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Abstract

Haematopoietic stem cells (HSCs) are maintained by bone marrow (BM) niches in vivol:2, but the
ability of niche cells to maintain HSCs ex vivo is markedly diminished. Expression of niche
factors by Nestin-GFP* mesenchymal-derived stromal cells (MSCs) is downregulated upon
culture, suggesting that transcriptional rewiring may contribute to this reduced HSC maintenance
potential. Using an RNA sequencing screen, we identified 5 transcription factors (K7f7, Ostf],
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Xbpl, Irf3, Irf7) that restored HSC niche function in cultured BM-derived MSCs. These
revitalized MSCs (rMSCs) exhibited enhanced synthesis of HSC niche factors while retaining

their mesenchymal differentiation capacity. In contrast to HSCs co-cultured with control MSCs,

HSCs expanded with rMSCs showed higher repopulation capacity and protected lethally irradiated

recipient mice. Competitive reconstitution assays revealed ~7-fold expansion of functional HSCs
by rtMSCs. rMSCs prevented the accumulation of DNA damage in cultured HSCs, a hallmark of
ageing and replication stress. Analysis of the reprogramming mechanisms uncovered a role for

myocyte enhancer factor 2¢ (MefZc) in the revitalization of MSCs. These results provide insight in

the transcriptional regulation of the niche with implications for stem cell-based therapies.

HSCs are notoriously difficult to maintain in culture, possibly due to our limited
understanding of the microenvironment that sustains them in vivo. Although BM
perivascular stromal cells (e.g. those marked by Nestin-GFP) express high levels of niche
factors3—, their ability to maintain HSCs ex vivo is modest compared to BM-derived
endothelial cells®—8. We compared the expression levels of selected HSC niche genes (.Scf.
Cxcll2, Vcaml and Angptl) in freshly isolated Nestin-GFP* or Nestin-GFP~ fractions of
BM CD45 Ter1 19~CD31~ cells, against Nestin-GFP* cells cultured for 2 weeks in CFU-F
culture media (designed to maintain MSC multipotency). The expression of HSC niche
factors was highly enriched in Nestin-GFP* cells compared to the Nestin-GFP~ cell fraction,
but the expression of these genes was dramatically reduced upon culture (Fig.1a). We
hypothesized that the impaired niche function might result from alterations in the
transcriptional machinery following the removal of niche cells from their natural
environment.

While roles for a handful of transcription factors in BM development have been described
previously?~!1, the transcriptional network specifying the HSC niche remains largely
unresolved. To gain further insight, we searched RNA sequencing data!2 for transcriptional
regulators that were highly expressed in Nestin-GFP* stroma, revealing 40 potential
candidates (Fig.1b). We compared the expression of these genes by real-time quantitative
PCR (gPCR) in freshly isolated Nestin-GFP* or Nestin-GFP~ BM CD45 Ter119~CD31~
cells, with that of cultured Nestin-GFP* stroma. The ideal candidate genes were predicted to
be selectively expressed in fresh Nestin-GFP* stroma, but downregulated after culture.
These analyses yielded 28 genes (Fig.lc, upper and middle panels) after the elimination of
12 candidates due to non-specific expression or lack of downregulation after culture (Fig.1c,
lower panel). We cultured stromal cells isolated from Sc£~GFP knock-in mice in which GFP
expression reflects endogenous ScfFmRNA synthesis!3. Upon culture, GFP expression was
rapidly downregulated in these cells, demonstrating the potential of using GFP to screen for
factors capable of revitalizing niche activity (Fig.1d). We generated lentiviral vectors
expressing 28 selected genes and transduced the viral mixture into stromal cell cultures
derived from ScFGFP mice. Five days after transduction, we observed re-emergence of GFP
*+ cells (Fig.1d). These GFP* cells were sorted and plated in limiting dilutions to isolate
single cell-derived clones. Using this approach, we generated 16 independent GFP* single
cell-derived clones in which virally integrated genes were identified by PCR (Fig.1d). We
found that 4 genes [Osteoclast-stimulating factor-1 (Ostf1), X-box binding protein-1 (Xbp1),
Interferon regulatory factor-3 (/rf3) and Interferon regulatory factor-7 (1rf7)] were virally
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integrated in >75% of the clones (Fig.2a). We confirmed that all 28 genes were integrated in
the bulk fraction of transduced cells (without sorting Sc£GFP* cells) 5 days post-
transduction, while no integrated gene was detected in the bulk fraction transduced with
control lentivirus containing an empty vector (Fig.2b), confirming that the lentiviruses
harbouring 28 selected genes were all functional.

We next evaluated the expression levels of niche factors in the 16 single cell-derived clones
and empty vector-transduced control stroma. While the expression of Scf, Cxcl12, Vcam!
and Angptl is tightly correlated upon HSC maintenance!4, their expression was variable
among the clones and only clone C5 exhibited significant elevations of all niche genes (Fig.
2c and Supplementary Fig.1a—c). To assess the niche-revitalizing requirement of each of the
4 transcription regulators, we sequentially omitted each gene from the transduction cocktail.
Remarkably, all 4 factors (Ostf1, Xbpl, Irf3 and Irf7, or “OXII”’) were required for the re-
appearance and expansion of Scf-GFP* cells in culture (Supplementary Fig.1d). To
determine the specific combination of genes that enabled cultured stromal cells to regain
their capacity to maintain and expand HSCs in vitro, lineage-negative (Lin™) BM cells were
co-cultured with each single cell-derived clone or control stroma in the presence of SCF (20
ng/ml) and TPO (10 ng/ml). After 6 days of co-culture, the number of phenotypic Lin
~Scal*c-Kitt (LSK) CD1507CD48~ HSCs was assessed by FACS. Clone C5, which has five
integrated and actively expressed genes [Kruppel-like factor-7 (KIf7), Ostf1, Xbp1, Irf3 and
Irf7] (Supplementary Fig.le—i), expanded HSCs more efficiently than any of the other clones
analysed (> 4-fold compared to control stroma; Fig.2d). We compared the HSC niche
capacity of newly generated single cell-derived clones using the combination of 4 factors
(OXII) or 5 factors from clone C5 (Kif7, Ostfl, Xbpl, Irf3 and Irf7, or “KOXII”’). KOXII-
integrated clones exhibited increased expression of niche genes compared to OXII-integrated
clones (Fig.2e, Supplementary Fig.1j and 1k). Overexpression of K/f7 alone did not
similarly increase expression of Scfor Cxcll2 (Supplementary Fig.11 and 1m). To test the
HSC expansion function of OXII- and KOXII-integrated clones, Lin™ BM cells were co-
cultured with stromal cells derived from either set of clones. FACS analyses revealed a
greater HSC expansion (1.7-fold) on KOXII clones compared to the OXII clones (Fig.2f).
The addition of K/f7to the transduction cocktail (OXII) also increased the re-appearance
and expansion of Sc£GFP? stromal cells (Supplementary Fig.1d). Altogether these results
indicate that the combination of 5 genes (KOXII) reprograms cultured stromal cells into
revitalized niche cells that exhibit increased expression of niche factors and improved
capacity to expand phenotypic HSCs in vitro.

As niche activity has been shown to correlate with adult MSC activity characterized by
colony-forming capacity and ability to differentiate into bone, cartilage and adipocytes>-S,
we tested the MSC activity of KOXII-integrated stromal cells (hereafter referred to as
revitalized MSCs or rMSCs). rMSCs homogeneously expressed the MSC markers PDGFRa
and CD518 (94.8 + 2.5%) in contrast to control stromal cells (53.7 + 3.5%; Supplementary
Fig.2a). Other MSC markers, such as CD105 and LepR, were also upregulated in rMSCs
compared to control MSCs, while CD44 and Sca-1 were highly expressed in both rMSCs
and control MSCs (Supplementary Fig.2b). rMSCs exhibited large nuclei with prominent
chromatin, which is characteristic of MSC morphology (Fig.2g). tMSCs exhibited greater
mesensphere-forming activity and generated larger mesenspheres compared to control MSCs
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(Supplementary Fig.2c and 2d), suggesting enhanced in vitro self-renewal and proliferation
of rMSCs. In addition, clonally derived rMSCs generated the three major adult
mesenchymal lineages (adipogenic, osteogenic and chondrogenic; Supplementary Fig.2e—g),
although the ability of rMSCs to differentiate towards the osteogenic lineage was reduced as
compared to control MSCs (Supplementary Fig.2f).

To evaluate the 7n vitro capacity of rMSCs to expand and maintain functional HSCs, we

compared rMSCs with MS-5, a stromal cell line capable of maintaining haematopoiesis !>

,as
well as empty vector-transduced control MSCs and a group without stromal cell support.
Using these conditions, rMSCs expanded HSC numbers in vitro in serum-free media
supplemented with TPO (10 ng/ml) with or without SCF, expanding phenotypic HSCs > 2.1-
fold without SCF, and > 4.3-fold when supplemented with SCF (20 ng/ml), relative to input
(Fig.3a). Compared to MS-5 cells, rMSCs expanded HSCs >3.5-fold without SCF and >5.4-
fold with SCF (Fig.3a). rMSCs also expanded the LSK fraction more than MS-5 or empty
vector-transduced stromal cells, both with or without SCF (Supplementary Fig.3a). The
expansion of the Lin™ (progenitor-enriched) fraction by rMSCs was lower compared to
MS-5 cells in the absence of SCF, although this difference disappeared in the presence of
SCF (Supplementary Fig.3a). To evaluate the contribution of soluble factors alone, we
cultured HSCs with media conditioned by rMSCs and found that conditioned media was
sufficient to expand HSCs (Supplementary Fig.3b). These results indicate that rMSCs
expand HSCs and progenitors largely via soluble factors more effectively than either MS-5
or non-revitalized stroma.

We next evaluated the impact of rMSCs on HSC function. First, we assessed the ability of
HSCs expanded 7n vitro on tMSCs to repopulate lethally irradiated recipient mice by
competitive transplantation. We found a greater repopulation capacity in all three lineages
(myeloid, B cell and T cell) of HSCs co-cultured with rMSCs compared to control vector-
transduced MSCs (Fig.3b and 3c). This advantage was retained upon secondary
transplantation (Fig.3d). Second, we found that the ability to protect lethally irradiated
recipient mice was significantly improved when whole BM mononuclear cells (BMNCs)
were expanded with rMSCs before transplantation (Fig.3e and Supplementary Fig.3c).
These differences were particularly obvious when low numbers of BMNCs (25,000 cells)
were used for transplantation (Fig.3e). Finally, we carried out competitive transplantation
assays using limiting dilutions of fresh and BMNCs expanded for 6 days with rMSCs in
serum-free media supplemented with SCF and TPO. The frequency of long-term
repopulating HSCs was increased ~7-fold (from 1 in 22,908 fresh BM cells to 1 in 3,329 in
rMSC-expanded cells; Fig.3f and Supplementary Fig.3d). These data demonstrate that
rMSCs are capable of efficiently expanding functional HSCs.

The accumulation of DNA damage in HSCs during ageing!®-19

or as a result of replication
errors during active HSC proliferation?? can threaten genomic integrity and HSC function.
We evaluated the ability of rMSCs to protect expanding HSCs from accumulating DNA
damage. Lin~ BM cells were co-cultured with rtMSCs, control MSCs, or in the absence of
stroma, and phosphorylation of the histone variant H2AX at Ser139 (yH2AX), an early step
in the canonical DNA damage response!®17, was then assessed. Interestingly, a large

fraction (>50%) of HSCs cultured in the absence of stroma or in the presence of control

Nat Cell Biol. Author manuscript; available in PMC 2019 October 15.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Nakahara et al.

Page 5

MSCs developed YH2AX foci (Fig.3g and 3h). By contrast, HSCs co-cultured with rMSCs
were significantly protected from acquisition of YH2AX foci (Fig.3h). This was also evident
after scoring the number of yH2AX foci in each HSC (Supplementary Fig.3e). These results
indicate that rIMSCs mitigate DNA damage / replication stress in in vitro-expanded HSCs.

To determine whether murine rMSCs could expand human HSCs, we co-cultured isolated
CD34* cells from human cord blood (CB) with murine rMSCs or control MSCs. After 6
days of co-culture, the number of phenotypic Lin~ CD34* CD38~ CD90* CD49f* human
HSCs was expanded 28-fold compared to input and was significantly higher on rMSCs
compared to control MSCs (Fig.3i). We also carried out competitive transplantation assays
using limiting dilutions of fresh and CD34" CB cells expanded for 6 days with murine
rMSC. The frequency of long-term repopulating HSCs was increased ~6-fold (from 1 in
8,916 fresh CB cells to 1 in 1,566 in rMSC-expanded cells; Fig.3j and Supplementary Fig.
3f). These data demonstrate that murine rMSCs are capable of efficiently expanding
functional human HSCs.

To evaluate the extent to which rMSCs resemble freshly isolated MSCs, we employed RNA-
seq analysis to compare the transcriptome of freshly sorted Sc/~GFP~ CD45 Ter1197CD31~
cells, ScAFGFPT CD45 Ter119~CD31~ cells, rMSCs and control vector-transduced stroma.
HSC niche-associated genes were highly expressed in both native Sc~GFP? cells and
rMSCs compared to the ScFGFP~ cell fraction and cultured control MSCs. Interestingly,
several niche-associated genes (e.g. Runx2, Sp7, Bmp5 and Prn) that are also known
regulators of osteogenesis were not fully restored in rMSCs compared to native ScFGFP*
stroma (Fig.4a), likely explaining the reduced in vitro osteogenic differentiation capacity of
rMSCs (Supplementary Fig.2f). Principal component analysis (PCA) revealed that the 4
populations clustered independently (Fig.4b). We next assessed the overlap of upregulated
genes in rMSCs compared to cultured control MSCs (red, Fig.4c) and genes upregulated in
freshly isolated native Sc~GFP* stromal cells compared to native Sc£GFP~ cells (green,
Fig.4c). We found that 235 genes overlapped between these two groups, and pathway
analysis revealed a highly significant increase in Rap1 signalling and Axon guidance
pathways, and PI3K-Akt and Ras signalling which are important for cell survival and
proliferation (Fig.4d). Interestingly, the enrichment analysis also showed significant
upregulation of TGF-B signalling which is reported to promote HSC quiescence?!. These
data indicate that although rMSCs are reprogrammed to regain HSC niche function, they
remain distinct from their endogenous counterparts.

To investigate the revitalization mechanism, we interrogated by Assay for Transposase
Accessible Chromatin with high-throughput sequencing (ATAC-seq) the accessible DNA
regions in our 4 studied populations. We found that revitalization of MSCs led to 9,623
peaks of open chromatin in rMSCs when compared to control MSCs (Fig.4e). Of these, 626
open peaks were also detected in freshly isolated Sc£GFP™ cells when compared to Sc£~GFP
~ cells (Fig.4e; Supplementary Table 1 and 2). Pathway analysis of the genes closest to these
626 peaks showed overlapping pathways with those identified in RNA-seq analysis
(Supplementary Fig.4a). Motif analyses of the sequence at these 626 peaks revealed that
myocyte enhancer factor 2c (Mef2c) was among the most significantly enriched
transcription regulators (p-value: 1x1071; Fig.4e). Mef2c was also expressed at high levels
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in both tMSCs and freshly isolated Sc/GFP™ cells compared to control cultured MSCs and
freshly isolated Sc/~GFP~ cells by RNA-seq (Supplementary Fig.4b) and real-time qPCR
(Fig.4f). To evaluate the role of MefZcin rtMSCs, we knocked down MefZc in tMSCs by
short hairpin RNA lentiviral transduction (shMef2c) (Supplementary Fig.4c). We found that
the expression of niche factors (Scf, Cxcl/12 and Vecaml) was reduced in shMef2c-
transduced compared to parental rMSCs (Supplementary Fig.4d). In addition, shMef2c
transduced-rMSCs exhibited reduced (by 43%) capacity to expand HSCs in co-culture
compared to shCntrl transduced-rMSCs (Fig.4g). Interestingly, overexpression of MefZc in
rMSCs also reduced their ability to expand HSCs in co-culture, suggesting that revitalization
requires a careful regulation of MefZc expression levels (Supplementary Fig.4e and 4f).
These results suggest a role for Mef2c as a downstream effector mediating MSC
revitalization.

Stromal cells cultured as feeder layers or in 3D scaffolds have been used to support HSCs ex
vivo*2-23, but these culture systems largely promote the expansion of committed progenitors
with the loss of multipotent HSCs. Our results indicate that rMSCs are able to expand
multipotent HSCs and protect HSCs against DNA damage/replicative stress, relative to
standard stromal cell or cell-free systems. The mechanisms behind this effect on DNA
damage are unknown; it is likely that the revitalization of MSCs may also induce the
expression of yet unidentified stromal-derived factors promoting HSC maintenance. Given
the high sensitivity of HSCs to replicative stress, the maintenance of HSCs’ genomic
integrity will be important for the development of cell therapies2*.

Our results suggest that all five KOXII genes are necessary to fully restore the niche activity
in MSCs ex vivo. Some of these genes may act singly, perhaps by preventing MSC
differentiation? or driving expansion of haematopoietic growth factors26. In cooperation,
these 5 factors enhance several key signaling pathways (e.g. TGF-p, PI3K-Akt, Ras and
TNF signaling) that may contribute to revitalization. We have also identified MefZc as an
important transcription factor downstream of KOXII, and whose expression is restored to the
levels of native niche cells. Our results thus establish a new platform that provides critical
insight in the regulatory network of the HSC niche and forms the basis toward the
engineering of supportive niches for curative cell therapies.

Sc£GFP knock-in mice (Kitl™1-18im)13 were kindly provided by L. Ding (Columbia
University). Nestin-GFP mice!? were bred in our facilities. C57BL/6-CD45.1/2 congenic
strains were purchased from the National Cancer Institute or the Jackson laboratory. All
mice were analysed at 8—12 weeks of age. All experimental procedures were approved by
the Institutional Animal Care and Use Committees of Albert Einstein College of Medicine,
and all research was in compliance with all relevant ethical regulations.
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Sample preparation for flow cytometry and cell sorting

For the analysis of haematopoietic cells, nucleated single-cell suspensions enriched from
BM were obtained by flushing and dissociating BM plugs using a 21G needle in phosphate-
buffered saline (PBS; Gibco). Single-cell suspensions enriched from peripheral blood were
obtained by retro-orbital bleeding of mice. For analysis of stromal cell populations, intact
flushed BM plugs were digested for 30 min at 37°C in 1mg/ml Collagenase type IV (Gibco)
and 2mg/ml Dispase (Gibco) in Hank’s balanced salt solution (HBSS; Gibco). After lysing
red blood cell (RBC) with ammonium chloride, cells were filtered through 70 pm nylon
mesh. For FACS analysis or sorting, cells were stained with antibodies in PEB (PBS
containing 0.5 % BSA and 2 mM EDTA). Dead cells and debris were excluded by FSC, SSC
and DAPI (4°, 6-diamino-2-phenylindole; Sigma) staining profiles. FACS analyses were
carried out using BD LSRII flow cytometer (BD Biosciences) and cell sorting experiments
were performed using BD FACSAria II Cell Sorter (BD Biosciences). Data were analysed
with FlowJo 10.0.8 (LLC) or FACS Diva 6.1 software (BD Biosciences).

Flow cytometry antibodies

The following antibodies were used for flow cytometry: Anti-CD150-PE (TC15-12F12.2;
115904), anti-CD117-PE/Cy7 (2B8; 105814), anti-CD45.2-PE (104; 109807), anti-CD48-
Alexa Fluor 647 (HM48-1; 103416) were purchased from BioLegend (San Diego, CA).
anti-CD45-APC-eFluor 780 (30-F11; 47-0451-82), anti-Ter119-APC-eFluor 780 (TER-119;
47-5921-82), Streptavidin APC-eFluor 780 (47—4317-82), anti-CD31-PE/Cy7 (MEC13.3;
25-0311-82), anti-CD45.1-FITC (A20; 11-0453-85), anti-B220-APC-eFluor 780 (RA3-
6B2; 47-0452-82), anti-CD4-PE/Cy7 (GK1.5; 25-0041-82), anti-CD8a-PE/Cy7 (53-6.7;
25-0081-85), CD51-PE (RMV-7; 13-0512-85), anti-PDGFRa (CD140a)-APC (APAS; 17—
1401-81), anti-Ly6 A/E(Sca-1)-FITC (D7; 11-5981-82), Anti-CD45-PerCp-Cyanine5.5 (30-
F11; 45-0451-82), anti-CD11b (Mac-1)-PE (M1/70; 12-0112-83) were purchased from
eBioscience (Thermo Fisher). Anti-lineage panel cocktail (TER-119, RB6-8C5, RA3-6B2,
M1/70, 145-2C11 at 1:50 dilution) was from BD Biosciences (559971). Unless otherwise
specified, all antibodies were used at a 1:100 dilution. All antibodies were anti-mouse and

their specificity was validated in previous studies performed in our laboratory?-8:12:27-29,

MSC culture

CD45 Ter1197CD31~ (TN) Scf-GFP* stromal cells from digested BM were seeded in a-
MEM media (Gibco) supplemented with 20 % fetal bovine serum (FBS; Gibco), 100
units/ml of penicillin and 100pg/ml of streptomycin, 10ng/ml of fibroblast growth factor
(FGF)-basic (R&D Systems) and 2mM of L-glutamine (Thermo Fisher Scientific) or CFU-F
culture media® of phenol red—free a-MEM (Gibco) supplemented with 10 % FBS, 10 %
MesenCult stimulatory supplement (STEMCELL Technologies), and 100 units/ml of
penicillin and 100ug/ml of streptomycin. After 2—3 weeks of culture (passage 2—-3), stromal
cells were aliquoted and frozen with Recovery Cell Culture Freezing Medium (Gibco) and
placed into liquid nitrogen. For control stroma, empty vector was infected into passage 2-3
stromal cells and cultured one passage prior to freezing into aliquots. For each experiment,
we used these aliquots to minimize experimental variations.
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Plasmid construction

For overexpression of Atf4, Ctnnbl, Foxcl, Prrx1, Tsc22d1, Foxn3, Ostf1, Irf3 and Irf7, we
amplified the coding regions of candidate genes by RT-PCR using Advantage HD
Polymerase (Clontech) from pYX-Asc/Atf4, pYX-Asc/Ctnnbl, pYX-Asc/Foxcl, pYX-Asc/
Prrx 1, pYX-Asc/ Tsc22d 1, pSPORT 1/ Foxn3 and pDNR-LIB/Ostf1 vectors (provided by
John F. Reidhaar-Olson at the Einstein shRNA Facility) or pPCAGGS/Irf3 and pCAGGS/Irf7
vectors (a kind gift from T. Taniguchi, Univ. of Tokyo, Japan), then cloned these sequences
into pENTR-D-TOPO (Thermo Fisher Scientific), confirmed the sequence of candidate
genes by direct sequencing, and recombined the resulting plasmids with FUWC-GW vector
which has Gateway and Ubiquitin C (UbC) promoter without markers (a kind gift from
Chan-Jung Chang at Mount Sinai School of Medicine and Eric E. Bouhassira at Albert
Einstein College of Medicine) by LR reaction of Gateway cloning System (Thermo Fisher
Scientific). For overexpression of DIx5, pENTR/DIx5 vector (purchased from DF/HCC
DNA Resource Core at Harvard Medical School) was recombined with FUWC-GW vector
by LR reaction of Gateway cloning System. For overexpression of Fos, Hes6, Id1, Jun, Junb,
Kit7, Nuprl, Prtgl, Snai2, Xbpl, Zfp36, HoxA9, Meisl, Stat3, Hesl, Myc, Stat5a and
Runx2, we recombined pCMV-SPORT6/gene vectors (Open Biosystems Library provided
by John F. Reidhaar-Olson at the Einstein shRNA Facility) or pEF/Runx2 vectors (a kind
gift from S. Maeda, Univ. of Kagoshima, Japan) with pDONR?221 vector (Thermo Fisher
Scientific) by BP reaction of Gateway cloning System (Thermo Fisher Scientific). Then
recombined the resulting plasmids with FUWC-GW vector by LR reaction of Gateway
cloning System. All the vectors were confirmed to have the correct gene sequence by direct

sequencing.

Lentivirus production

To selectively overexpress candidate genes in cultured stromal cells, lentiviruses were
generated by transfecting 12ug of FUWC-GW/candidate gene vectors or empty control
vector, and packaging vectors (0.6ug tat vector, 0.6ug rev vector, 0.6ug gag/pol vector, and
1pg vsv-g vector) into HEK-293T cells using 45ul TransIT-X2 transfection reagent (Mirus
Bio). Supernatant was collected from transfected HEK-293T cells, filtrated with 0.45um
membrane (CORNING), and concentrated by ultracentrifugation.

Overexpression of candidate genes, isolation of single cell-derived clones and
identification of virally integrated factors

ScrGFP* stromal cells from BM were cultured for 3 weeks and transduced with a mix of
concentrated lentivirus harbouring 28 genes. On day 5 post transduction, induced Sc£GFP*
cells were sorted and limiting dilution was performed to isolate single cell-derived clones.
To identify virally integrated factors in each clone, lentivirus-transduced stromal cells were
collected and treated with nuclei lysis solution, incubated with RNase for 30 min at 37°C,
and genomic DNA was purified with the Wizard Genomic DNA Purification Kit (Promega).
Then PCR was performed with the resulting genomic DNA using a forward primer targeting
the UbC promoter to discriminate the transgenes from the endogenous genes and reverse
primers targeting an exon-exon junction of each candidate gene or designed to make PCR
product around 350-450 base pairs (bp) in each candidate gene. The sequences of the
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primers can be provided upon request. To overexpress K/f7 alone in cultured stromal cells, a
lentivirus harbouring pHIV-Tomato/ K/f7 was generated as described above. Sc£GFP*
stromal cells were then transduced with concentrated lentivirus, and Tomato™ cells were
sorted on day 5 post-transduction. Control MSCs were similarly transduced with a control
lentivirus containing an empty pHIV-Tomato vector.

Knockdown and overexpression of specific genes in rMSC

To selectively knockdown Mef2c in tMSC, lentiviruses of Mef2c/Control short hairpin RNA
(shRNA) were generated by co-transfecting HEK-293T cells with 12ug shRNA shuttle
vector (GIPZ Lentiviral shRNA Library, Open Biosystems, provided by Einstein shRNA
Facility), 0.6 pg tat vector, 0.6 ug gag/pol vector, 1 ug vsv-g vector into HEK-293T cells
using 45 pl TransIT-X2 transfection reagent (Mirus Bio). Supernatant was collected from
HEK-293T cells, filtrated with 0.45 um membrane (CORNING), and concentrated by
ultracentrifugation. Concentrated virus preparations were used to transduce rMSC, and cells
expressing the construct were selected by using 5.0ug/ml puromycin. To overexpress Mef2c
in rMSC, lentiviruses were produced in HEK-293T cells as described above. rMSCs were
transduced with concentrated lentiviral preparations, and Tomato* cells sorted on day 5 post-
transduction.

In vitro mesensphere culture and differentiation assays

Mesensphere formation assays were done by plating empty vector-transduced control MSCs
or tMSCs at clonal densities in 6-well plates (mesenspheres: 2000 cells/well) under culture
conditions previously described®. Cells were cultured for 12—14 days upon which the
spheres were scored. For mesensphere cultures, low adhesion tissue culture plates
(STEMCELL Technologies) were used.

For osteogenic, adipogenic, and chondrogenic differentiation, control MSCs or rMSCs were
treated with StemXVivo Osteogenic, Adipogenic, or Chondrogenic mouse differentiation
media, according to the manufacturer’s instructions (R&D Systems) as previously
described”-8. All cultures were maintained with 5 % CO, in a water-jacketed incubator at
37°C. At specific time points, cells were collected for staining and RNA analysis.

Adipocytes were identified by the typical production of lipid droplets and were stained with
Oil Red O as follows: cells were washed with 60 % isopropanol and allowed to dry
completely. Oil Red working solution was prepared as a 6:4 dilution in bidistilled water of a
0.35g/ml Oil Red O solution in isopropanol (Sigma), and filtered 20 min later. Cells were
incubated for 10 min with Oil red working solution and rinsed four times. Osteogenic
differentiation indicated by mineralization of extracellular matrix and calcium deposits was
revealed by Alizarin Red S staining. Cells were fixed with 4 % paraformaldehyde (PFA) for
30 min. After rinsing in distilled water, cells were stained with 40 mM Alizarin Red S
(Sigma-Aldrich) solution at pH 4.2, rinsed in distilled water, and washed in Tris-buffered
saline for 15 min to remove nonspecific staining. Chondrocytes were revealed by Alcian
blue staining, which detects the synthesis of mucopolysaccharides. Cell pellets were
incubated for 30 min at room temperature with 1% Alcian blue 8GX (Sigma) in 3 % acetic
acid, pH 2.5, and rinsed four times.
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Co-culture of murine Lin~ cells with murine MSCs

To assess expansion of phenotypic HSCs after co-culture with MSCs, 2x10° Lin~ cells were
isolated from C57BL/6-CD45.1/2 BM by MACS column (Miltenyi Biotec) depletion and
co-cultured with MSCs for 6 days in StemSpan SFEM media (STEMCELL Technologies)
supplemented with 10 % KnockOut Serum Replacement (Thermo Fisher Scientific), Pen/
Strep, and cytokines. Cytokine concentrations were 20ng/ml of stem cell factor (SCF,
PeproTech) and 10ng/ml of thrombopoietin (TPO; PROSPEC) unless otherwise noted. After
co-culture for 6 days, HSC numbers were assessed by FACS analysis

BM transplantation after co-culture with rMSCs

Competitive repopulation assays were performed using the CD45.1/CD45.2 congenic
system. CD45.2 recipient mice were lethally irradiated (12 Gy, two split doses) in a Cesium
Mark I irradiator (JL Shepherd & Associates). For competitive repopulation assays, 2x10°
Lin~ cells were isolated from CD45.1 BM by MACS column (Miltenyi Biotec) depletion,
co-cultured with rMSCs for 6 days in StemSpan SFEM media (STEMCELL Technologies)
supplemented with 10 % KnockOut Serum Replacement (Thermo Fisher Scientific), Pen/
Strep, 10ng/ml of TPO (PROSPEC). After co-culture for 6 days, CD45% cells were isolated
with MACS column (Miltenyi Biotec) and were transplanted into lethally irradiated
recipients together with 2x10° of CD45.2 BM mononuclear cells (BMNCs). CD45.1/
CD45.2 chimerism of recipient peripheral blood (PB) was analysed up to 4 months after
transplantation by FACS analysis. For secondary BM transplantation, 1x10® BMNCs from
primary recipient chimeric mice were transplanted into irradiated CD45.2 recipients together
with 1 x 106 of CD45.2 BMNCs.

For non-competitive repopulation assays to evaluate the ability to radio-protect lethally
irradiated recipients, 25,000 or 40,000 non-cultured whole BMNCs (CD45.1) or expanded
whole BMNCs (CD45.1), co-cultured with control MSCs, rMSCs or without stroma for 6
days in StemSpan SFEM media (STEMCELL Technologies) supplemented with 10 %
KnockOut Serum Replacement (Thermo Fisher Scientific), Pen/Strep, 10ng/ml of TPO
(PROSPEC) then collected and CD45% cells isolated by MACS column (Miltenyi Biotec),
were transplanted into lethally irradiated (12 Gy, two split doses) CD45.2 recipients.
Survival was analysed up to 2 months after transplantation.

Co-culture of human cord blood cells with murine rMSCs

CD34+ human cord blood (Lonza) was obtained according to an institutional review board-
approved protocol. 13,600 CD34* cells were co-cultured with murine rMSCs in StemSpan
SFEM media (STEMCELL Technologies) supplemented with 10 % KnockOut Serum
Replacement (Thermo Fisher Scientific), Pen/Strep, 10ng/ml of human TPO (PROSPEC).
After co-culture for 6 days, the number of phenotypic Lin"CD34*CD38~CD90*CD49f*
human HSCs was assessed by FACS analysis.

Limiting dilution CRU assay of murine HSCs

Competitive repopulating unit (CRU) assays were performed as previously described?? using
limiting numbers of BMNCs from CD45.1 donor mice. Freshly isolated BMNCs were
immediately used for BM transplantation, or BMNCs were co-cultured with rMSCs for 6
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days in StemSpan SFEM media (STEMCELL Technologies) supplemented with 10 %
KnockOut Serum Replacement (Thermo Fisher Scientific), Pen/Strep, 10ng/ml of TPO
(PROSPEC) and 20ng/ml of stem cell factor (SCF; PEPROTEC), then collected and CD45*
cells were isolated by MACS column (Miltenyi Biotec), and finally a fraction of the cultured
cells corresponding to the indicated number (1,000, 2,500, 5,000, 12,500 and 25,000) of
initial BMNCs was subjected to BM transplantation. The test cells (CD45.1) were
transplanted together with 2 x 103 competitor BMNCs (CD45.2) into CD45.2 recipient mice
lethally irradiated (12 Gy, two split doses). The percentage of donor (CD45.1%) cells in the
PB was determined 16 weeks later by flow cytometry. Mice with more than 1 % in all three
lineages (myeloid, B and T cells) were considered positive and the others were defined as
negative mice. The CRU frequency was calculated using L-Calc software (STEMCELL

Technologies).

Limiting dilution CRU assay of human cord blood

CRU assays were performed using limiting numbers of CD34* cells from human cord blood
(Lonza). Freshly isolated non-cultured human cord blood CD34* cells were immediately
used for BM transplantation, or human cord blood CD34* cells were co-cultured with
murine rtMSCs for 6 days in StemSpan SFEM media (STEMCELL Technologies)
supplemented with 10 % KnockOut Serum Replacement (Thermo Fisher Scientific), Pen/
Strep, 10ng/ml of human TPO (PROSPEC) and 20ng/ml of human SCF (PROSPEC), then
collected and human CD45* cells were isolated by MACS column (Miltenyi Biotec), and
finally a fraction of the cultured cells corresponding to the indicated number (0.2, 1, 3 and 5
x 10%) of initial cord blood cells was subjected to BM transplantation. The test cells (human
CD45%) were transplanted into NOD-scid I12rg~/~ (NSG) immunocompromised mice
sublethally irradiated (2 Gy) together with 2 x 10° competitor BMNCs (NSG). The
percentage of donor (human CD45™%) cells in the PB was determined 16 weeks later by flow
cytometry. Mice with more than 1% were considered positive and the others were defined as
negative mice. The CRU frequency was calculated using L-Calc software (STEMCELL

Technologies).

Immunofluorescence staining and imaging of sorted HSCs

Immunofluorescence staining for yH2AX was adapted from previously described!®. After
co-culture in serum-free medium supplemented with SCF (20ng/ml) and TPO (10ng/ml) for
6 days, Lin~Sca-1%c-KittCD48"CD150* HSCs were directly sorted on polylysine-coated
slides (P0425-72AE; Sigma), 500-2000 cells per slide, incubated for 10 min, fixed with 4 %
PFA for 10 min at room temperature, and permeabilised with 0.2 % Triton X-100 for 20 min
at room temperature. Subsequently, the cells were blocked with 1% BSA/PBS overnight at
4 °C. Cells were then incubated with 0.125 pg (Sul of 25ug/ml) FITC-conjugated anti-
phospho-H2A.X (Ser139) antibody (Clone: 2F3; Cat: 613404; BioLegend) for 2 h at 37°C.
Primary antibody staining was followed by 3 washes with PBS and 10 min incubation with
0.2 % Hoechst 33342 (Sigma). All images were acquired using ZEISS AXIO examiner D1
microscope (Zeiss) with confocal scanner unit (Yokogawa), and reconstructed in three
dimensions with Slide Book software (Intelligent Imaging Innovations). Image analysis was
performed using the Slide Book software (Intelligent Imaging Innovations).
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RNA isolation and real-time quantitative PCR (qPCR)

RNA isolation and qPCR were performed as described previously!2. mRNA expression
levels were calculated relative to Gapdh or Actinb (B-Actin). The sequences of the primers
are provided in Supplementary Table 5.

RNA-seq and analysis

Total RNA from 1,000-5,000 sorted MSCs was extracted using the RNeasy Plus Micro kit
(QIAGEN), and assessed for integrity and purity using an Agilent 2100 Bioanalyzer (Agilent
Technologies). Complementary DNA libraries were then generated using the SMART-Seq
v4 Ultra Low Input RNA Kit for Sequencing (Clontech) and the Nextera XT DNA Sample
preparation Kit (Illumina). The libraries were then submitted for Illumina NextSeq 500
sequencing (150 bp single ended) according to the standard procedures (ENSEMBL Mus
musculus reference genome GRCm38 release 77). RNA-seq data output from the Illumina
NextSeq 500 platform were processed as previously described3-0. Briefly, single- and
paired-ended sequencing reads were aligned to the mouse genome (mm10) using Spliced
Transcripts Alignment to a Reference (STAR 2.4.1¢)3!. Aligned reads were then quantified
to the transcriptome (UCSC mm10 annotation) at the gene level using featureCounts
(v1.4.6)32. Read counts were then normalized to reads per kilobase per million (RPKM) and
differentially expressed genes were identified using the Characteristic Direction method3?.

34,35

Principal Component Analysis (PCA) and pathway analysis with Enrichr were then

performed. Quality Control summary is shown in Supplementary Table 3.

ATAC-seq and analysis

ATAC-seq was performed as previously described30-37. 2,700-5,000 MSCs were sorted into
4°C 1x PBS and washed in cold 1x PBS, lysed using cold lysis buffer (10 mM Tris-HCI, pH
7.4, 10 mM NacCl, 3 mM MgCl, and 0.1% Igepal CA-630) to obtain nuclei. Immediately
after lysis, nuclei were spun at 500 g for 10 min using a refrigerated centrifuge. To perform
Transpose reaction, immediately following the nuclei prep, the nuclei pellet was
resuspended in the transposase reaction mix (2.5 pl 2x TD buffer, 0.25 pl transposase
(Illumina) and 2.25 ul nuclease-free water). The transposition reaction was carried out for 30
min at 37 °C. We then amplified the library fragments using 5 ul of transposed DNA, 10 ul
of nuclease-free H,0, 25 pl of NEBnext High-Fidelity 2x PCR master mix (New England
Biolabs), 2.5 pl of 25 pM custom PCR primers 1, and 2.5 ul of 25 uM Barcode PCR primers
2 (primer sequences are previously described37?), using the following PCR conditions: 72°C
for 5 min; 98°C for 30 s; and thermocycling at 98°C for 10 s, 63°C for 30 s and 72°C for 1
min. We amplified the libraries for a total of 13 or 17 cycles. The appropriate number of
cycles for PCR amplification was determined through gPCR as described*. After the initial
5 cycles additional 8 or 12 cycles were performed depending on the yield measured by
gPCR. All libraries were sequenced on the Illumina Hiseq 2500 with 100 bp paired-end
reads. We performed analysis on three biological replicates.

The obtained sequences were adapter trimmed and aligned to the mouse reference genome
(mm10 including small contigs) using the BWA-MEM software (arXiv:1303.3997v1). We
selected and used only uniquely aligned reads for the analysis. Reads aligned to

mitochondrial DNA and PCR duplicate reads were eliminated from further analysis. Read
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numbers were down-sampled so that peak calling was based on comparable numbers of
reads for each sample. We performed peak calling using MACS2*® and calculated the
irreproducible discovery rates (IDR)3? of the detected peaks between biological replicates to
select the high confidence peaks (IDR < 0.05). We selected peaks which were shared across
at least two biological replicates with an IDR <0.05. The overlap of peaks was then
compared between samples, and pathway analysis was performed with Enrichr3%3> For
motif analysis, loci where chromatin changed between samples from open to closed or the
opposite pattern were identified. The sequences at these loci were analysed for transcription
factor binding sites using HOMER*". Quality Control summary is shown in Supplementary
Table 4.

Statistics & Reproducibility

All data are represented as mean+s.d., except for qPCR that are represented as meants.e.m,
unless otherwise noted in the figure legends. Comparisons between two samples were done
using unpaired two-tailed Student’s ¢tests. Comparison between multiple groups was
performed using one-way ANOVA followed by Tukey’s multiple comparison test. Log-rank
analyses were used for Kaplan-Meier survival curves. All data presentation and statistical
analyses were performed using GraphPad Prism7 (GraphPad Software, San Diego, CA). *P
<0.05, #*P<0.01, ***P<0.001, ****P<0.0001, n.s. (not significant). Pvalues > 0.001 are
given in figure legends.

All experiments were reproduced at least three times, except for those of Fig. 3j and
Supplementary Fig. 11-m which were reproduced twice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Selection and screening of candidate genes for revitalizing M SCs.

(a) Real-time qPCR analysis of the expression of Scf, Cxcll12, Angpt! and Vcam/! in freshly
isolated Nestin-GFP~ and Nestin-GFP* CD45 Ter119"CD31~ cells and 2 weeks in vitro
cultured Nestin-GFP? cells isolated from Nes-Gfp transgenic mice. Expression level was
normalized with Gapdh level and the mean expression level in freshly isolated Nestin-GFP*
was defined as 1. n=3 biologically independent samples for Nestin-GFP~, Nestin-GFP*
mice; n=4 biologically independent samples for cultured-Nestin-GFP*. (b) Selected 40
candidate genes tested for revitalizing cultured MSCs were derived from RNA-seq analyses
of Nestin-GFP* CD45 Ter119~CD31~ cells!2. Levels of expression (FPKM) are shown. n=3
biologically independent samples. (C) Real-time qPCR analysis of the expression of 40
candidate genes in freshly isolated Nestin-GFP~ cells, freshly isolated Nestin-GFP* MSCs,
and 2 weeks in vitro cultured Nestin-GFP* MSCs. Expression level was normalized with
Gapdh level and the mean expression level in freshly isolated Nestin-GFP* was defined as 1.
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n=3 biologically independent samples for Nestin-GFP~, Nestin-GFP*; n=4 biologically
independent samples for cultured-Nestin-GFP*. (d) Outline of experiment strategy in
reprogramming cultured MSCs into revitalized MSCs. FACs plots are representative of five
separate experiments. Error bars, meants.e.m. * P<0.05, **P<0.01, ***P<0.001,

#*%% P<0.0001, n.s. (not significant); two-sided unpaired Student’s #test (a and C). Refer to
Supplementary Table 6 for precise P-values.
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Figure 2. Combination of KIf7, Ostf1, Xbpl, Irf3 and | rf7 reprograms cultured M SCs and enables
the ex vivo HSC maintenance and expansion.

(a) Presence (blue) or absence (white) of the indicated genes in each clone derived from Scf
GFP* MSCs transduced with a mix of lentivirus harbouring 28 genes. Genes integrated in
>75% of clones are highlighted in red. (b) Presence (blue) or absence (white) of virally
integrated genes in cultured MSCs before transduction (Infect™), transduced with empty
vector (Mock), or transduced with mix of lentivirus harbouring 28 genes without sorting
ScEGFPY cells (Sort™). (C) Scfexpression as determined by real-time gPCR analysis.
Statistical significance indicates comparison to empty vector-transduced control MSCs.
Mean expression in control MSC was defined as 1. n=3 biologically independent samples
for each clone. K10, P=0.001. (d) HSC numbers were assessed by FACS analysis after Lin
~ BM cells were co-cultured with each single cell clone. Statistical significance indicates
comparison to control. Horizontal line indicates the input HSC numbers. All ‘n’ represent
biologically independent samples. n=3. (€) Expression of Scfand Cxc//2 was assessed by
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real-time qPCR in control MSC, OXII-transduced MSC clones (OXII), and KOXII-
transduced MSC clones (KOXII). Mean expression level in control MSC was defined as 1.
n=4 (Control), n=9 (OXII), n=12 (KOXII) for Scf. n=4 (Control), n=9 (OXII), n=15 (KOXII)
for Cxcl/12. KOXII vs. control, P=0.003; vs. OXII, P=0.001 for Scf. KOXII vs. control, P
=0.002 for Cxcli2. (f) Lin~ BM cells were co-cultured with control MSC, OXII-transduced
MSC clones (OXII), and KOXII-transduced MSC clones (KOXII), and HSC numbers were
assessed by FACS analysis. n=3 (Control), n=4 (OXII), n=8 (KOXII). OXII vs. control, P=
0.006. Data points in (d), (€), and (f) represent distinct single cell-derived clones. (g) Phase-
contrast images of MSCs transduced with empty vector (control) and KOXII-transduced
MSCs (KOXII) (scale bar represents 50um). All 8 KOXII-transduced clones evaluated
exhibited similar morphology. Error bars, means.e.m. in (C and €), meanzs.d. in (d and f).
*P<0.05, **P<0.01, *** P<0.001, **** P<0.0001, n.s. (not significant); One-way ANOVA
followed by Tukey’s multiple comparison test (C-f).
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Figure 3. rM SCs maintain engraftable HSCs.
(@) Lin~™ BM cells were co-cultured with MS-5, empty vector-transduced MSC (control),

rMSC, or in cell-free media, with or without SCF (20 ng/ml), and HSC numbers were
assessed by FACS. n=3 independent samples for MS-5, Control, and rMSC. (b)
Experimental design of the competitive reconstitution assay. (C) Quantification of myeloid,
B, and T cell engraftment by FACS in the blood of mice transplanted with Lin~ BM cells co-
cultured with control MSCs, rtMSCs, or cell-free media, by competitive reconstitution assay.
Statistical significance was determined by comparing donor chimerism to control MSC. P-
values are available in Supplementary Table 6. n=4 mice/group. (d) Long-term engraftment
of myeloid, B (£=0.03), and T (£=0.01) cells in a secondary competitive reconstitution assay
from the primary transplantation shown in (c). Box plots show median, first and third
quartile, minimum and maximum. n=4 mice/group. (€) Kaplan-Meier survival curve of
lethally irradiated recipient mice (CD45.2) non-competitively transplanted with 25,000 fresh
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CD45.1 BMNCs (Fresh BM, P=0.001), or with CD45* cells from co-culture of 25,000
CD45.1 BMNCs with control MSCs (P=0.02), rMSCs, or cell-free media (£=0.001). n=8
mice/group. (f) Competitive-repopulating unit (CRU) assay using limiting numbers of fresh
BMNCs, or BMNCs co-cultured with rMSCs. n=4 mice for rMSCs (1x10%) and fresh BM
(2.5, 12.5x103); n=5 mice for rMSCs (2.5, 5, 12.5, 25x103) and fresh BM (5, 25x103). (g
and h) Quantification (g) and representative images (h) of YH2AX (red) in HSCs. Nuclei
were stained with Hoechst (blue). n was calculated as mean of 150 HSCs scored from n=3
biologically independent samples for each group. (i) 13,600 CD34* human CB cells were
co-cultured and HSC numbers were assessed by FACS analysis. n=3 biologically
independent samples for Control and rMSC. (j) CRU assay using limiting numbers of fresh
CB CD347 cells or CD34" cells co-cultured with murine tMSCs. n=5 mice for each group.
Scale bars: (h) 10um. Error bars, mean#s.d. in (&, g and i), mean%s.e.m. in (C). */P<0.05,
*##P<0.01, #*+* P<0.001, ****P<0.0001; One-way ANOVA followed by Tukey’s multiple
comparison test (@, g and i), two-sided unpaired Student’s ¢test (€ and d), two-sided log-
rank test (€).
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Figure 4. Characterization of rM SCsand Mef2cisone of key factorsin revitalization of M SCs.
(@) Heat map of niche gene expression levels3. Expression levels in sorted non-cultured Sc£

GFP~ CD45 Ter119~CD31~ cells, non-cultured Sc£GFP* CD45 Ter119~CD31~ cells,
empty vector-transduced control MSCs, and rMSCs. The values of log-transformed reads
per kilobase per million mapped reads (RPKM) obtained from RNA-seq were visualized
using GraphPad Prism7. Genes with absent expression were assigned to the lowest value of
the gene pool for visualization. n=3 biologically independent samples for each group. (b)
Principal Component Analysis (PCA) visualizes the samples from the four cell populations
in the gene expression space obtained by RNA-seq profiling. n=3 biologically independent
samples for each group. (C) Venn diagrams showing the overlap between the 4 groups of up
and down regulated genes. (d) Enriched pathways for the 235 genes overlapping between the
two groups in (c). Pathway enrichment analysis results from Enrichr343>, P-values
determined by one-sided Fisher’s exact test for 230 pathways, with no correction for
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multiple comparisons. (€) Venn diagrams to show the overlap between 2 groups of peaks
with increased accessibilities (open) and peaks with decreased accessibilities (closed) in
ATAC-seq analysis of the four cell populations. One of the top significant transcription
regulators identified from motifs analysis of the 626 overlapping peaks is shown (MefZc, P=
1x10713). (f) Expression of Mef2c was assessed by real-time qPCR in the samples from the
four cell populations. Expression level was normalized with B-Actin and the mean
expression level in ScFGFP? cells was defined as 1. n=3 Sc£GFP~, n=3 Sc£GFP*, n=3
Control MSC, n=4 rMSC (n represents biologically independent samples). (g) Lin™ BM cells
were co-cultured with shCntrl-transduced rMSCs and shMef2c-transduced rMSCs in the
presence of SCF (20ng/ml) and TPO (10ng/ml). After 6 days, HSC numbers were assessed
by FACS analysis. n=3 biologically independent samples for shCntrl and shMef2c. Error
bars, meants.e.m. in (f), means.d. in (g). *#<0.05, **P<0.01, ***P<0.001, **** P<0.0001;
One-way ANOVA followed by Tukey’s multiple comparison test (f), two-sided unpaired
Student’s ttest (Q).
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