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Simple Summary: ROS and JAK/Stat3 cooperatively upregulate the expression of HIF-1α in bone
marrow-derived mesenchymal stem cells under normoxic conditions in response to breast tumor
cells. The upregulation of HIF-1α contributes in part to the increase in VEGF expression in the bone
marrow-derived mesenchymal stem cells. Bone marrow-derived mesenchymal stem cells improve
the angiogenic sprouting capacity of mature endothelial cells in a VEGF-dependent manner.

Abstract: Breast tumor cells recruit bone marrow-derived mesenchymal stem cells (BM-MSCs) and
alter their cellular characteristics to establish a tumor microenvironment. BM-MSCs enhance tumor
angiogenesis through various mechanisms. We investigated the mechanisms by which BM-MSCs
promote angiogenesis in response to breast tumor. Conditioned media from MDA-MB-231 (MDA CM)
and MCF7 (MCF7 CM) breast tumor cells were used to mimic breast tumor conditions. An in vitro
spheroid sprouting assay using human umbilical vein endothelial cells (HUVECs) was conducted
to assess the angiogenesis-stimulating potential of BM-MSCs in response to breast tumors. The
ROS inhibitor N-acetylcysteine (NAC) and JAK inhibitor ruxolitinib attenuated increased HIF-1α
in BM-MSCs in response to MDA CM and MCF7 CM. HIF-1α knockdown or HIF-1β only partially
downregulated VEGF expression and, therefore, the sprouting capacity of HUVECs in response
to conditioned media from BM-MSCs treated with MDA CM or MCF7 CM. Inactivation of the
VEGF receptor using sorafenib completely inhibited the HUVECs’ sprouting. Our results suggest
that increased HIF-1α expression under normoxia in BM-MSCs in response to breast tumor cells is
mediated by ROS and JAK/Stat3, and that both HIF-1α-dependent and -independent mechanisms
increase VEGF expression in BM-MSCs to promote the angiogenic sprouting capacity of endothelial
cells in a VEGF-dependent manner.

Keywords: bone marrow-derived mesenchymal stem cells; breast tumor; VEGF; HIF-1α;
ROS; JAK/Stat

1. Introduction

Bone marrow-derived mesenchymal stem cells (BM-MSCs) migrate into injured tissues
and contribute to tissue regeneration [1–3]. The migrated BM-MSCs differentiate into
various types of somatic cells, including endothelial cells and pericytes [3,4], and secrete
anti-inflammatory cytokines, growth factors, and proangiogenic factors such as vascular
endothelial growth factor (VEGF) and basic fibroblast growth factor [2,5,6].
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BM-MSCs have tumor-tropic activity as well as regenerative activity. Angiogenesis
mediates the formation of new blood vessels from the preexisting vessels and generates
tumor vasculature that is required for tumor growth and metastasis [7]. BM-MSCs are
actively recruited to tumors, as to the injured tissues, and enhance tumor angiogenesis,
tumor growth, and metastasis [8–11].

BM-MSCs dramatically accelerate angiogenesis through various mechanisms. BM-MSCs
have been shown to differentiate into tumor endothelial cells [12]. BM-MSCs are inte-
grated into tumor blood vessels and function as cells expressing pericyte markers, such
as α-smooth muscle actin [13]. Moreover, BM-MSCs secrete interleukin 6, which stimu-
lates cancer cells to induce the mobilization of tumor endothelial cells and tumor vessel
formation [14]. BM-MSCs upregulate tumor angiogenesis by secreting stromal-cell-derived
factor 1, which recruits endothelial progenitor cells into the tumor [15]. BM-MSCs have
also been shown to secrete proangiogenic factors—including VEGF—to activate tumor
endothelial cells and stimulate tumor angiogenesis [16,17].

Hypoxia-inducible transcription factors (HIFs) regulate angiogenesis by enhancing
VEGF expression in hypoxia-exposed cells by binding the VEGF promoter [18,19]. HIFs
are heterodimers composed of an α subunit (HIF-1α, HIF-2α, or HIF-3α) and β subunit
(HIF-1β) [19,20]. The expression of HIF α proteins is regulated by oxygen concentration,
but HIF β proteins are constitutively expressed regardless of oxygen concentration [19,20].
HIF-1α is targeted to proteasome-dependent degradation in response to normoxia [21],
wherein it undergoes ubiquitylation mediated by the von Hippel–Lindau tumor suppressor
E3 ligase complex following hydroxylation mediated by prolyl hydroxylases, known
as prolyl hydroxylase domain (PHD) proteins, which show oxygen-dependent enzyme
activity [21,22]. However, it has also been reported that HIF-1α may be stable even under
normoxia [23]. Pyruvate, lactate, and oncometabolites such as succinate and fumarate can
stabilize the HIF-1α protein [23–25]. Reactive oxygen species (ROS) have been also shown
to regulate the activity and stability of HIF-1α under normoxia [23,26]. The transcription
of HIF-1α can be stimulated by the Janus kinase (JAK)/signal transducer and activator of
transcription (Stat) signaling pathway and pro-survival signaling pathways such as the
ERK and Akt pathways [23,27,28].

The expression of VEGF—an essential mediator of angiogenesis—has been found to be
regulated both dependent and independent of HIF-1α. Peroxisome-proliferator-activated
receptor-γ coactivator-1α—the transcriptional coactivator that is induced by low oxygen—
induces the expression of VEGF independently of HIF-1α [29]. VEGF has been shown to be
upregulated via various mechanisms, such as acidosis, oncogenic activation, elevated ROS,
and transforming growth factor-beta (TGF-β) levels, and activated through the JAK/Stat
signaling pathway, independent of oxygen concentration [30–37].

The JAK/Stat signaling pathway controls angiogenesis through the regulation of
VEGF expression. There are four mammalian JAKs (JAK1, JAK2, JAK3, and TYK2) and
seven mammalian Stats (Stat1, Stat2, Stat3, Stat4, Stat5A, Stat5B, and Stat6) [38,39]. JAKs are
the intracellular non-receptor tyrosine kinases that are activated in response to cytokines
and hormones binding to their receptors [38,39]. Activated JAKs phosphorylate Stats which,
in turn, enter the nucleus to regulate the transcription of target genes [38,39].

BM-MSCs highly express VEGF under physiological and pathophysiological condi-
tions. For example, BM-MSCs enhanced angiogenesis in the myocardium of a myocardial
infarction animal model via HIF-1α-induced VEGF secretion [40]. BM-MSCs enhanced
HIF-1α-dependent VEGF expression in response to the inflammatory tumor microenvi-
ronment to promote angiogenesis in colon and prostate cancers [17,41]. It has been shown
that BM-MSCs also enhance vascularity in breast tumors [42], but little is known about
the mechanisms mediating the increase in angiogenesis of breast tumors. In this study, we
investigated whether BM-MSCs, in response to breast tumor cells, promote the sprouting
capacity of human umbilical vein endothelial cells (HUVECs) in a VEGF-dependent man-
ner. We also investigated whether the high VEGF expression in BM-MSCs is dependent on
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or independent of HIF-1α, as well as the mechanisms that increase HIF-1α expression in
BM-MSCs in response to breast tumor cells.

2. Materials and Methods
2.1. Cell Culture

Human BM-MSCs were obtained from Lonza (Basel, Switzerland) and were main-
tained with Mesenchymal Stem Cell Growth Medium (Lonza). The cells between passages
4 and 7 were used for all experiments. MDA-MB-231 cells and MCF7 cells were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA). MDA-MB-231
cells were cultured in Dulbecco’s modified Eagle medium/high glucose (DMEM/HG; Hy-
Clone, Logan, UT, USA), supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Thermo Fisher Scientific, Waltham, MA, USA) and 100 U/mL penicillin/streptomycin (P/S;
Thermo Fisher Scientific). MCF7 cells were cultured in DMEM/F-12 (1:1) (Thermo Fisher
Scientific) supplemented with 10% FBS, 2 mM L-glutamine (Thermo Fisher Scientific) and
100 U/mL P/S. Human umbilical vein endothelial cells (HUVECs; Lonza) were maintained
on 0.2% gelatin from a bovine skin (Sigma-Aldrich, St. Louis, MO, USA)-coated dish using
Endothelial Cell Growth Media-Plus (Lonza), and HUVECs between passages 4 and 8 were
used for all experiments. All of the cells were maintained at 37 ◦C in a humidified incubator
containing 5% CO2.

2.2. Conditioned Media Preparation
2.2.1. Conditioned Media of Breast Tumor Cells

MDA-MB-231 and MCF7 cells were cultured using their culture media until confluence.
The cells were then washed with phosphate-buffered saline (PBS) and incubated for 3 days
with DMEM/HG supplemented with 100 U/mL P/S or DMEM/F-12 (1:1) supplemented
with 2 mM L-glutamine and 100 U/mL P/S for MDA-MB-231 or MCF7 cells, respectively.
To prepare conditioned medium (CM) for the control, DMEM/HG supplemented with
100 U/mL P/S or DMEM/F-12 (1:1) supplemented with 2 mM L-glutamine and 100 U/mL
P/S was incubated for 3 days under cell-free conditions. The CM from MDA-MB-231
(MDA CM), MCF7 (MCF7 CM), or the control (CON CM) was filtered through a 0.2 µm
filter (Corning, Cornyn, NY, USA), aliquoted, and stored at −80 ◦C until use.

2.2.2. Conditioned Media from BM-MSCs Primed with MDA CM or MCF7 CM

BM-MSCs were cultured in 6-well plates until 80–90% confluence and incubated
for 24 h with DMEM/low glucose (DMEM/LG) supplemented with 2 mM L-glutamine
and 100 U/mL P/S. Then, the BM-MSCs were rinsed with PBS and incubated with MDA
CM, MCF7 CM, or CON CM for 48 h. The CM from the cells was collected, filtered
through a 0.2 µm filter, aliquoted, and stored at −80 ◦C until use. For the control, MDA
CM, MCF7 CM, or CON CM was incubated under cell-free conditions for 48 h. For
knockdown experiments, BM-MSCs were transfected with siRNA targeting HIF1A or
ARNT and incubated for 24 h prior to adding MDA CM or CON CM.

2.3. Western Blot Analysis

BM-MSCs were cultured until to 80–90% confluence and serum-starved overnight
using DMEM/LG supplemented with 2 mM L-glutamine and 100 U/mL P/S. Then, the
BM-MSCs were treated with MDA CM, MCF7 CM, or CON CM for the indicated times.
For JAK and ROS inhibition, the cells were pretreated with ruxolitinib (Cayman Chemical,
Ann Arbor, MI, USA) and N-acetylcysteine (NAC; Sigma-Aldrich), respectively, for 30 min
prior to the CM treatment. BM-MSCs were rinsed twice with ice-cold PBS and lysed using
2× SDS buffer (100 mM Tris-HCl, pH 6.8, 20% (v/v) glycerol, 2% (v/v) sodium dodecyl
sulfate (SDS), 0.001% (w/v) bromophenol blue, and 10% (v/v) β-mercaptoethanol) at 25 ◦C
for 5 min. The cell lysates were collected by scrapping and denatured by heating at 95 ◦C
for 5 min. Western blot analysis was performed with the following primary antibodies:
anti-HIF-1α (1:800-1:1000; Cell Signaling Technology, Danvers, MA, USA), anti-phospho-
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Stat3 (pStat3; 1:500–1:800; Cell Signaling Technology), anti-Stat3 (1:1000; Cell Signaling
Technology), and α-tubulin (1:30000–1:50000, Sigma-Aldrich). Densitometry of the bands
obtained was performed using the ImageJ software (NIH, Bethesda, MD, USA).

2.4. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated using the TRIzol reagent (Invitrogen, Waltham, MA, USA), and
cDNA was synthesized using SuperScript III Reverse Transcriptase (Invitrogen), according
to the manufacturers’ protocols. Quantitative reverse-transcriptase polymerase chain reac-
tion (qRT-PCR) was performed using the SYBR Green reagent (Invitrogen). The human
ribosomal protein S9 gene (RPS9) was used as an endogenous control. The primer sequences
were as follows: HIF1A (forward): 5′-TTTGGCAGCAACGACACAGA -3′; HIF1A (reverse):
5′-CGTTTCAGCGGTGGGTAATG-3′; ARNT (forward): 5′-CCACAGGAACTCTTAGGAA-3′,
ARNT (reverse): 5′-CATGACAGACAGCACTTG-3′; VEGFA (forward): 5′-CTGCTCTACCT
CCACCATGC-3′, VEGFA (reverse): 5′-AGCTGCGCTGATAGACATCC-3′; SLC2A1 (for-
ward): 5′-CTTTGTGGCCTTCTTTGAAGT-3′, SLC2A1 (reverse): 5′-CCACACAGTTGCTCC
ACAT-3′; RPS9 (forward): 5′-CTGACGCTTGATGAGAAGGAC-3′, RPS9 (reverse):
5′-CAGCTTCATCTTGCCCTCAT-3′.

2.5. Immunocytochemistry

BM-MSCs were cultured until 80–90% confluence on type I collagen (Nitta Gelatin, Yao,
Osaka, Japan)-coated cover glasses in 24-well plates and serum-starved overnight using
DMEM/LG supplemented with 2 mM L-glutamine and 100 U/mL P/S. Then, BM-MSCs
were treated with MDA CM for 6 h. The cells were rinsed with ice-cold PBS and fixed with
4% formaldehyde (Sigma-Aldrich) for 10 min on ice. After fixation, immunocytochemistry
was performed using antibodies against HIF-1α (1:100; Cell Signaling Technology) and
Alexa-Fluor-488-labeled goat anti-mouse IgG antibody (1:500; Invitrogen) according to
standard protocols [43]. Nuclei were stained using 4,6-diamidino-2-phenylindole (DAPI;
Invitrogen) for 10 min, and actin was stained using Alexa-Fluor-546-tagged phalloidin
(1:1500; Invitrogen). The cells were imaged using a Zeiss LSM 700 confocal microscope
(Carl Zeiss, Oberkochen, Germany).

2.6. Transfection of Cells with Small Interfering RNAs (siRNA)

BM-MSCs were transfected with siRNA using Lipofectamine RNAiMAX (Invitrogen)
following the manufacturer’s instructions. Scrambled siRNA (OriGene, Rockville, MD,
USA) was used as a negative control. siRNAs were synthesized by Genolution (Seoul,
South Korea) and their sequences were as follows: HIF-1α sense: 5′-GUGGUUGGAUCUA
ACACUAUU-3′, HIF-1α antisense: 5′-UAGUGUUAGAUCCAACCACUU-3′; HIF-1β #1
sense: 5′-GGUCAGCAGUCUUCCAUGAUU-3′, HIF-1β #1 antisense: 5′-UCAUGGAAGA
CUGCUGACCUU-3′; HIF-1β #2 sense: 5′-CCAUCUUACGCAUGGCAGUUUUU-3′, HIF-
1β #2 antisense: 5′-AAACUGCCAUGCGUAAGAUGGUU-3′. Mixtures with equal amounts
of HIF-1β siRNAs #1 and #2 were used to knock down HIF-1β.

2.7. In Vitro Spheroid Sprouting Assay Using HUVEC Spheroids

HUVECs were suspended at a density of 1.33 × 104 cells/mL in Medium 199 (Sigma-
Aldrich) supplemented with 10% (v/v) FBS and 0.2% (v/v) methylcellulose (Sigma-Aldrich).
The cell suspension (30 µL) was seeded into the non-adherent lid of a Petri dish. The lid was
turned upside-down and incubated for 24 h to assemble single spheroids (~400 cells/spheroid).
The HUVEC spheroids were collected in PBS and centrifuged at 200× g for 5 min. The
spheroids were then resuspended in a methylcellulose mixture containing 20% (v/v) FBS
and 0.95% (v/v) methylcellulose in Medium 199. For preparing the type I collagen gel
mixture, 3 mg/mL type I-A collagen (Nitta Gelatin) was mixed with 10× Medium 199
(Sigma-Aldrich) and 10× reconstitution buffer (0.05 N NaOH, 0.261 M NaHCO3, and 0.2 M
HEPES) at a ratio of 8:1:1 on ice. The collagen mixture was then added to the methylcellu-
lose mixture containing spheroids at a 1:1 ratio on ice. This mixture (0.7 mL) was transferred
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into a 24-well plate and immediately incubated at 37 ◦C and 5% CO2 for 30 min to poly-
merize the gel. Then, 100 µL of Medium 199 containing 20 ng/mL VEGF165 (PeproTech,
Rocky Hill, NJ, USA) or CM from BM-MSCs primed with MDA CM, MCF7 CM, or CON
CM was added on top of the collagen gel containing HUVEC spheroids, and the mixture
was incubated for 24 h to induce spheroid sprouting. If necessary, 5 µM sorafenib (Sigma-
Aldrich) was pretreated for 30 min prior to the treatment with VEGF165 or the CM. At least
10 spheroids were analyzed per group, and both the number of sprouts and the sprout
length of all sprouts per spheroid (i.e., cumulative sprout length) were measured using the
ImageJ software (NIH).

2.8. Statistical Analysis

Quantitative data are expressed as the mean ± SD. Statistical analysis was performed
using Student’s t-test in GraphPad version 9.4.0 (GraphPad Software Inc.). A value of
p < 0.05 was considered significant.

3. Results
3.1. BM-MSCs Show Increased HIF-1α Expression in Response to Breast
Tumor-Mimicking Conditions

BM-MSCs are recruited into tumors, where they stimulate angiogenesis and metas-
tasis [9,10]. BM-MSCs were cultured in CM from breast tumor cells (MDA-MB-231 and
MCF7) that simulate breast tumor conditions, and their HIF-1α expression was investi-
gated. HIF-1α levels were higher in BM-MSCs treated with CM from the breast tumor cell
line MDA-MB-231 (MDA CM) than with CM from the control (CON CM). HIF-1α levels
dramatically increased after 6 h of MDA CM treatment and gradually reduced by 48 h
(Figure 1A). Furthermore, in BM-MSCs treated with MDA CM, HIF-1α mRNA levels were
upregulated (Figure 1B), and the HIF-1α protein that functions as a transcription factor
was localized in the nucleus (Figure 1C). Conditioned media from another breast cancer
cell line—MCF7 (MCF7 CM)—also induced an increase in the expression of both HIF-1α
protein and HIF-1α mRNA in BM-MSCs (Figure 1D,E).
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(CON CM) or conditioned medium from MDA-MB-231 cells (MDA CM) for the indicated times;
α-tubulin was used as an internal control for Western blot analysis. (C) Immunocytochemistry of
BM-MSCs treated with CON CM or MDA CM for 6 h; actin was stained red with phalloidin and
nuclei were stained blue with DAPI. (D,E) Protein and mRNA levels of HIF-1α in BM-MSCs treated
with CON CM or conditioned medium from MCF7 (MCF7 CM) cells for 6 h and 12 h, respectively.
Results are presented as the mean ± SD. Uncropped Western blot images are available in Figure S1.

3.2. ROS and JAK/Stat3 Signaling Mediate HIF-1α Induction in BM-MSCs in Response to Breast
Tumor-Mimicking Conditions

The activation of JAK/Stat signaling is associated with the establishment of the tumor
microenvironment [44,45], and Stats play important roles in regulating the stability of
HIF-1α proteins [36,46]. We found that the level of phosphorylated Stat3 increased in
BM-MSCs incubated with MDA CM. Stat3 phosphorylation increased at 15 min after MDA
CM treatment and declined thereafter (Figure 2A). Ruxolitinib, a selective inhibitor of
JAK [47], suppressed the increase in Stat3 phosphorylation in BM-MSCs treated with MDA
CM (Figure 2B). ROS induces the activation of JAK/Stat signaling [48] and has also been
found to regulate the activity and stability of the HIF-1α protein [26,49,50]. N-acetylcysteine
(NAC), an ROS inhibitor, suppressed the phosphorylation of Stat3 in BM-MSCs treated with
MDA CM (Figure 2C). Ruxolitinib and NAC suppressed the increase in HIF-1α expression
in BM-MSCs treated with MDA CM (Figure 2D,E). The elevated levels of HIF-1α protein in
BM-MSCs incubated with MDA CM were more significantly suppressed with ruxolitinib
and NAC co-treatment than with ruxolitinib or NAC treatment alone (Figure 2F). BM-MSCs
incubated with MCF7 CM showed increased JAK-mediated phosphorylation of Stat3,
and NAC inhibited Stat3 phosphorylation in BM-MSCs (Figure 2G,H). The MCF7 CM-
mediated increase in HIF-1α was suppressed in ruxolitinib- or NAC-pretreated BM-MSCs
(Figure 2I,J), and co-treatment with ruxolitinib and NAC showed an addictive effect and
greatly suppressed MCF7 CM-mediated HIF-1α expression (Figure 2K). Stat3 and ROS
signaling have been shown to mediate the increase in HIF-1α transcription in both hypoxic
and normoxic conditions [27,28,51]. Neither ruxolitinib nor NAC treatment was able
to suppress the increase in HIF-1α mRNA levels in BM-MSCs treated with MDA CM
(Figure 2L,M).

3.3. BM-MSCs Regulate VEGF Expression in Response to Breast Tumor-Mimicking Conditions in
Both an HIF-1α-Dependent and HIF-1α-Independent Manner

We previously reported that BM-MSCs show increased VEGF expression in response to
MDA CM [52]. In this study, we found that BM-MSCs showed increased VEGF expression
in response to both MCF7 CM and MDA CM (Figure 3A). We assessed whether this
increase in VEGF transcription was induced by HIF-1α. HIF-1α knockdown by transfection
of HIF1A-targeted siRNA partially suppressed the increase in the mRNA expression of both
HIF-1α and VEGF in BM-MSCs treated with MDA CM, compared to the control siRNA
transfection (Figure 3B,C). To exclude the possibility that the partial inhibition of VEGF was
due to partial knockdown of HIF-1α, we observed the knockdown effect of HIF-1α on other
genes that are upregulated by HIF-1α. Glucose transporter 1 (SLC2A1) is one of the major
genes upregulated by HIF-1α. SLC2A1 expression was upregulated in BM-MSCs by MDA
CM treatment. The expression of SLC2A1 decreased in HIF-1α-knockdown cells to almost
the basal levels found in the control group (Figure 3D), indicating successful knockdown.
HIF-1α knockdown was confirmed by performing Western blot analysis (Figure S3). HIF-
1β is required for HIF-1α-dependent transcriptional regulation of HIF-1α target genes such
as VEGF. HIF-1β knockdown partially suppressed the increase in VEGF expression but
almost completely suppressed the increase in SLC2A1 in BM-MSCs treated with MDA
CM (Figure 3E–G). These results suggest that ROS and the activity of JAK/Stat3 mediate
the increase in HIF-1α of BM-MSCs in response to breast tumor-mimicking conditions
(Figure 2). Therefore, we assessed the effects of NAC and the inhibition of JAK/Stat3
signaling on VEGF expression in BM-MSCs treated with MDA CM. Ruxolitinib and NAC
suppressed the MDA CM-induced increase in VEGF expression in a synergistic manner,
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but not completely (Figure 3H). Ruxolitinib and NAC co-treatment partially suppressed
VEGF expression, as did HIF1A siRNA (Figure 3H).
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(pStat3), Stat3, and HIF-1α in BM-MSCs treated with CON CM, MDA CM, and MCF7 CM, and in
BM-MSCs pretreated with ruxolitinib (1 µM or 3 µM) and/or NAC (5 mM) followed by treatment
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mean ± SD. n.s.: not significant. Uncropped Western blot images are available in Figure S2.
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Figure 3. Partial suppression of VEGF expression in response to HIF-1α knockdown: (A) qRT-PCR
analysis of VEGFA mRNA in BM-MSCs treated with CON CM, MDA CM, or MCF7 CM for 12 h.
(B–D) The expression of VEGF, HIF-1α, and glucose transporter 1 in BM-MSCs transfected with
HIF1A siRNA or control siRNA prior to treatment with CON CM or MDA CM for 12 h. (E–G) The
expression of VEGF, HIF-1β, and glucose transporter 1 in BM-MSCs transfected with ARNT siRNA
or control siRNA prior to treatment with CON CM or MDA CM for 12 h. (H) qRT-PCR analysis
of VEGFA mRNA in BM-MSCs transfected with HIF1A siRNA or control siRNA prior to treatment
with CON CM or MDA CM for 12 h, and BM-MSCs pretreated with ruxolitinib (1 µM) and/or NAC
(5 mM) followed by treatment with CON CM or MDA CM. Results are presented as the mean ± SD.

3.4. BM-MSCs Primed with Breast Tumor-Mimicking Conditions Enhance In Vitro Angiogenic
Sprouting of HUVECs through VEGF Signaling

We analyzed the angiogenic sprouting ability of HUVEC spheroids in response to
BM-MSCs primed with MDA CM, MCF7 CM, or CON CM (Figure 4A). The number of
sprouts per HUVEC spheroid and the cumulative sprout length of all sprouts per spheroid
increased in response to BM-MSCs primed with MDA CM and MCF7 CM compared to
CON CM (Figure 4B–G). These results suggest that BM-MSCs treated with MDA CM
had increased VEGF expression compared to those treated with CON CM in a partially
HIF-1α-dependent manner (Figure 3). Consequently, HIF-1α or HIF-1β knockdown only
partially impaired the sprouting capacity of HUVECs in response to BM-MSCs primed with
MDA CM (Figure 4H–J). BM-MSCs treated with MDA CM increased VEGF expression by
approximately 30-fold compared to BM-MSCs treated with CON CM (Figure S4). We exam-
ined whether HUVEC sprouting was mediated by VEGF in BM-MSCs. VEGF treatment
promoted angiogenic sprouting in HUVEC spheroids while sorafenib—an inhibitor of
various receptor tyrosine kinases, including VEGFR [53,54]—suppressed it (Figure 5A–C).
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Sorafenib remarkably downregulated angiogenic sprouting in HUVECs that improved in
response to the CM from BM-MSCs treated with MDA CM or MCF7 CM (Figure 5D–G).
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Figure 4. Increase in the angiogenic sprouting capacity of HUVEC spheroids in response to
BM-MSCs primed with MDA CM or MCF7 CM: (A) Schematic representation of HUVEC spheroid-
based sprouting angiogenesis assay. (B–G) Sprouting capacity of HUVEC spheroids incubated with
conditioned media from BM-MSCs primed with CON CM, MDA CM, or MCF7 CM. (H–J) Sprouting
capacity of HUVEC spheroids incubated with conditioned media from HIF-1α- or HIF-1β-knockdown
BM-MSCs primed with CON CM or MDA CM. The number of sprouts per spheroid (B,E,H) and
the total length of all sprouts originating from a single spheroid (C,F,I) were measured to quantify
sprouting capacity. Representative images of each experimental condition are shown (D,G,J). Results
are presented as the mean ± SD. Scale bar = 100 µm. n.s.: not significant.
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Figure 5. VEGF signaling-mediated promotion of angiogenic activity in HUVECs incubated with
conditioned media from BM-MSCs primed with breast tumor-mimicking conditions: (A–C) VEGF
increased the sprouting of HUVEC spheroids, while sorafenib (5 µM) pretreatment inhibited the
increase; representative images of each experimental condition (C). (D–G) Sorafenib pretreatment
suppressed the sprouting capacity of HUVEC spheroids that increased in response to conditioned
media from BM-MSCs primed with CON CM, MDA CM, or MCF7 CM. Results are presented as the
mean ± SD. Scale bar = 100 µm.

4. Discussion

Tumor angiogenesis is one of the most important tumor-tropic mechanisms. BM-MSCs
have been found to increase tumor angiogenesis through various mechanisms, such as
secretion of the angiogenic factor VEGF [8,14,16]. In this study, we demonstrated that
BM-MSCs enhance the in vitro angiogenic sprouting capacity of HUVECs under normoxic
conditions in response to stimulation by breast tumor cells in a VEGF-dependent man-
ner. ROS and JAK/Stat3 cooperatively increased HIF-1α expression under normoxia in
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BM-MSCs in response to factors secreted from breast tumor cells. This, in turn, increased
HIF-1α, and HIF-1α-independent mechanisms increased VEGF expression in BM-MSCs.

The hyperactivation of Stats that occurs in tumor cells and non-transformed cells
inside tumors is associated with metastasis, immunosuppression, proliferation, and an-
giogenesis [44,45]. Stats regulate HIF-1α stability [36,46]. ROS that activate JAK/Stat
signaling [48] enhance the stability of HIF-1α through various mechanisms, such as by
modulating PHD enzyme activity [49]. The ROS inhibitor NAC and the JAK inhibitor
ruxolitinib suppressed the increase in HIF-1α protein in BM-MSCs in response to breast
tumor-mimicking conditions. NAC and ruxolitinib suppressed the phosphorylation of
Stat3 in BM-MSCs treated with MDA CM or MCF7 CM. These results suggest that ROS
function upstream of Stat3 to enhance HIF-1α expression in BM-MSCs in response to breast
tumor-mimicking conditions. However, the mechanism by which ROS activates Stat3
in BM-MSCs in response to breast tumor-mimicking conditions and the mechanism by
which ROS and JAK/Stat3 increase HIF-1α expression remain unclear and must be further
investigated. The levels of both HIF-1α mRNA and HIF-1α protein increased in BM-MSCs
in response to breast tumor-mimicking conditions. It has been reported that ROS activate
the HIF1A promoter via nuclear factor kappa B (NF-κB) or NRF2 [51,55]. However, neither
ROS nor JAK/Stat3 was associated with the increase in HIF-1α mRNA in BM-MSCs treated
with MDA CM. Whether the increase in HIF-1α mRNA is due to increased transcription of
HIF-1α in BM-MSCs in response to breast tumor-mimicking conditions or due to HIF-1α
mRNA stabilization is not yet known. Furthermore, it is unclear whether the increase in
HIF-1α mRNA contributes to the increase in HIF-1α protein in BM-MSCs faced with breast
tumors. Therefore, further experiments are required to clarify the mechanisms that increase
HIF-1α mRNA levels in BM-MSCs and to determine whether the increase in HIF-1α mRNA
contributes to the increase in HIF-1α protein levels.

Increased VEGF expression through HIF-1α-independent mechanisms has been re-
ported. For example, the RAS oncogene has been shown to be able to induce VEGF
expression in human cancer cells where HIF-1α is unable to bind to the VEGF promoter
due to mutations in the HIF-1α binding sites of the promoter [34,56]. NF-κB has also
been shown to regulate VEGF expression in response to cytokines such as interleukin 8
(IL-8), independent of HIF-1α [34]. VEGF is induced in response to TGF-β, regardless
of hypoxia [57,58]. Breast tumor cells, including MDA-MB-231 and MCF7 cells, express
TGF-β and various cytokines such as IL-8. Further experiments are required to determine
the mechanism by which BM-MSCs increase VEGF expression independent of HIF-1α in re-
sponse to breast tumor cells. BM-MSCs, in response to breast tumor-mimicking conditions,
showed increased VEGF expression in vitro under normoxic conditions. However, hypoxia
is a characteristic of the tumor microenvironment [59]. Therefore, the mechanisms that
mediate the increase in HIF-1α levels in BM-MSCs under hypoxic conditions mimicking
the tumor microenvironment, along with the mechanisms by which BM-MSCs regulate
VEGF expression, must be investigated.

5. Conclusions

BM-MSCs play essential roles in inducing tumor tropism in the tumor microenvi-
ronment. As tumors grow, angiogenesis is required for tumor cells’ proliferation and
survival. We demonstrated that ROS and JAK/Stat3 synergistically lead to an increase
in HIF-1α in BM-MSCs in vitro under normoxic conditions mimicking the breast tumor
microenvironment. Furthermore, HIF-1α induced by in vitro normoxic conditions mimick-
ing the breast tumor microenvironment promoted VEGF expression in BM-MSCs which,
in turn, enhanced the angiogenic sprouting capacity of HUVECs. However, HIF-1α only
partially induced VEGF expression, and BM-MSCs also showed HIF-1α-independent VEGF
expression. A further understanding of the mechanisms underlying HIF-1α-independent
induction of VEGF may provide therapeutic strategies for controlling angiogenesis en-
hanced by factors of the tumor microenvironment, such as BM-MSC secretions.
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