture plate to determine the glycolytic
flux including glycolysis, glycolytic capacity and glyco-
lytic reserve.

Pl staining with live-cell imaging

Cells were transfected with NT or BICDI siRNA for 24 h
and then incubated with 0.1 ug/mL of PI-supplied SR
media in a live-cell imaging chamber (Tokai, Tokyo,
Japan). Normoxic (5% CO,, 21% O,, and 74% N,) or
hypoxic (5% CO,, 0.5% O,, and 94.5% N,) gas
was supplied to chamber for 48h. Differential
interference contrast images and red fluorescence protein
images were acquired over 72h at 6 h intervals with an
Olympus IX81-ZDC zero drift microscope and a Cascade
512 B camera (Roper Scientific, Tucson, AZ, USA). The
number of Pl-positive cells was determined with the
ImageJ software.
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Mouse skin wound healing model

All procedures for the mouse skin wound healing model
were performed following the National Institutes of Health
Guidelines for Humane Treatment of Animals and approved
by the Institutional Animal Care and Use Committee of
Seoul National University (SNU-161128-6). Eight-week-
old male Institute of Cancer Research (ICR) mice were
used. All mice were anesthetized with a mixture of
Alfaxan™ (80 mg/kg, Jurox Pty Ltd, Rutheford, Australia)
and xylazine HCI (10 mg/kg, Rompun™, Bayer, Leverku-
sen, Germany). The authors who have a doctor of veterinary
medicine license granted by the Ministry of Agriculture and
Forestry of Republic of Korea performed wound surgery.
The procedure for the mouse skin wound healing surgery
was performed as previously described [33]. Briefly, the
back of an anesthetized mouse was shaved and scrubbed
with an organic iodine solution and 70% ethanol solution
for disinfection during the surgery. A wound in the back
skin was made by using a 6 mm diameter circular biopsy
punch. BICDI, GSK3p or NT siRNA-transfected UCB-
MSCs were pretreated with normoxia or hypoxia for 24 h.
Then, 1x10° UCB-MSCs were injected into the dermis
intradermally at three sites around each wound. Experi-
mental mice groups were divided into the seven groups:
mice given vehicle (group 1, n = 7); mice given NT siRNA-
transfected UCB-MSCs (group 2, n=7); mice given NT
siRNA-transfected UCB-MSCs with hypoxia pretreatment
(group 3, n="7); mice given BICDI siRNA-transfected
UCB-MSCs with hypoxia pretreatment (group 4, n=7);
mice given BICDI siRNA-transfected UCB-MSCs (group 5,
n="17); mice given GSK3f siRNA-transfected UCB-MSCs
with hypoxia pretreatment (group 6, n =7); and mice given
GSK3p siRNA-transfected UCB-MSCs. All gross images
were acquired at post-injection days 0, 4, 7 and 10. After the
surgery, wounds were covered with Tegaderm™ (3M,
London, Canada). The wound closure rate was analyzed by
the ImageJ software. All mice were euthanized at post-
injection day 10. Acquired skin samples were fixed with 4%
PFA and then dehydrated with 20% and 30% sucrose
solution. Dehydrated skin samples were embedded in opti-
mum cutting temperature (O.C.T.) compound (Sakura
Finetek, CA, USA, #4583) and stored in a deep freezer kept
at —80 °C. Frozen skin samples were sectioned to a 10 um
thickness using a cryostat (Leica CM 1520, Leica, Wetzlar,
Germany) and mounted on silane-coated slides (Muto Pure
Chemicals, Tokyo, Japan, #5116-20F). The vessel intensities
in the skin wounds were analyzed with the ImageJ software.

Hematoxylin and eosin (H & E) staining

Skin-mounted slides were fixed with 4% PFA for 5 min,
and then stained with H & E for 5 min. Samples were

washed with 70%, 95%, and 100% ethanol three times and
then incubated in xylene for Smin. All images were
acquired by light microscopy. Histological evaluation and
reepithelization scoring were performed in a blind fashion.
The reepithelization of the wound site was evaluated
according to a criteria described in Table S3.

Immunohistochemistry

Skin samples on slides were fixed in 80% acetone solution
for 20 min. Slides were washed in PBS and incubated in 5%
normal goat serum (Sigma-Aldrich, #566380) for 30 min.
Samples were incubated with primary antibody in
PBS containing 0.2% Tween-20 (PBST) for 2h. After
washing with PBST, samples were incubated with Alexa
Fluor™ 488 or 555-conjugated secondary antibodies in
PBST (1:100 dilution) for 1h. Immunohistochemistry
images were acquired by Eclipse Ts2™ fluorescence
microscopy (Nikon, Tokyo, Japan). All images were ana-
lyzed with the MetaMorph™ software.

Statistical analysis

Quantitative data are shown as the mean + standard error of
the mean (S.E.M). Differences among experimental groups
were analyzed with the analysis of variance. Comparing the
means of treatment groups with that of the control was
conducted with the Student’s #-test. p <0.05 was considered
statistically significant.

Results

Hypoxia-stimulated HIF1a nuclear translocation is
dependent on BICD1

We investigated the role of microtubules and cytosolic
dynein in the nuclear translocation of HIFla in UCB-MSCs
under hypoxia. Our data revealed that hypoxia-induced
HIFla nuclear translocation was suppressed by the noco-
dazole and ciliobrevin D pretreatment (Supplementary Fig.
S1A-C). And, the ciliobrevin D pretreatment with hypoxia
increased the cleaved caspase-9 protein expression and the
percentage of Annexin V-positive cells compared to the
hypoxia treatment alone (Supplementary Fig. S2A, B).
These results indicate that hypoxia-induced HIFla nuclear
translocation is dependent on microtubule stability and
cytosolic dynein activity, critical for the survival of UCB-
MSCs under hypoxia. Next, we investigated whether
BICD1 and BICD2 interact with dynein in UCB-MSCs
with or without hypoxia. We found that hypoxia
stimulated the binding of HIF1« to BICD1, BICD2, Dynein
IC and a-Tubulin (Fig. la). Meanwhile, ciliobrevin D
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Fig. 1 Role of BICD1 in dynein-mediated HIF 1o nuclear translocation
in UCB-MSCs. a Co-immunoprecipitation of BICD1, BICD2, Dynein
IC, and a-Tubulin with IgG and HIFla antibodies were shown in left
panel. Total protein expressions in lysate were shown in right panel. n
=3. *p <0.05 vs. normoxia control. b—d Cells were transfected with
BICD1, BICD?2 or NT siRNA prior to hypoxia incubation for 24 h. b
HIFla, Lamin A/C, and a-Tubulin in cytosolic and nuclear fractio-
nized samples were detected by western blot. n=3. ¢ Cells were
immunostained with HIFla-specific antibody. Scale bars are 8 um
(Magnification, x 1,000). n =5. d HIF1 activity was measured by dual
luciferase reporter assay. n = 6. *p <0.05 vs. normoxia control with

pretreatment did not affect the binding of «-Tubulin to
BICD1 and BICD2 (Supplementary Fig. S3). siRNA
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#

NT siRNA transfection, *p <0.05 vs. hypoxia with NT siRNA trans-
fection. e, f Cells were transfected with plasmid vector for 24 h prior to
hypoxia treatment for 24 h. e HIFla, Lamin A/C, and o-Tubulin in
cytosolic and nuclear fractionized samples were detected by western
blot. n=3. f HIF1 activity was measured by dual luciferase reporter
assay. n ="7. HIFla expression in nuclear fractionized samples was
normalized by Lamin A/C. Quantitative data are presented as a mean
+ S.E.M. All blot and immunofluorescence images are representative.
*p <0.05 vs. normoxia control with pcDNA3.1/cEGFP vector trans-
fection, "p<0.05 vs. hypoxia with pcDNA3.1/cEGFP vector
transfection

transfection of BICDI but not BICD2 inhibited the HIFla
nuclear translocation and activity (Fig. 1b—d). And, the
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hypoxia-induced HIFla nuclear translocation and activity
were further increased by pcDNA3.1/BICD1-cEGFP plas-
mid transfection (Fig. le, f and Supplementary Fig. S4). To
detect the prolyl hydroxylated form (Hyp402 and Hyp564)
of HIFla, we treated MG132 to UCB-MSCs under nor-
moxia or hypoxia [36]. Our results showed that BICDI
silencing or overexpression did not affect the hypoxia-
reduced Hyp402 and Hyp564 of HIFla levels (Supple-
mentary Fig. S5A, B).

We investigated the effect BICD1 or BICD?2 silencing on
HIFla nuclear translocation in SK-N-MC neuroblastoma
cell line as a non-MSC cell model. Hypoxia increased the
bindings of both BICD1 and BICD2 to HIF1a in SK-N-MC
(Supplementary Fig. S6A). Nuclear HIF1a level in both
BICDI and BICD?2 siRNAs-cotransfected SK-N-MC with
hypoxia is the lowest among the hypoxia-treated experi-
mental groups (Supplementary Fig. S6B). BICD?2 silencing
significantly suppressed hypoxia-induced HIFla nuclear
translocation in BICD1 KO SK-N-MC cell line (Supple-
mentary Fig. S7A, B). These results indicate that both
BICD1 and BICD2 have a capacity to mediate HIFla
nuclear translocation in SK-N-MCs under hypoxia.

Hypoxia stimulated the interaction between BICD1
and HIF1a is required for the recruitment of HIF1a
to dynein

Next, we determined the effect of hypoxia on the interaction
between HIFla and BICDI. Our results show that hypoxia
stimulated the binding of BICD1 to HIF1a, Importin a3 and
RanBP2 (Fig. 2a). Hypoxia significantly increased the co-
localization of HIF1a with BICDI in the cytoplasmic region,
which was also shown by the HIF1o/BICD1 proximity
ligation assay (PLA) signal compared to the control (Fig. 2b,
c¢). Because the hypoxia-induced HIFla protein level may
contribute to the interaction of HIF1a with BICD1, we did a
pretreatment with a proteasome inhibitor MG132 to inhibit
the additional induction of the HIFla protein level by
hypoxia. Under the MG132 pretreatment condition, hypoxia
stimulated the binding of HIF1a to BICD1 although the total
HIF1a protein levels were similar in the UCB-MSCs with or
without hypoxia (Fig. 2d). Consistently, the immunocy-
tochemistry and dual luciferase reporter assay data revealed
that hypoxia stimulated HIF1 activity as well as the inter-
action between HIFla and BICD1 (Fig. 2e, f). In addition,
BICDI siRNA transfection inhibited the hypoxia-induced
binding of HIFla to Dynein IC (Fig. 2g). The hypoxia-
induced PLA signal of HIFla/Dynein IC was significantly
abolished by the BICDI siRNA transfection (Fig. 2h). Fur-
thermore, CoCl, treatment induced the binding of HIFla to
Dynein IC and HIFla nuclear translocation, abolished by
BICDI silencing (Supplementary Fig. S8A, B).

Akt-inactivated GSK3p increases the interaction
between BICD1 and HIF1q, leading to HIF1a nuclear
translocation under hypoxia

We investigated the mechanism on how BICD1 stimulates
hypoxia-induced HIFlo nuclear translocation. Our data
revealed that hypoxia inhibited the bindings of BICDI to
Akt and GSK3p (Supplementary Fig. S9). However, no
differences were observed in the mRNA expression levels
of BICDI, BICD2, DYNCIHI, and DYNC2HI between
normoxia and hypoxia, suggesting that BICD1 regulation
by hypoxia is independent of its protein level (Supple-
mentary Fig. S10). Pretreatment of the PI3K/Akt inhibitor
wortmannin suppressed the hypoxia-stimulated binding of
BICD1 to HIFla and the nuclear translocation of HIFla
(Fig. 3a—c). In addition, the dual luciferase reporter assay
results also show that Akt inhibitor pretreatment suppressed
the hypoxia-increased HIF1 activity (Fig. 3D). Conversely,
pretreatment with the Akt activator SC-79 significantly
enhanced the hypoxia-stimulated HIFla nuclear transloca-
tion (Fig. 3e, f). Pretreatment with the Akt inhibitor reduced
the hypoxia-induced inhibitory phosphorylation of GSK3p
at the Ser9 residue, suggesting that hypoxia inactivates
GSK3p via Akt (Supplementary Fig. S11). Thus, we further
investigated the effect of GSK3p silencing on the hypoxia-
induced interaction between BICD1 and HIFla. GSK3p
siRNA transfection abolished the hypoxia-stimulated bind-
ing of BICDI1 to HIFla (Fig. 4a, b). Moreover, an increased
HIF1a nuclear translocation and activity in GSK3f siRNA-
transfected UCB-MSCs with hypoxia compared to the non-
targeting (NT) siRNA-transfected UCB-MSCs with
hypoxia. And, the GSK3p siRNA-transfected UCB-MSCs
with normoxia stimulated the HIF1a nuclear translocation
and activity compared to the NT siRNA-transfected UCB-
MSCs with normoxia (Fig. 4c—e).

BICD1 silencing induces the glycolytic switch
suppression and mitochondrial ROS accumulation
resulting in mitochondrial damage

We investigated the effect of BICDI1 regulation on glyco-
lysis and intracellular ROS accumulation in UCB-MSCs.
Our data revealed that hypoxia increased the mRNA
expression levels of HIF1-targeted glycolysis enzymes
including HK1, LDHA, and G6PD and other HIF1 target
genes including EPO and BNIP3 were inhibited by BICDI
siRNA transfection; however, they were enhanced by
GSK3p siRNA transfection (Fig. 5a and Supplementary Fig.
S12). Hypoxia-stimulated hexokinase activity and lactate
production were abolished by transfection of BICD1 siRNA
but not by BICD2 siRNA (Fig. 5b, c). Because recent stu-
dies have shown that chronic hypoxia-induced intracellular

SPRINGER NATURE
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alkalization is favorable for glycolysis [37, 38], we inves-
tigated the role of BICDI in hypoxia-induced Na™/H*
exchanger isoform 1 (NHE1) expression and intracellular
alkalization in UCB-MSCs. NHEI mRNA expression and
BCECF-AM fluorescence intensity were abolished by
BICDI siRNA transfection; however, they were further
increased by GSK3p siRNA transfection (Fig. 5d, e). Total
and mitochondrial ROS levels in NT siRNA-transfected

SPRINGER NATURE

UCB-MSCs with hypoxia were higher than those in BICDI
siRNA-transfected UCB-MSCs with hypoxia (Fig. 5f, g).
BICDI siRNA transfection decreased the mitochondrial
membrane potential of the UCB-MSCs under hypoxia
(Fig. 5h). OCR data showed that hypoxia decreased basal
respiration, maximal respiration and spare respiratory
capacity. BICDI silencing further decreased maximal
respiration and spare respiratory capacity (Fig. 5i). In
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« Fig. 2 Effect of hypoxia on the interaction between HIFla and

BICD1. a Co-immunoprecipitation of HIFla, Dynein IC, Importin a3,
RanBP2 with IgG and BICDI antibodies were shown in left panel.
Total protein expressions in lysate were shown in right panel. n=3. b
Cells were immunostained with HIF1a and BICD1-specific antibodies.
Scale bars are 8 um (Magnification, x 1,000). White arrow heads
indicate co-localization of HIFla with BICDI. ¢ Interaction between
HIFla and BICD1 (HIF1o/BICDI1, red) was analyzed by PLA. Scale
bars are 8 um (Magnification, x 1,000). n =6. *p <0.05 vs. normoxia
control. d—f Cells were pretreated with MG132 (1 uM) for 30 min prior
to hypoxia treatment for 24 h. d Co-immunoprecipitation of HIFla
with IgG and BICD1 were shown in left panel. Total protein expres-
sions in lysate were shown in right panel. n = 3. e Cells were immu-
nostained with HIFla and BICDI1-specific antibodies. White arrow
heads indicate co-localization of HIFla with BICDI in MG132-
pretreated UCB-MSCs. Scale bars are 8 um (Magnification, x 1,000).
n=>5. f HIF1 activity was measured by dual luciferase reporter assay.
n=06. *p <0.05 vs. normoxia control with MG132 pretreatment. g, h
Cells were transfected with BICDI or NT siRNA for 24 h prior to
hypoxia treatment for 24 h. g Co-immunoprecipitation of Dynein IC
with IgG and HIF 1« antibodies were shown in left panel. Total protein
expressions in lysate were shown in right panel. n = 3. h Interaction
between HIF1a and Dynein IC (HIF1a/Dynein IC, red) was analyzed
by PLA. Scale bars are 8 um (Magnification, x 1,000). Quantitative
data are presented as a mean+S.E.M. All blots and immuno-
fluorescence images are representative. *p < 0.05 vs. normoxia control
with NT siRNA transfection, *p <0.05 vs. hypoxia with NT siRNA
transfection

addition, ECAR data showed that hypoxia increased gly-
colysis and glycolytic capacity, suppressed by BICDI
silencing (Fig. 5j). These data indicates that BICD1 plays an
important role in hypoxia-stimulated glycolytic reprogram-
ming of UCB-MSCs.

Hypoxia-regulated BICD1 is important for survival
of UCB-MSCs

Furthermore, we investigated the effect of BICDI or BICD2
siRNA transfection on the proliferation and survival of
UCB-MSCs under hypoxia. Cell proliferation and viability
assay data revealed that the proliferation and viability of
BICDI siRNA-transfected UCB-MSCs were significantly
lower than that of the NT siRNA-transfected UCB-MSCs
during 48-72h of hypoxia (Fig. 6a). Live-cell imaging
results show that Pl-positive cells in BICDI siRNA-
transfected UCB-MSCs under hypoxia was significantly
higher than that in NT siRNA-transfected UCB-MSCs
under hypoxia during 30-72 h (Fig. 6b). Moreover, both PI-
positive cells in NT siRNA-transfected UCB-MSCs under
hypoxia and that in BICD1 siRNA-transfected UCB-MSCs
under normoxia are higher than that in NT siRNA-
transfected UCB-MSCs under normoxia during 54-72h
(Fig. 6b). BICDI siRNA transfection increased the
expressions of cleaved caspase-9 and -3 in UCB-MSCs with
normoxia and hypoxia (Fig. 6¢). The apoptosis of the
BICDI siRNA-transfected UCB-MSCs with hypoxia was
significantly higher than that of the NT siRNA-transfected

UCB-MSCs with hypoxia (Fig. 6d). In addition, BICD1
overexpression increased survival rate of UCB-MSCs under
hypoxia, completely abolished by HIFIla silencing
(Fig. 6e).

BICD1 regulation by GSK3p silencing enhances the
regenerative potential of hypoxia-pretreated UCB-
MSCs

At 7 and 10 days after the skin wound surgery, the
wound area in mice given the hypoxia-pretreated UCB-
MSCs with BICDI siRNA was greater than that in mice
given the hypoxia-pretreated UCB-MSCs with NT
siRNA. This wound healing effect of the hypoxia-
pretreated UCB-MSCs or UCB-MSCs with NT siRNA
was further enhanced by GSK3p siRNA transfection
(Fig. 7a and Supplementary Fig. S13A). In the histolo-
gical assessment with hematoxylin & eosin-stained skin
samples at 10 days after the skin wound surgery, the
reepithelization histological score of the hypoxia-
pretreated UCB-MSCs was higher than that of the
hypoxia-pretreated UCB-MSCs with BICDI siRNA and
lower than that of the hypoxia-pretreated UCB-MSCs
with GSK3f siRNA. The histological score of
the hypoxia-pretreated UCB-MSCs with GSK3f siRNA
was the highest among all the experimental group-
s (Fig. 7b and Supplementary Fig. S13B). In addition, we
assessed  whether BICDI or GSK3p siRNA
transfection regulates neovascularization induced by
MSC transplantation in the wound healing process. As
shown in Fig. 7c, d and Supplementary Fig. S13C, the-
vessel distribution intensity and the number of pan-
endothelial marker CD31-positive cells in the wound
site of mice given the hypoxia-pretreated UCB-MSCs
with NT siRNA were significantly higher than that
given the hypoxia-pretreated UCB-MSCs with BICDI
siRNA and lower than that of the hypoxia-pretreated
UCB-MSCs with GSK3p siRNA. The amount of myofi-
broblast marker o-smooth muscle actin (a-SMA)
and human nuclear antigen (HNA), a marker for trans-
planted UCB-MSCs, -positive cells at the wound site
had a similar pattern in mice given the hypoxia-pretreated
UCB-MSCs with NT, BICDI or GSK3p siRNA (Fig. 7e).

Discussion

This study highlights the regulatory role of BICDI in
dynein-mediated HIFloa nuclear translocation and the
mechanism inducing the interaction between BICD1 and
HIFla under hypoxia. Given there has been no report
presenting BICD1 as a regulator of HIFla nuclear trans-
location under hypoxia, we are the first to report that

SPRINGER NATURE
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Fig. 3 Role of hypoxia-activated Akt in BICDI1-mediated HIFla
nuclear translocation. a—¢ The UCB-MSCs were pretreated with
wortmannin (1 uM) for 30 min prior to hypoxia treatment for 24 h.
a Co-immunoprecipitation of HIFla and a-Tubulin with IgG and
BICD1 antibodies were shown in left panel. Total protein expressions
in lysate were shown in right panel. n =3. b HIFla, Lamin A/C, and
a-Tubulin in cytosolic and nuclear fractionized samples were detected
by western blot. n=3. ¢ Cells were immunostained with HIFla-
specific antibodies. Scale bars are 8 pm (Magnification, x 1,000). n =
4. d—f Cells were pretreated with Akt inhibitor (2 uM) or SC-79 (5 pg/

dynein-mediated HIFlo nuclear transport is dependent on
BICDI. Consistent with our results, it has been reported that
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mL) for 30 min prior to hypoxia treatment for 24 h. d HIF1 activities of
UCB-MSCs were measured by dual luciferase reporter assay. n = 8.
e HIFla, Lamin A/C, and a-Tubulin protein levels in cytosolic and
nuclear fractionized samples were analyzed by western blot. n =3.
f Cells were immunostained with HIF1a-specific antibody. Scale bars
are 8 um (Magnification, x 1,000). n =4. Quantitative data are pre-
sented as a mean = S.E.M. All blots and immunofluorescence images
are representative. *p <0.05 vs. normoxia control, #p <0.05 vs.
hypoxia

the overexpression of full length BICD increased the cargo
transport ability of dynein [15]. Moreover, the addition of
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Fig. 4 Involvement of Akt/GSK3p pathway in BICDI-mediated
HIFla nuclear translocation. a—e The UCB-MSCs were transfected
with GSK3p or NT siRNA for 24 h prior to hypoxia treatment for 24 h.
a Co-immunoprecipitation of HIFla and Dynein IC with IgG and
BICDI1 antibodies were shown in left panel. Total protein expressions
in lysate were shown in right panel. n=3. b Interaction between
HIFla and BICD1 (HIF1a/BICDI1, red) was analyzed by PLA assay.
Scale bars are 8 um (Magnification, x 1,000). n = 5. ¢ HIFla, Lamin

the N-terminal of BICD2 stabilized the complex of dynein
and dynactin, and then, the dynein complex became highly
processive [39, 40]. Taken together, these findings support
our data indicating that BICD1 is a regulatory factor indu-
cing the HIFla nuclear transport capacity of dynein. Here,
we also provide ample evidence that hypoxia-stimulates
direct binding of BICD1 to HIFla, and this interaction

A/C, and a-Tubulin in cytosolic and nuclear fractionized samples were
detected by western blot. n=4. d Cells were immunostained with
HIF1a-specific antibody. Scale bars are 8 um (Magnification, x 1,000).

=4. e HIF1 activities in NT or GSK3 siRNA-transfected cells were
analyzed by dual luciferase reporter assay. n = 6. Quantitative data are
presented as a mean=+S.E.M. All blots and immunofluorescence
images are representative. *p <0.05 vs. normoxia control with NT
siRNA transfection, #p < 0.05 vs. hypoxia with NT siRNA transfection

between BICDI1 and HIFla is independent of the HIFla
protein level. Although the HIF1a-specific binding domain
of BICDI has not been reported, the coiled-coil region 3
(CC3) in the C-terminal of BICDI1 is considered a cargo
binding motif for several proteins such as Rab6, dynactin,
and RanBP2 [41-43]. These reports suggest that the CC3 of
BICDI1 could be a possible binding site for HIFla. In
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addition, we found that hypoxia stimulated the interaction
of BICD1 with Importin o3 and RanBP2 as well as HIFla.
Importin a3 was reported as a major isotype which interacts
with the C-terminal nuclear localization signal (NLS) region
of HIFla, important for its nuclear localization [44].
Importin o bound to NLS forms a heterodimer complex
with Importin P, leading to the docking to RanBP2 for
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nuclear import [45-47]. A previous researcher showed that
RanBP2 interacts with BICD2 but not BICD1 [18]. How-
ever, other researchers demonstrated that the positively
charged basic 1 region in CC3 of BICDI has a crucial role
in RanBP2 recruitment, consistent with our data [42, 43].
These reports indicate that the binding affinities of BICD1
and BICD2 against RanBP2 appeared to be cell type-
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<« Fig. 5 Role of BICDI1 or GSK3 in glycolysis and ROS accumulation

in UCB-MSCs under hypoxia. (a—e, i, j) The UCB-MSCs were
transfected BICD1, BICD2, GSK3f, or NT siRNA for 24 h prior to
hypoxia treatment for 24 h. a mRNA expression levels of HK1, LDHA,
and G6PD were analyzed by quantitative real-time PCR. n=15. Gene
expression levels were normalized by /8S rRNA expression level.
b, ¢ Hexokinase activity and lactate production in cells were analyzed
by using commercial kit. n =6. d mRNA expression level of NHE]
was analyzed by quantitative real-time PCR. n=5. Gene expression
levels were normalized by /8S rRNA expression level. e Intracellular
alkalization was measured by BCECF-AM staining. n=8. f=h The
UCB-MSCs were transfected BICD1, GSK3p, or NT siRNA for 24 h
prior to hypoxia treatment for 48 h. Intracellular ROS, mitochondrial
ROS, and mitochondrial membrane potential of cells were measured
by luminometer. n=28. i Oxygen consumption rate (OCR) changes
under mitochondrial stress test in UCB-MSCs under normoxia or
hypoxia were measured by using Seahorse XF24 Extracellular Flux
analyzer. n=>5. Statistics of basal respiration, maximal respiration,
and spare respiratory capacity were presented in lower panel.
j Extracellular acidification rate (ECAR) changes under glycolysis
stress test in UCB-MSCs under normoxia or hypoxia were measured
by using Seahorse XF24 Extracellular Flux analyzer. n = 5. Statistics
of glycolysis, glycolytic capacity, and glycolytic reserve were pre-
sented in lower panel. Quantitative data are presented as a mean + S.E.
M. *p <0.05 vs. normoxia control with NT siRNA transfection, *p <
0.05 vs. hypoxia with NT siRNA transfection

specific. Although the role of RanBP2-induced SUMOyla-
tion of cargo including HIFla in its nuclear import has been
controversial, the N-terminal leucine rich domain and
putative coiled-coil domain of RanBP2 are required for
Importin-mediated nuclear import of cargo [20, 48].
Therefore, these findings present BICD1 as a direct inter-
acting partner of HIFla for its nuclear translocation in
UCB-MSCs. Previous studies reported the physiological
roles of BICD1 and BICD2 in neuronal cells. BICDI1 is
required for dendrite branch formation, and BICD2 muta-
tion impairs dynein-mediated trafficking and neurite growth
[49, 50]. Based upon results with SK-N-MC cell models,
we suggested that BICD2-mediated HIFla nuclear trans-
location in SK-N-MCs may be related to structural simi-
larity between BICDs. However, contributions of BICDs to
HIF1a nuclear translocation appear cell type-specific.
Because our data revealed that hypoxia did not affect the
expression level of BICDI1, we hypothesized that hypoxia
stimulates the interaction between BICD1 and HIFla
through BICDI activation for HIF1a nuclear translocation.
Moreover, we demonstrated that the Akt/GSK3p pathway is
a key pathway regulating the BICDI1-mediated HIFla
nuclear translocation in UCB-MSCs under hypoxia. It has
been well documented that hypoxia-inactivated GSK3p is
induced by Akt phosphorylation [51, 52]. Therefore, these
findings suggest that Akt activation or GSK3f silencing is
an efficient strategy for enhanced BICD1-mediated HIF1a
nuclear translocation. A previous researcher reported that
GSK3p stimulated phosphorylation of the CC3 domain of
BICDI1 at the Ser585 and Thr597 residues, which induces
the anchoring of BICDI to y-Tubulin in the centrosome

[53]. The centrosomal localization of BICD1 and the
interaction between BICD1 and dynein were abolished by a
loss-of-function mutation of BICDI, suggesting that
GSK3p decreases the cargo nuclear transport ability of
BICDI1 [53]. Remarkably, a previous study reported that
GSK3p silencing abolished the interaction between BICD1
and the centrosomal protein ninein [53]; however, our data
revealed that it stimulated the interaction between BICDI1
and HIF1la. These findings suggest that the effect of BICD1
phosphorylation by GSK3p on the binding affinity to cargo
proteins may vary depending on the protein type. Taken
together, we present GSK3f as a regulator for the BICD1-
mediated HIF1a nuclear translocation in UCB-MSCs under
hypoxia.

Although there has been no report determining the role
of BICD in glycolysis metabolism and ROS regulation
under hypoxia, our data show that BICD1-silenced UCB-
MSCs exhibited decrease of mitochondrial respiration
capacity, impairment of glycolytic reprogramming and
dysregulation of the mitochondrial ROS level. The changes
of maximal mitochondrial respiration and mitochondrial
respiratory capacity are associated with metabolic substrate
availability, mitochondrial content and integrity [54-56]. A
previous report showed that spare respiratory capacity
regulated by mitochondrial complex II contributes to cell
survival under hypoxia [54]. Indeed, our data showed that
BICDI silencing promoted apoptosis of UCB-MSCs under
hypoxia. Glycolysis-induced cells exhibit an increased
extracellular acidification rate, lactate production, and hex-
okinase activity [57]. In addition, cellular alkalization dur-
ing hypoxia is mainly stimulated by the HIF1-induced
NHE1 and monocarboxylate transporter MCT1 expressions
which evacuate H' and lactate, respectively [58—60]. Given
that our results revealed that BICDI silencing inhibited
HIF1-targeted glycolysis enzymes and NHEI-induced
alkalization, it is implied that the suppression of glycoly-
tic reprogramming by BICDI silencing is induced by the
suppression of HIFla nuclear translocation. Glycolytic
reprogramming during hypoxia adaptation prevents exces-
sive mitochondrial ROS accumulation due to the slowing of
electron transport and the reduction of NADH oxidation
[61]. Many studies have reported that metabolic repro-
gramming during hypoxia adaptation reduces the cytotoxic
ROS level, closely associated with cell survival [62].
Indeed, our previous studies showed that aberrant control of
the mitochondrial ROS level is a major factor resulting in
apoptosis of UCB-MSCs during long term exposure to
hypoxia [33]. Thus, we suggest that the BICD1-mediated
metabolic switch to glycolysis prevents cytotoxic ROS
accumulation, leading to the anti-apoptosis of UCB-MSCs
under hypoxia. In addition to HIF1a, we studied the effect
of BICDI silencing on another ROS regulator Nrf2
expression and nuclear translocation in UCB-MSCs under
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Fig. 6 Role of BICDI in UCB-MSC:s survival under hypoxia. a, b The
UCB-MSCs were transfected with BICDI or NT siRNA for 24 h prior
to hypoxia treatment. a Cells were exposed to various durations of
hypoxia (0-72h). Cell viability of UCB-MSCs was measured by
WST-1 cell viability assay. n = 8. b Cells were incubated in normoxia
or hypoxia conditions for 72 h. Representative images of experimental
groups at 0, 24, 48, and 72 h of normoxia or hypoxia incubation are
presented. Red-marked cells in representative images indicate PI-
positive cells. n=4. Scale bars are 50 pum (Magnification, x 200).
¢ BICDI or NT siRNA-transfected cells were incubated in hypoxia for
24h. Cleaved caspase-9, cleaved caspase-3, and B-Actin protein
expressions were detected by western blot analysis. n=4. d Cells
were transfected with BICD1 or NT siRNA for 24 h prior to hypoxia
treatment for 48 h. The percentages of apoptotic cells were analyzed by
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Annexin ¥ -

+

Annexin V/PI analysis, measured by flowcytometer. Annexin V-
positive cells were considered as apoptotic cells. n =4. Quantitative
data are presented as a mean=S.E.M. All blot images are repre-
sentative. *p < 0.05 vs. normoxia control with NT siRNA transfection,
#p <0.05 vs. hypoxia with NT siRNA transfection. e The UCB-MSCs
were transfected with pcDNA3.1/BICD1-cEGFP vector, pcDNA3.1/
cEGFP vector, HIF1A siRNA or NT siRNA for 24 h prior to hypoxia
treatment for 72 h. Cell viability data are presented as a mean + S.E.M.
n=>5. *p <0.05 vs. normoxia control with pcDNA3.1/cEGFP vector
and NT siRNA cotransfection, *p <0.05 vs. hypoxia control with
pcDNA3.1/cEGFP vector and NT siRNA cotransfection, @p < 0.05
vs. hypoxia control with pcDNA3.1/BICD1-cEGFP vector and NT
siRNA cotransfection
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Fig. 7 Effect of BICDI regulation on skin wound healing capacity of
UCB-MSC transplantation. a—e Mouse skin wound surgery with
vehicle or UCB-MSC transplantation was conducted as described in
Materials and methods. HP-MSC indicates mice group given hypoxia-
pretreated UCB-MSCs with NT siRNA. a Skin wound size was
compared with post-injection day 0. n = 12. b Tissue samples at post-
injection day 10 were stained with hematoxylin and eosin. Scale bars
are 200 um (Magnification, x40). n="7. ¢ Vessel distribution was
quantified with Image] software. n=10. d, e Tissue slides were
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immunostained with CD31, HNA, and a-SMA-specific antibodies.
The percentages of CD31, HNA, and a-SMA-positive cells in DAPI-
positive were analyzed by using Metamorph software. Scale bars are
100 um (Magnification, x 100). n = 4. Quantitative data are presented
as a mean=+ S.E.M. All gross and immunofluorescence images are
representative. °p < 0.05 vs. vehicle group, *p <0.05 vs. MSC group
with NT siRNA, #p <0.05 vs. HP-MSC with NT siRNA. N.D. indi-
cates not detected
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Fig. 8 The schematic model for mechanism of BICDI-mediated
HIFla nuclear translocation in UCB-MSCs under hypoxia. Hypoxia
induces GSK3p phosphorylation at Ser9 residue via Akt activation.
Silencing of GSK3p induces the interaction between BICDI and
HIFla. BICDI regulation by Akt activation or GSK3f silencing sti-
mulates HIF1a nuclear translocation. BICD1-mediated HIF1a nuclear
translocation is critical for hypoxia adaptation, enhances regenerative
potential of UCB-MSCs transplantation

hypoxia. However, we found that both hypoxia and BICDI
silencing did not affect the Nrf2 expression level and its
nuclear translocation (Supplementary Figs. S14A, B).
Although many previous investigators reported that hypoxia
stimulates Nrf2 expression and activity [63, 64], other
investigators also reported that hypoxia and CoCl, treat-
ment does not change the Nrf2 expression and nuclear
translocation [65, 66]. Especially, a previous investigator
reported that CoCl, treatment does not affect the nuclear
Nrf2 expression level in UCB-MSCs [65]. Furthermore, the
present study showed that the silencing of GSK3f as a
BICDI1 regulator enhanced glycolysis metabolism adapted
to hypoxia. Many researchers have reported the regulatory
effect of the Akt/GSK3p pathway on HIF1-mediated gly-
colysis. Akt activation using platelet-derived growth factor
induced glycolysis through HIF1 activation [31]. Moreover,
the Akt/mTOR inhibitor Jolkinolide B suppressed glyco-
lysis through the inhibition of HK2 expression [67]. We
also provided in vivo evidence that the transplanted cell
survival and skin wound healing capacity of UCB-MSCs
with hypoxia pretreatment is dependent on BICDI1
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regulation by GSK3p. It has been reported that glycolysis
adapted by hypoxia is essential for improving the survival
and therapeutic efficacy of hypoxia-preconditioned MSC
therapy in ischemic tissue [68]. Consistent with our results,
the inhibition of the Akt/GSK3p signaling by lithium or
lysophosphatidic acid enhanced the therapeutic efficacy of
transplanted MSCs [69, 70]. Overall, we suggest
that BICD1 activation regulated by GSK3p is a
promising strategy for improving the transplantation effi-
cacy and regenerative potential of hypoxia-pretreated UCB-
MSCs.

In conclusion, we demonstrated that hypoxia stimulates
the interaction between BICDI1 and HIFla resulting in
BICDI-mediated HIF1a nuclear translocation via the Akt/
GSK3p pathway. Activation of BICD1 by GSK3p inhibi-
tion enhances the hypoxia adaptation to glycolysis and the
survival of UCB-MSCs, leading to the increased regen-
erative potential of transplanted UCB-MSCs with hypoxia
pretreatment (Fig. 8). Our investigation is the first identifi-
cation of BICDI as a regulator of HIFla nuclear translo-
cation leading to hypoxia adaptation. Although further
investigation into the binding sequence of HIF1« interacting
with BICDI is required to find other BICDI-regulated
transcription factors, present study provides new insight
into the HIFla-specific therapeutic strategy for MSC-based
therapy.
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