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ABSTRACT
Mesenchymal stem cells (MSCs) have the capacity for
multilineage differentiation and are being explored as a
source for stem cell-based therapies. Previous studies have
shown that adhesion to extracellular matrix plays a critical role in guiding MSC differentiation to distinct lineages.
Here, we conducted a focused screen of microRNAs to
reveal one microRNA, miR-125b, whose expression
changes as a function of cell adhesion. miR-125b expression was upregulated by limiting cell-matrix adhesion
using micropatterned substrates, knocking down beta5
integrin or placing cells in suspension culture. Interestingly, we noted that suspending human MSCs (hMSCs)
did not induce substantial apoptosis (anoikis) as is typically observed in adherent cells. Although miR-125b
appeared to have some effects on hMSC differentiation,
we demonstrated a striking role for miR-125b in protecting hMSCs from anoikis. Knockdown of miR-125b
increased anoikis while expressing a mimic protected cells.

Mechanistic studies demonstrated that miR-125b protected
against anoikis by increasing ERK phosphorylation and
by suppressing p53. Lastly, we found that miR-125b
expression is quite limited in endothelial cells and mouse
embryonic ﬁbroblasts (MEFs). The rapid anoikis normally
observed in endothelial cells was antagonized by transfection of a miR-125b mimic, suggesting that miR-125b can
confer resistance to anoikis in multiple cell types. We also
found that endogenous miR-125b was signiﬁcantly upregulated during reprogramming of MEFs to induced pluripotent cells, suggesting that miR-125b expression may be
associated with stem cell populations. Collectively, these
observations demonstrate a novel link between cell-matrix
adhesion, miR-125b expression, and a stem cell-speciﬁc
survival program triggered in adhesion-limited contexts
such as might occur in early development and wound healing. STEM CELLS 2012;30:956–964
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INTRODUCTION
Mesenchymal stem cells (MSCs) are multipotent cells that
can differentiate into a variety of tissues, including bone, cartilage, fat, and muscle [1]. This multipotential differentiation
capacity makes these cells an attractive target for cell-based
regenerative therapies, such as bone [2], cartilage [3], and cardiac repair [4]. Differentiation is guided by numerous cues,
most notably the presence of soluble factors (growth factors,
hormones, and small molecules) as well as insoluble cues that
emanate from interactions of cells with the extracellular matrix. The importance of these insoluble cues is highlighted by
several studies showing that cell spreading [5], cell shape [5–
8], matrix stiffness [7, 9], and integrin engagement and
clustering [10] regulate which lineages can be induced by
differentiation medium. Although the organization of the actin
cytoskeleton and the ability of cells to transduce mechanical
forces is a common denominator in these studies, the molecu-

lar mechanisms by which these adhesive cues control differentiation remain incompletely understood.
Most mechanistic studies of how cell-matrix adhesion regulates MSC differentiation have focused on well-documented
signal transduction pathways such as MAPK signaling [6, 11]
or secondary messenger systems, such as cAMP [12].
Although these pathways are indubitably important, there is
increasing evidence that MSC differentiation is guided by the
activity of microRNAs. First, the expression of several microRNAs has been shown to correlate with speciﬁc lineages
including miR-140 for chondrocytes [13], miR-138 for osteoblasts [14], and miR-30, 33a, and 17-92 cluster, 143,
103, for adipocytes [15–18]. Moreover, antagonizing the
expression of miR-29b and miR 17-92 blocked MSC differentiation to the osteogenesis and adipogenic lineages, respectively [17, 19]. MicroRNAs bind to complementary sequences
in the 30 UTR of mRNAs and thereby downregulate gene
expression by either attenuated translational efﬁciency or degradation of the targeted mRNA.
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MicroRNAs are typically regulated at the transcriptional
level [20] and have been well established to respond to chemical
cues present in differentiation medium. However, little is known
about how cell-matrix adhesion might regulate the expression of
microRNAs. Given the prominent roles of both cell-matrix adhesion and microRNAs in controlling stem cell behavior, we
hypothesized that cell adhesion might regulate MSC lineage
speciﬁcation through differential expression of microRNAs.
In this study, we performed a focused screen of microRNAs reportedly expressed in human MSCs (hMSCs) or its
differentiated lineages [13, 17, 18, 21] to determine whether
cell adhesion could regulate microRNA expression. We identiﬁed one microRNA, miR-125b, that was speciﬁcally induced
under conditions of low or absent cell-matrix adhesion. Previous studies have shown that miR-125b is expressed in hematopoietic and epidermal stem cells [22], but this microRNA has
not been well characterized in hMSCs. Interesting, we found
that miR-125b did not promote cellular differentiation but
rather had an unexpected function in promoting cell survival in
response to withdrawal of cell-matrix adhesion signals, a process that normally triggers anoikis. This anoikis-resistance phenotype is mediated by the ability of miR-125b to upregulate
mitogen-activated protein kinase/extracellular signal-regulated
kinase (MEK)/extracellular signal-regulated kinase (ERK) signaling while suppressing p53 expression. MEK/ERK signaling
is known to be critical to survival in many cell types through
its downstream effectors such as Myc and Bad [23, 24], while
p53 signaling is known to promote apoptosis in response to
multiple stresses, including the anoikis response [25]. However,
neither ERK nor p53 have previously been linked to miR-125b
in the context of anoikis. Moreover, we observe that the upregulation of miR-125b in response to loss of cell-matrix adhesion
may be speciﬁc to stem cells.

MATERIALS

AND

METHODS

Cell Culture and Reagents
hMSCs (Lonza, Walkersville, MD, lonzabio.com) were maintained in Dulbecco’s modiﬁed Eagle’s medium (DMEM) containing 10% fetal bovine serum (Hyclone, Waltham, MA, thermoscientiﬁc.com), 0.3 mg/ml glutamine, 100 mg/ml streptomycin,
and 100 units/ml penicillin. Experiments were conducted on cells
at passage 6 or earlier. For cell seeding density experiments, cells
were plated at either low, 5,000 cells per square centimeter, or
high, 30,000 cells per square centimeter, densities on tissue culture plastic. Cell suspension studies were carried out on F-127
pluronics-treated polystyrene dishes. Long-term suspension cultures (24 hours or longer) also included 2% methylcellulose
reconstituted in DMEM medium (GIBCO, Grand Island, NY,
Invitrogen.com) to prevent cell settling and clumping. Examination of cell survival in suspension was performed at day 7. For
hMSC differentiation studies, osteogenic media (R&D Systems)
and adipogenic media (Lonza) were used. Media were changed
every 3 days. Cells were harvested at 2-week time and then
assayed for alkaline phosphatase using Fast-Blue and lipid droplets using Oil-red-O staining as previously described [26]. Human
umbilical vein endothelial cells (HUVECs) were cultured in
EGM-2 media (Lonza). Suspension assays of HUVECs were limited to 3 hours incubation on F-127 pluronics-treated polystyrene
dishes due to the strong anoikis response in this cell type.
Determination of viable MSC cells in suspension cultures
(day 7) was conducted using trypan blue exclusion. HUVECs viability assays included an additional step of replating the cells to
select for the surviving fraction and 16 hours of culture on tissue
culture plates (differential trypan blue staining is not apparent at
the early stages on anoikis following 3 hours of suspension). Per-
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cent survival was reported as viable cells divided by the number
of cells seeded in suspension cultures.

Generation of Induced Pluripotent Stem Cells
Mouse embryonic ﬁbroblasts (MEFs, OCT4-GFP), a gift from
Penn iPSC core facility, were maintained in high glucose DMEM
containing 10% fetal bovine serum and 0.3 mg/ml glutamine. iPS
reprogramming was performed using a lentivirus containing
mouse Oct4, Klf4, and Sox2 (Penn iPSC core facility). Following
infection, MEFs were cultured on top of Matrigel at a seeding
density of (3  105/cm2) in DMEM media containing knockout
serum replacement (KOSR) (Invitrogen), b-mercaptoethanol
(Sigma, St. Louis, MO, sigmaaldrich.com), and leukemia inhibitory factor (LIF) (Millipore, Burlington, MA, millipore.com) for
10 days. Successfully reprogrammed cells expressed green ﬂuorescent protein (GFP) under control of the Oct-4 promoter. GFPpositive foci were identiﬁed under epiﬂuorescence and subsequently harvested manually (needle aspirate) for further miRNA
analysis.

P53 Knockdown
p53 knockdown lentivirus was made from pLVTH-sip53 plasmid
(Addgene plasmid 12239 [27], Cambridge, MA, addgene.org).
The knockdown efﬁciency was tested by comparing p53 expression using immunoblotting (p53 antibody, sc-6243, Santa Cruz,
CA, scbt.com) on MSC cells infected with sh-p53 virus or vector-only virus (Supporting Information Fig. A). Viruses were tittered based on expression of an internal ribosome entry site
(IRES)-enhanced GFP (EGFP) cassette, and infectivity was 80%–
90% in all cases.

30 Untranslated Region (UTR) Assay
Seed sequences that may be recognized by mir-125b were cloned
using the following primers p53 (sense, AATTCAAGACTTGTT
TTATGCTCAGGGTCAACTGCA, antisense, GTTGACCCTGA
GCATAAAACAAGTCTTG) and LIN28 (sense, AATTC GGTA
CATGAGCAATCTCAGGGATAGCCTGCA, antisense, GGCTA
TCCCTGAGATTGCTCATGTACCG). The sequences were
cloned into the 30 of the luciferase in the pGL3-BS construct (gift
from Dr. Mitchell Weiss), which already has a strong basal activity. MSCs were transfected with these plasmids and an internal
control (Renilla luciferase driven by the thymindine kinase (TK)
promoter) using the AMAXA nucleofection system. Following an
overnight recovery period, cell were trypsinized and replated at
the indicated densities. Luciferase activity was assayed using the
dual luciferase kit (Promega) on a GloMAX luminometer. The ratio of ﬁreﬂy to Renilla luciferase was determined and the data
normalized to the high density seeding condition.

Caspase-3 Activity
Suspended cells were pelleted by centrifugation and washed in
phosphate buffered saline (PBS) for three cycles to remove methylcellulose. Caspase-3 activity, a measure of apoptosis, was determined by EnzChek Caspase-3 Assay Kit according to the manufacturer’s instructions (Invitrogen). The ﬂuorescence was assayed
on Helios plate reader using 360/460 nm excitation/emission ﬁlters. The activity was normalized to total DNA content as determined by CyQUANT Cell Proliferation Assay (Invitrogen)
according to the manufacturer’s instructions. Caspase activity was
assayed at day 3 of suspension for hMSCs, the time point at
which maximal caspase-3 activity was present in our experimental system. HUVECs were assayed following 3 hours of suspension culture.

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL) Assay
TUNEL assays were performed to detect apoptosis in situ using
TUNEL enzyme and TUNEL reaction mixture (Roche, Nutley,
NJ, roche.com). Cells were harvested as described above for the
caspase assayed followed by the kit’s suggested ﬁxation and
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labeling protocol. TUNEL assays are reported for MSCs at days
1 and 10 of suspension (or adherent) culture. TUNEL staining
was imaged on a Nikon TE200 microscope using epiﬂuorescence.

Live/Dead Viability Assays
Suspended cells (1  105 cells) were washed PBS 3 to remove
excess methylcellulose before seeding on coverslips. Cells were
incubated with the live/dead viability solution (calcein AM and
ethidium homodimer-1) (Invitrogen) for 30 minutes, per the manufacturer’s guidelines imaged on a Nikon TE200 microscope.

Real Time RT-PCR Analysis
Total RNA was isolated using Trizol Kit as speciﬁed by the manufacturer (Invitrogen). Three hundred nanograms of total RNA
was reverse transcribed by using Multiscribe reverse transcriptase
(Applied Biosystems, Foster City, CA, appliedbiosystems.com),
5 Taqman microRNA RT primer, and 5 Taqman RNU6B RT
primer (Applied Biosystems) with reaction conditions (16 C for
30 minutes, 42 C for 30 minutes, 85 C for 5 minutes, 4 C end).
Real-time PCR was performed using 5 ll of the ﬁve times diluted
transcribed product, Taqman 2 universal PCR master mix and
20 Taqman microRNA real-time primers or 20 Taqman
RNU6B real-time primer, and monitored using an ABI 7300 system (Applied Biosystems). Data analysis was performed using the
ABI Prism 7300 Sequence Detection Systems v1.0 software
(Applied Biosystems). The RT primer and real-time primers for
hsa-miR-19a, hsa-miR-24, hsa-miR-103, hsa-miR-107, hsa-miR140, hsa-miR-125b, hsa-miR-143, and hsa-miR-320 were purchased from Applied Biosystems. Error bars on the real-time
PCR data show the 95% conﬁdence intervals.

Transfection of siRNA or Mimics
Small interfering RNAs targeting miR-125b or a miR-125b mimetic were purchased from Thermo Scientiﬁc Dharmacon RNAi
Technologies, Lafayette, CO, dharmacon.com (#IH30059505 and
#C30059503). The siRNAs were transfected in hMSCs using Lipofectamine RNAiMAX reagent (Invitrogen), with siGLO as a
control. siRNA (2.5 ll, 20 lM) and RNAiMAX (6 ll) were used
per six well of hMSCs. Transfection efﬁciency was 90% or
higher as assessed by labeling efﬁciency with the ﬂuorescent
siGLO reagent.

Statistical Analysis
Whiskers on all real-time PCR data depict 95% conﬁdence intervals. Error bars on cell counting assays, luciferase activity, or
caspase-3 activity denote the standard error of the mean. p values
were computed using a two-tailed Student’s t test. p values <.05
were considered signiﬁcant (denoted by an asterisk). All reported
measurements are the average of at least three independent
experiments unless otherwise indicated.

RESULTS
Expression of miR-125b Is Regulated by
Cell-Matrix Adhesion
MSCs are typically cultured at different densities to promote
speciﬁc lineages [5, 28], and we examined whether the expression of a panel of eight microRNAs reportedly expressed in
hMSCs or differentiated MSCs [13, 17, 18, 21] was affected
by either low or high cell seeding densities. We observed that
four miRNAs were induced at least 1.5-fold at high seeding
densities (Fig. 1A). Although changes in cell density can
impact cell-matrix adhesion, these changes also impact paracrine signaling and cell-cell adhesion. To analyze whether the
changes in miRNA levels were a direct consequence of
changes in cell-matrix adhesion, we assayed miRNA expression in hMSCs cultured either on continuous ﬁbronectin, which

promotes maximal cell adhesion and spreading (spread cells),
or on small micropatterns of ﬁbronectin (1,024 lm2), which
restrict cell spreading (round cells) (Fig. 1B). We observed
that one miRNA, miR-125b, was elevated twofold in round
compared to spread cells (Fig. 1B). To further conﬁrm the speciﬁc role of cell-matrix adhesion, we examined whether miR125b could be induced by speciﬁcally antagonizing integrin
receptors. Indeed, siRNA-mediated knockdown of beta5 integrin, an adhesion receptor important for MSC spreading,
induced miR-125b by twofold (Fig. 1C).
The inverse relationship between levels of cell-matrix adhesion and miR-125b expression suggested that cell-matrix
adhesion and/or cell spreading suppressed miR-125b. To test
whether cell adhesion per se suppressed miR-125b, we
assayed miR-125b levels in hMSCs suspended in 2% methylcellulose. We found that miR-125b was potently induced by
the absence of cell-matrix adhesion (Fig. 1D), while the addition of methylcellulose alone had no effect (Supporting Information Fig. B). In fact, the eightfold induction caused by
complete loss of adhesion was greater than the effects of cell
density, micropatterning, or beta5 integrin knockdown.

miR-125b Is Not Essential for Adipogenic
or Osteogenic Differentiation
To investigate a potential role for miR-125b in the differentiation of hMSCs to lineages previously shown to be impacted
by high or low seeding densities, we measured miR-125b
under conditions that promote either osteogenesis or adipogenesis. miR-125b expression was slightly elevated in either
differentiation condition, relative to basal medium; however,
miR-125b levels remained below those observed in low cell
adhesion contexts (Fig. 1E). To investigate whether changes
in miR-125b levels could drive differentiation, hMSCs were
transiently transfected with a miR-125b antagonist or mimetic
prior to differentiation in a bipotential medium that can promote either osteogenic or adipogenic fates [5]. Interestingly,
miR-125b mimetic strongly inhibited the formation of either
adipocytes or osteoblasts (Fig. 1F). In contrast, miR-125b
knockdown did not appear to enhance hMSC differentiation.
The absence of a strong effect of miR-125b knockdown on
hMSC differentiation and the relative mild inﬂuence of differentiation conditions on miR-125b expression made it unlikely
that miR-125b played a role in cell density-dependent control
of MSC differentiation.

miR-125b Protects Against Anoikis
The absence of a positive effect of miR-125b on hMSC differentiation left unanswered the functional signiﬁcance of
miR-125b upregulation in response to limited adhesion. Since
we observed the most dramatic induction of miR-125b when
hMSCs were suspended in methylcellulose, we focused on
whether miR-125b might modulate a cellular response to suspension conditions. In most adherent cell types, loss of adhesion triggers cell death in a process known as anoikis [29].
We therefore assayed for survival of hMSCs following suspension for either 24 hours or 7 days. Remarkably, hMSCs
were unexpectedly resilient to suspension conditions. While
suspension triggers complete cell death in many cells, a sizeable fraction (32%) of hMSCs remained viable in the absence of adhesion for 1 week (Fig. 2B).
To test whether miR-125b played a role in this hMSC survival in suspension culture, we assayed the effects of knockdown of miR-125b on cell survival. Transient transfection of
miR-125b siRNA inhibitor (si-miR) prevented the induction
of miR-125b in response to cell suspension (Fig. 2A). Importantly, we observed that knockdown of miR-125b dramatically
reduced hMSC survival in suspension (Fig. 2B, 2C).
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Figure 1. miR-125b is an adhesion-regulated microRNA whose expression can suppress differentiation. (A): A panel of miRNAs was assayed
by real-time PCR for expression at low (3 K/cm2) or high (20 K/cm2) seeding densities. (B): miRNAs expression as a function of cell spreading;
spread (continuous ﬁbronectin) or round (32  32 lm2 micropatterns). (C): miR-125b expression was induced by knockdown of beta5 integrin.
(D): miR-125b expression was strongly induced by cell suspension, suspended (Sus) versus attached (Att) cells. (E): miR-125b levels as a function of differentiation, GM: growth media, OM: osteogenic media, AM: adipogenic media, LD: low density, 3 K/cm2, HD: high density, 20
K/cm2. (F): miR-125b mimetic (miR mimic) suppressed adipogenic and osteogenic differentiation of hMSCs compared to a transfection control
(siGLO) or to miR-125b knockdown cells (si-miR). Oil-red-O staining used to visualize lipid droplets and Fast Blue staining to visualize alkaline
phosphatase activity following 1 week of differentiation. All real-time data show the mean 6 95% conﬁdence intervals. Abbreviations: DAPI,
40 ,6-diamidino-2-phenylindole; MSC, mesenchymal stem cells.

Moreover, this effect was speciﬁc to suspended hMSCs since
knockdown of miR-125b had no effect on the viability of adherent hMSCs (Fig. 2D). To conﬁrm that this change in viability was associated with apoptosis, we performed TUNEL
staining on the suspended cells (Supporting Information Fig.
C) and measured the activity level of caspase-3, a terminal
effector of apoptosis [30]. Consistent with a requirement for
upregulation of miR-125b to promote survival in suspended
hMSCs, we observed 1.5-fold higher levels of caspase-3 acwww.StemCells.com

tivity in miR-125b knockdown cells compared to controls
(Fig. 2E). Together, these data show that a subpopulation of
hMSCs are refractory to the anoikis pathway triggered by cell
suspension, and this resistance to anoikis appears to be miR125b dependent.

miR-125b Targets p53 in hMSCs
The repertoire of genes targeted by mir-125b in hMSCs is not
yet known; however, p53 and lin28 have been identiﬁed as

960

miR-125b Protects MSCs from Anoikis

Figure 2. miR-125b protects human MSCs against anoikis. (A): miR-125b expression levels in adherent (Att) or suspended (Sus) hMSCs transfected with miR-125b antagonist (si-miR). (B): Knockdown of miR-125b decreased viability of hMSCs held in suspension. Viability assayed by
trypan blue exclusion and reported as percent of cells versus total number seeded. (C): Imaging hMSC survival by live (Green cytosolic) versus
dead (punctate red nuclear) staining. Note that red ﬂuorescence of siGLO causes some viable cells to be double labeled (yellow). These are easily
distinguished from dead cells that exhibit punctate nuclear staining. (D): Knockdown of miR-125b had no effect on cell survival under adherent
culture conditions. Percent of seeded exceeds 100% due to cell proliferation. (E): Knockdown of miR-125b promoted apoptosis (caspase-3 activity) in suspended hMSCs. All real-time data show the mean 6 95% conﬁdence intervals. Error bars in (B), (D), and (E) 6 SEM. *, p < .05 for
Student’s t test. Abbreviation: MSC, mesenchymal stem cell.

miR-125b targets in several cell types [31, 32]. To begin to
examine whether miR-125b protected cells from anoikis
through its reported effects on these genes, we cloned the
30 UTR sequences of these genes into a luciferase plasmid to
generate putative reporters for miR-125b activity. We then
characterized these reporters under different conditions of
cell-matrix adhesion that we had previously observed to trigger elevated miR-125b expression. In this assay, the p53
30 UTR luciferase reporter showed decreased expression at
high seeding density, whereas no change occurred in the lin28
reporter (Fig. 3A). These results suggested that p53 may be a
target for miR-125b regulation in hMSCs.
To investigate whether endogenous p53 is speciﬁcally targeted by miR-125b, we measured levels of p53 expression in
response to direct manipulations of miR-125b levels. In adherent cells, transfection of a miR-125b antagonist upregu-

lated p53 expression, while a miR-125b mimetic suppressed
p53 (Fig. 3B). Moreover, suspending cells, which upregulated
miR-125b, decreased p53 levels. In contrast, miR-125bknockdown cells showed persistent p53 expression in suspension culture (Fig. 3C). Together these results show that p53 is
a target of miR-125b in hMSCs.
To address whether inhibition of p53 expression by miR125b may be part of the mechanism by which miR-125b prevents anoikis, we investigated the effects of p53 knockdown
in suspended hMSCs. Using a lentivirally encoded p53
shRNA [27], we observed that reduction of p53 was associated with an 80% decrease in caspase-3 activity in suspended
hMSCs (Fig. 3D). This decreased level of apoptosis in p53
knockdown cells suggests that p53 suppression by miR-125b
may be an effective mechanism to protect hMSCs against
anoikis.
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Figure 3. miR-125b targets p53 to regulate human mesenchymal stem cells (hMSCs) survival. (A): miR-125b targets p53 and LIN28 were analyzed for density-dependent expression (HD, high density; LD, low density) in a 30 UTR luciferase reporter assay in hMSCs. (B): p53 levels in
adherent hMSCs transfected with transfection control (siGLO), miR-125b antagonist (si-miR), or mimetic (miR mimic). (C): Rescue of p53
expression in suspended hMSCs by miR-125b antagonist. (D): p53-knockdown (p53 KD) protected hMSCs from anoikis. Error bars in (A) and
(D) 6 SEM. *, p < .05 for Student’s t test. Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; UTR, untranslated region.

Figure 4. miR-125b expression and human MSC (hMSC) survival are associated with elevated phospho-ERK. (A): Suspended hMSCs showed
elevated levels of active MEK and phospho-ERK. (B): miR-125b knockdown reduced levels of phospho-ERK in suspended hMSCs. (C): ERK
signaling was absolutely required for survival of hMSCs in suspension, UO126 (MEK inhibitor). Error bar in C shows SEM. Abbreviations:
ERK, extracellular signal-regulated kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MEK, mitogen-activated protein kinase/extracellular signal-regulated kinase; MSC, mesenchymal stem cell.

miR-125b Regulates Levels of Phospho-ERK
in Suspended hMSCs
To further characterize how miR-125b protects against anoikis, we examined how signal transduction pathways associated with cell survival changed in suspended hMSCs. As
expected, hMSCs showed a dramatic downregulation of phospho-focal adhesion kinase (FAK) in response to loss of cell
adhesion (data not shown). In contrast, suspended hMSCs
showed unexpectedly elevated levels of phospho-MEK and
phospho-ERK (Fig. 4A). Since ERK signaling has been implicated in p53-mediated survival [33] and hMSC viability [34],
we examined more closely whether miR-125b was involved
with the observed changes in ERK phosphorylation.
We observed that knockdown of mir-125b strongly attenuated phospho-ERK levels in suspended hMSCs (Fig. 4B). To
www.StemCells.com

conﬁrm that activation of ERK is functionally relevant to an
anoikis protection mechanism in hMSCs, we treated suspended
cells with a pharmacological inhibitor of MEK. In the presence
of the inhibitor UO126, no cells were able to survive suspension
conditions revealing an absolute requirement for MEK-ERK signaling in promoting hMSC survival in suspension (Fig. 4C).

Expression of miR-125b Is Cell-Type Restricted
We were interested in exploring whether the upregulation of
miR-125b in low adhesion contexts could be observed in other
cell types, particularly ones that are known to be susceptible to
anoikis. To begin to address this question, we measured miR125b levels in adherent versus suspended HUVECs, a cell type
known to be highly dependent on adhesion for survival. We
observed that miR-125b is poorly expressed in HUVECs
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Figure 5. Upregulation of miR-125b in response to suspension is a stem cell-speciﬁc phenomenon. (A): miR-125b was expressed at low levels
in HUVECs and could not be induced by cell suspension. Dotted line shows basal level of miR-125b expression in attached human MSCs. (B):
Exogenous miR-125b improved HUVEC survival in suspension conditions (75.2% viability compared to 51.9% of control cells following 3 hours
of suspension and replating). (C): Exogenous miR-125b decreased caspase-3 activity in suspended HUVECs. (D): HUVECs did not sustain ERK
activation in response to cell suspension; however, exogenous miR-125b elevated phospho-ERK levels. (E): miR-125b expression was upregulated upon reprogramming of MEFs to an iPS-like state but not by cell suspension. (F): Qualitative model of how miR-125b regulates stem cell
survival in low adhesion contexts. Data in (A) and (E) show mean 6 95% conﬁdence intervals. (B) and (C) show mean 6 SEM. *, p < .05 for
Student’s t test. Abbreviations: ERK, extracellular signal-regulated kinases; HUVEC, human umbilical vein endothelial cell; iPS, induced pluripotent stem; MEF, mouse embryonic ﬁbroblast; MSC, mesenchymal stem cell.

compared to hMSCs; moreover, these cells were unable to upregulate miR-125b in response to suspension (Fig. 5A). Despite
the absence of miR-125b upregulation in suspended HUVECs,
we hypothesized that the ability of miR-125b to protect against
anoikis may be conserved across cell types. Indeed, HUVECs
transfected with miR-125b mimetic inhibited suspensioninduced death by nearly half (Fig. 5B). In accordance with this
improved level of survival, miR-125b mimetic reduced caspase3 activity in suspended HUVECs (Fig. 5C). Since we had previously observed a positive correlation between miR-125b, cell
survival, and ERK signaling in hMSCs, we tested whether miR125b mimetic could regulate ERK phosphorylation in HUVECs.
Indeed, we observed that miR-125b mimetic was able to upregulate levels of phospho-ERK in both adherent and, more importantly, in suspended HUVECs (Fig. 5D).
Given that HUVECs could not upregulate miR-125b in
response to loss of cell adhesion, we wondered whether the
regulation of miR-125b by changes in cell-matrix adhesion
is a stem cell-speciﬁc response. To investigate this possibil-

ity, we measured miR-125b levels in MEFs, in adherent or
suspension culture as well as following a reprogramming
protocol to generate induced pluripotent cells. While MEFs
failed to induce mir-125b in response to suspension conditions (Fig. 5E), miR-125b was enriched in MEFs following
induction to pluripotency by approximately threefold compared to the parental ﬁbroblasts. These results suggest that
robust expression of miR-125b is preferentially associated
with stem cells.

DISCUSSION
In vivo, MSCs are resident in a number of different tissues
[35] but also transiently circulate in the bloodstream in
inﬂammatory settings perhaps to home to sites of injury [36].
Here, we provide the ﬁrst demonstration that MSCs can resist
anoikis, perhaps explaining how MSCs are able to transit
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through the circulatory system to populate distant sites without undergoing apoptosis. We also show that this response is
mediated by upregulation of miR-125b.
Interestingly, miR-125b is reportedly enriched in several
stem cells, most notably hematopoietic stem cells (HSCs) as
well as skin stem cells [37]. miR-125b appears to inﬂuence
multiple aspects of HSC biology [22], and one study has
shown that miR-125b affects proliferation of these cells [38].
In skin stem cells, miR-125b has been shown to control the
balance between stemness and differentiation [37]. One of the
hallmarks of HSCs and skin stem cells is that they exist in a
specialized niche with minimal cell-matrix interactions [39,
40]. Here, we show in hMSCs that changing cell adhesion
itself is a key regulator in upregulating miR-125b. Although
the environment of circulating MSC is quite distinct from
these stem cell niches, the coincidence of low or absent cellmatrix adhesion with high miR-125b expression is all these
setting is quite striking. This strong association of miR-125b
expression, stem cell speciﬁcity, and low adhesion is further
strengthened by our observation that miR-125b is upregulated
in induced pluripotent stem cells (iPSCs), which grow as
aggregates and are relatively deﬁcient in cell-matrix contact.
In contrast, adhesion-dependent cell types, such as HUVECs
and MEFs, show low miR-125b expression that is unresponsive to changes in cell-matrix adhesion. Taken together, these
observations suggest that elevated miR-125b may be a general
mechanism used speciﬁcally by stem cells to enable their survival, and perhaps maintain their stemness, in the context of
low or no signaling from cell-matrix adhesion.
How does elevated miR-125b promote cell survival in the
absence of adhesion? Upon cell suspension, cells lose integrin-dependent signals. Typically, this loss of integrin signaling
causes marked reduction of phospho-Akt and phospho-ERK,
and hence a reduction in prosurvival signaling [41, 42]. Surprisingly, while losing integrin-dependent signaling such as
FAK phosphorylation, hMSCs show robust ERK phosphorylation and ultimately increased cell survival. Moreover, pharmacological inhibition of MEK completely ablates the ability of
hMSCs to survive in suspension. These observations suggest
that miR-125b may regulate survival through MEK/ERK signaling. Although the mechanistic link between miR-125b and
MEK/ERK signaling remains to be elucidated, it is possible
that miR-125b can inhibit the expression of suppressors of
this pathway. Indeed, miR-125b is predicted to target
SMEK1, a MEK1 phosphatase (targetscan.org). In addition, it
is interesting to note that ERK signaling can be downregulated by dual speciﬁcity phosphatases in response to p53 signaling [33]. Thus, suppression of p53 by miR-125b may contribute to sustained ERK signaling. Alternatively, miR-125b
and upregulation of ERK may be parallel pathways that coordinately promote resistance to anoikis.
In addition to prominent roles for miR-125b and ERK in
supporting anoikis resistance, our experiments show that the
downregulation of p53 in suspended hMSCs is critical to their
survival. Since p53 is a direct target of miR-125b, it is likely
that the ability of miR-125b to suppress p53 plays a major
role in promoting resistance to anoikis. In fact, direct knockdown of p53 was also observed to protect hMSCs against
anoikis. These results are consistent with several studies
showing that loss of p53 confers resistance to anoikis [43,
44]. Interestingly, loss of p53 in response to suspension has
been attributed to mouse double minute 2 (MDM2)-based
degradation in MEFs and several cancer cell lines [45]. The
observation that miR-125b can also target p53 suggests an
additional level of regulation that may enable long-term suppression of p53 in the absence of cell adhesion. Whether and
how miR-125b mediated suppression and MDM2-based p53
www.StemCells.com
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degradation cooperate to regulate p53 levels in normal and
cancer cells is an interesting question for future studies.
Because p53 is implicated in a diverse set of cellular processes including cell cycle control, apoptosis, and regulating
genomic stability, it may seem somewhat surprising that stem
cells might adopt a survival mechanism contingent on reducing
the levels of this critical protein. Indeed, loss of p53 function can
have deleterious effects on MSC functionality. For example,
mutations in p53 have been implicated in age-related transformation of MSCs [46], and the proliferation of MSCs is particularly sensitive to p53 levels [47]. Moreover, p53 appears to have
a role in MSC differentiation, in particular during osteogenic
commitment [48]. Nonetheless, it is important to point out that
MSCs are nonproliferative in cell suspension conditions, and
these cells may only exist in this state during quiescence or when
transiently circulating. Given that we do not know how miR125b and p53 are regulated upon tissue engraftment, it is premature to speculate on how miR-125b would affect tissue repair.
However, in pilot studies, we have observed that miR-125b is
rapidly downregulated upon reattachment, and MSCs regained
their sensitivity to anoikis after a short period of adherent cultivation (Supporting Information Fig. D), suggesting the possibility that homeostatic levels of miR-125b and its effectors are rapidly re-established upon cell attachment.
Although miR-125b is gaining much attention as a critical
regulator of stem cell behavior [37, 22], the transcriptional
mechanisms controlling its expression have received limited
attention. Two transcription factors, nuclear factor (NF)-kappaB-p65 [49] and caudal-type homeobox protein 2 (CDX2) [50],
have been shown to bind the promoter region of miR-125b-1 and
regulate its expression in response to soluble factors stimuli, but
there are no links to insoluble or adhesive cues. Further study
will be needed to determine whether miR-125b responds to cell
suspension at the transcriptional level, and whether this is associated with the miR-125b-1, b-2, or both loci.

CONCLUSIONS
This study demonstrates that miR-125b is an adhesion-regulated
microRNA that functions to protect stem cells against anoikis.
miR-125b appears to confer resistance to anoikis by upregulating phospho-ERK while suppressing p53 levels. These ﬁndings
have important implications for how stem cells survive in the
unique developmental, wounding, and circulatory contexts of
reduced or absent cell-matrix adhesion signaling.
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