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Abstract

MicroRNAs (miRNAs), small non-coding RNAs, regulate gene expression primarily at the 

posttranscriptional level. We previously found that miR-335 is critically involved in the regulation 

and differentiation capacity of human mesenchymal stem cells (hMSCs) in vitro. In this study, we 

investigated the significance of miR-335 for the therapeutic potential of hMSCs. Analysis of 

hMSCs in ex vivo culture demonstrated a significant and progressive increase in miR-335 that is 

prevented by telomerase. Expression levels of miR-335 were also positively correlated with donor 

age of hMSCs, and were increased by stimuli that induce cell senescence, such as γ-irradiation and 

standard O2 concentration. Forced expression of miR-335 resulted in early senescence-like 

alterations in hMSCs, including: increased SA-β-gal activity and cell size, reduced cell 

proliferation capacity, augmented levels of p16 protein, and the development of a senescent-

associated secretory phenotype (SASP). Furthermore, overexpression of miR-335 abolished the in 
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vivo chondro-osseous potential of hMSCs, and disabled their immunomodulatory capacity in a 

murine experimental model of lethal endotoxemia. These effects were accompanied by a severely 

reduced capacity for cell migration in response to pro-inflammatory signals and a marked 

reduction in Protein Kinase D1 (PRKD1) phosphorylation, resulting in a pronounced decrease of 

AP-1 activity. Our results demonstrate that miR-335 plays a key role in the regulation of 

reparative activities of hMSCs and suggests that it might be considered a marker for the 

therapeutic potency of these cells in clinical applications.
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Introduction

Human mesenchymal stem cells (hMSCs) have become an important tool for cell-based 

therapeutic strategies. These cells can be easily isolated and expanded from the stroma of 

virtually all organs, although the preferred sources are bone marrow and subcutaneous fat. 

Experimental and clinical models have demonstrated conclusively that administration of ex 
vivo-expanded hMSCs can be effective in ameliorating some of the most prevalent clinical 

conditions which are currently poorly responsive to more conventional therapies (reviewed 

in [1]). In vivo, hMSCs are engaged in general tissue homeostasis, including cell 

proliferation, differentiation and migration, as well as regulation of angiogenesis and the 

immune response [2]. However, the molecular mechanisms which govern their biological 

and therapeutical activities remain unclear. Additionally, the poorly-understood therapeutic 

properties of hMSCs are sensitive to culture conditions during ex vivo expansion, and are 

also negatively affected by donor age [3–6].

From extensive studies on primed differentiation of murine embryonic stem (ES) cells it was 

concluded that efficient maintenance of stem cells requires a highly coordinated regulation 

of gene expression [7, 8], involving both coding genes and noncoding RNAs (ncRNAs). 

Among the several regulatory elements involved in the regulation of stem cell function, 

microRNAs (miRNAs) play an important role. miRNAs are an abundant class of small 

ncRNAs that regulate the translation, stability and localization of target messenger RNAs; 

computational predictions of miRNA targets indicate that greater than 60% of all human 

protein-coding genes are regulated by miRNAs [9, 10]. Functional studies in ES cells have 

shown that miRNAs play essential roles, particularly in regulating the balance between self-

renewal and differentiation [11, 12]. Less information is available on the role(s) of specific 

miRNAs in the regulation of MSC therapeutic activity; however, a number of relevant 

examples have been described, addressing areas from specific differentiation potential to 

hMSC aging (see Supplementary Table S1).

Using the same rational that allowed the dissection of self-renewal and differentiation 

mechanisms in ES cells, we attempted to identify miRNAs which are important for 

controlling the transition between the self-renewing (undifferentiated) and the reparative 

(differentiated) phenotypes in human bone marrow-derived MSCs. We found that miR-335 
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is the sole miRNA in hMSCs that is significantly downregulated in response to diverse 

differentiation stimuli [13]. In addition, miR-335 is the most highly upregulated miRNA in 

hMSCs in comparison with dermal fibroblasts, in agreement with previous data [14]. Up to 

that point, the only well-characterized description of miR-335 was its identification as a 

metastasis suppressor in human breast cancer cells [15]. We found that forced expression of 

miR-335 impairs the cell migratory capacity of primary bone marrow-derived hMSCs [13]. 

This finding has very interesting implications in view of our data showing that hMSC 

differentiation is associated with miR-335 downregulation. Indeed, we found that forced 

miR-335 expression also inhibits osteogenic and adipogenic differentiation of hMSCs in 
vitro. Thus, miR-335 is part of a common regulatory pathway for both cell migration and 

differentiation in hMSCs. The existence of such an overlapping regulatory circuitry for 

diverse biological processes has been demonstrated previously in MSCs, in addition to other 

cell lineages [16, 17]. Our data also established that miR-335 expression in hMSCs is 

regulated by the canonical WNT signaling pathway, which has been described as a regulator 

of MSC self-renewal, and by γ interferon, a pro-inflammatory cytokine that plays an 

important role in activating the immunomodulatory properties of hMSCs. We could 

associate all these effects with 62 putative targets of miR-335, which are strongly enriched 

for transcription regulators [13]. Taken together, these results strongly suggested that 

miR-335 downregulation could be a major trigger for the initiation of activities involved in 

tissue repair and remodeling, including cell migration and differentiation. However, the 

importance of miR-335 regulation for in vivo therapeutic activity of hMSCs, together with 

its possible role in immune regulation and its potential relationship with aging/senescence-

related loss of reparative potential, remained to be addressed.

Here we demonstrate that both aging and prolonged ex vivo expansion of hMSCs, induces a 

progressive increase in miR-335 expression. Our results show that a relatively high level of 

miR-335 expression in hMSCs is associated with cell senescence alterations, and results in 

an essential loss of their therapeutic capacity. Mechanistically, this is linked to a 

significantly reduced capacity to activate protein kinase D1 (PRKD1), which in turn reduces 

the activity of the AP-1 transcription factor.

Materials and Methods

Cell Culture

Bone marrow-derived hMSCs were obtained from Inbiobank Stem Cell Bank (http://

www.inbiobank.org), and cultured in low glucose (1 g/L) Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, and 

penicillin (100 U/ml)/streptomycin (1000 U/ml). All culture reagents were obtained from 

Sigma-Aldrich, St. Louis, MO, http://www.Sigma-Aldrich.com). Cells were cultured at 

37°C in a humidified 5% CO2/95% air atmosphere incubator and were passaged once per 

week, and media was changed twice weekly. Cell proliferation and SA-β-Gal activity were 

quantified as described in Supplementary Information. In some experiments, cells were γ-

irradiated as described (Supplementary Information). The study was carried out in 

accordance with guidelines of the Instituto de Salud Carlos III (Madrid, Spain).
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Lentiviral transduction

The lentiviral vectors pLV-EmGFP-MIR335, (encoding the human miR-335 gene) and 

pLV-EmGFP-Mock (encoding a non-specific shRNA sequence) were described previously 

[13]. The lentiviral vector encoding the telomerase reverse transcriptase catalytic subunit 

(pRRL.hTERT) has also been described [18].

Real-time quantitative PCR

Total RNA was isolated from cultured cells with the miRNeasy mini prep Kit (Qiagen, 

Valencia, CA, http://www1.qiagen.com). Transcripts of human miR-335, MAF, ATF3, 

JUN, JUNB, FOS, FOSB, COX2, IGF2, CXCL12, H19, PTGS2, TP53, CDKN1A, 

CDKN2A, AKAP9, RNASE2 and SCIN were quantified by real-time reverse transcription 

(RT)-PCR using the corresponding TaqMan® Gene Expression Assays (Applied 

Biosystems, Foster City, CA, http://www.appliedbiosystems.com). RNU48 and GAPDH 

genes were used as endogenous normalization controls for miRNAs and protein-coding 

genes, respectively. For quantification of IL6 and IL8 expression, quantitative PCR was 

performed using the Roche Universal ProbeLibrary (Roche Diagnostics, Basel, Switzerland, 

http://www.roche-applied-science.com) with α-tubulin as endogenous control, and the 

following primer-probe combinations: IL6 (Probe 45; F: GCCCAGCTATGAACTCCTTCT, 

R: GAAGGCAGCAGGCAACAC), IL8 (Probe 72; F: AGACAGCAGAGCACACAAGC, 

R: ATGGTTCCTTCCGGTGGT), and α-tubulin (Probe 58; F: 

CTTCGTCTCCGCCATCAG; R: TTGCCAATCTGGACACCA).

Nuclear Morphometric Analysis (NMA)

Analysis of nuclear morphometry was performed as described [19], using fixed cells 

permeabilized with 0.1% triton X-100, and labeled with 4,6-diamidino-2-phenylindole 

dihydrochloride hydrate (DAPI; Sigma-Aldrich). The percentage of small and regular nuclei 

was determined as described [19].

Immunofluorescence

Cells were cultured on glass chamber slides, fixed with 4% paraformaldehyde (PFA) for 10 

min, and permeabilized with 0.1% Triton in phosphate-buffered saline (PBS). Samples were 

blocked for 30 min at room temperature with 5% goat serum and incubated with the primary 

antibody against p16 (clone G175-405; BD-Pharmingen, San Diego, CA, http://

www.pharmingen.com) or Lamin B1 (M-20; Santa Cruz Biotech, Santa Cruz, CA, http://

www.scbt.com), and the appropriate secondary antibody conjugated with Cy3. Images were 

quantified using the CellProfiler™ software (http://www.cellprofiler.org).

Secretome analysis

Subconfluent cultures (10,000 cells/cm2) were washed and incubated in serum-free DMEM 

for 24 h to generate conditioned medium (CM), which was collected and cells counted. CM 

was analyzed using a custom human 51-plex Luminexassay (Affymetrix, Santa Clara, CA, 

http://www.affymetrix.com), as described in Supplementary Information.
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Western blot analysis

Whole-cell lysates for western blotting were prepared as described [4], and protein lysates 

were resolved by 10% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) 

membranes (Invitrogen, Carlsbad, CA, http://www.invitrogen.com). Membranes were 

blocked with 5% non-fat milk for 1 h at room temperature and subsequently incubated 

overnight at 4°C with primary antibodies at the following dilutions: JUN, p-JUN, FOS, p-

FOS, JUNB 1:500 (60A8, D47G9, 9F6, D82C12, C37F9, respectively; all from Cell 

Signaling Technology, Danvers, MA, http://www.cellsignal.com); Mn-SOD2 1:500 

(06-984; Millipore, Billerica, MA, http://www.millipore.com); p21 and p53 1:200 (sc-756, 

sc-99, respectively; Santa Cruz); β-actin 1:5000 (8226, Abcam, Cambridge, MA, http://

www.abcam.com); p16 1:500 (554079; BD Pharmingen, San Jose, CA, http://

www.bdbiosciences.com); PKD/PKCμ, Phospho-PKD/PKCμ (Ser916), Phospho-PKD/KCμ 

(Ser744/748) 1:1000 (2052, 2051, and 2054, respectively; Cell Signaling Technology), were 

used for SER 910 and 938/942 detection respectively; SRF 1:500 (NBP1-61263; Novus 

Biologicals, Littleton, CO, http://www.novusbio.com). Signals were detected using the 

appropriate peroxidase-conjugated secondary antibody (Dako, Glostrup, Denmark, http://

www.dako.com). Western blots were scanned and quantified by densitometry using ImageJ 

software (NIH, Bethesda, MD, www.nih.gov).

Flow cytometry analysis of mitochondrial mass and reactive oxygen species (ROS) 
production

MSCs were detached with trypsin and resuspended in HBSS/Ca/Mg phenol-red-free 

medium (Sigma-Aldrich) at 106 cells/ml. Samples were incubated at 37°C in the dark with 5 

μM dihydroethidium (DHE) red for 30 min, or with 1 μM MitoSOX™ Red, or 100 nM 

MitoTracker® Deep red probes for 30 min (all probes from Molecular Probes, Invitrogen). 

Cells were counter-stained with TOPRO-3 (for cells incubated with DHE or MitoSOX) or 

DAPI (for cells incubated with MitoTracker), to visualize the nuclei.

Diffusion chamber in vivo culture

Diffusion Chambers (DCs) were assembled from commercially available components 

(Millipore). Cell-loaded DCs (one per animal) were implanted subcutaneously into 8-week-

old Fisher-344 rats. DCs were removed from the animals 4 weeks after implantation and 

fixed in 20% buffered formalin. The harvested chambers were decalcified in 4% EDTA 

solution, and then dehydrated with an ethanol gradient prior to embedding in paraffin wax. 

Standard histopathological analysis was performed on sections (5 μm) following 

hematoxylin and eosin staining, type I collagen, Sirius red (for collagen), mineralization by 

von Kossa, as well as Alcian blue and toluidine blue (for cartilage detection).

Lymphocyte proliferation assay

Buffy coat preparations were obtained from whole blood of healthy volunteers following the 

guidelines of the Centro de Transfusión de la Comunidad de Madrid, Spain. Human 

peripheral blood mononuclear cells (PBMCs) were isolated from the buffy coats by density 

sedimentation on Ficoll-Hypaque (Sigma-Aldrich) gradients (20 min, 2000 rpm, at room 

temperature). PBMCs (105) were cultured in duplicate with Roswell Park Memorial Institute 
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(RPMI) complete medium in the presence of phytohemagglutinin (PHA, 10 μg/ml, Sigma-

Aldrich) with or without various amounts of hMSCs (2×103 to 5×104) in flat-bottom 96-well 

plates. Proliferation was evaluated after 72 h culture by BrdU incorporation (Roche Applied 

Science).

Induction of endotoxemia and sepsis

Endotoxemia was induced in 7- to 10-week-old BALB/c male mice (Harlan Laboratories, 

Gannat, France) by intraperitoneal (i.p.) injection of 400 μg lipopolysaccharide (LPS)/mouse 

(E. coli serotype 055:B5; Sigma-Aldrich) as described [20]. All experiments were performed 

in accordance with institutional guidelines for the Care and Use of Laboratory Animals in 

Research, and were approved by CNIC.

Macrophage culture

Peritoneal exudate mouse cells were elicited in 8-week-old BALB/c male mice (Harlan 

Laboratories) by i.p. injection of 2 ml of 3% sterile sodium thioglycolate (Sigma-Aldrich). 

Cells were obtained 3 days later by peritoneal lavage with cold PBS, washed in cold RPMI 

medium and cultured in RPMI complete medium at 106 cells/ml. Macrophage monolayers 

(106 cells/well) were incubated with RPMI complete medium in the absence or presence of 

LPS (1 μg/ml), and hMSCs (1:5 hMSC:macrophage cell ratio). To determine the cell-contact 

dependence of the co-culture response, LPS-stimulated macrophages (106) were placed in 

the upper insert of a transwell system (0.8 μm pore, Corning Inc., Corning, NY, http://

www.corning.com), and hMSCs (2×105) were placed in the lower well. Cell-free 

supernatants were collected after 24 h incubation, and cytokine levels were determined as 

described in Supplementary Information. For the generation of macrophage-CM, 

macrophages were cultured for 24 h at 80% confluence in RPMI complete medium 

containing LPS (1 μg/ml).

Cell migration assay

The in vitro migratory potential of hMSCs, was evaluated by transwell migration assays in 

response to the following stimuli: HMG1 (10 ng/mL), fMLP (10 nM), SDF1 (1 ng/mL), 

TNFα (2.5 μig/ml), PDGBB (0.1 mg/ml), and macrophage-conditioned medium (Mϕ-CM; 

diluted 2:3 in RPMI complete medium). hMSCs (1.5×104) were cultured in fresh medium 

without FBS in a 24-well tissue culture insert with an 8 μm pore size membrane (Corning). 

Inserts were placed on top of wells containing the different stimuli. After 6 h, (3 h for Mϕ-

CM) filter membranes were washed with PBS, and non-migrated cells were removed from 

the upper side using a cotton swab. Finally, membranes were fixed with 4% PFA and 

mounted in mounting medium containing DAPI. Migration of hMSCs was calculated by 

counting the number of DAPI-stained nuclei on the underside of the membrane under X200 

magnification using CellProfiler™ image analysis software.

Statistical and functional analysis

Statistical analysis of experimental data was performed with Prism 5.0 (Graphpad Software 

Inc., San Diego, CA, USA, http://www.graphpad.com). All values are expressed as mean ± 

standard error of mice/experiment. Unless otherwise stated, differences between groups 
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were assessed by double-tailed Student’s t-test. Survival curves were analyzed by the 

Mantel-Cox log-rank test. Results were considered statistically significant at p<0.05. 

Functional gene analysis was generated as described in Supplementary Information.

Results

miR-335 expression is associated with hMSC aging

Our previous studies identified miR-335 as the only miRNA consistently downregulated in 

hMSCs in all differentiation regimes tested, and its forced expression in hMSCs reduced 

their proliferation and differentiation capacity [13]. To further examine the regulation of 

miR-335 expression, we subjected a panel of bone marrow-derived naïve hMSCs to 

different environmental stimuli associated with the promotion of senescence, and measured 

expression levels by qRT-PCR. Compared with early passage cells, prolonged culture of 

hMSCs (>7 weeks) resulted in a significant increase in miR-335 expression (3.4–10.2 fold) 

in all hMSCs tested (Fig. 1A). miR-335 expression was also dependent on the oxygen 

tension used during culture, with mild hypoxia (3% O2, for 7 days) significantly decreasing 

the level of miR-335 (Fig. 1B). Furthermore, expression of miR-335 was transiently 

increased by γ-irradiation (0.5–10 Gy, Fig. 1C); while stimulation of hMSCs with a range of 

pro-inflammatory growth factors resulted in a significant decrease of expression (Fig. 1D). 

Interestingly, miR-335 expression was also dependent on the donor age of bone marrow-

derived hMSCs (Fig. 1E), and we found a strong positive correlation between the level of 

miR-335 and donor age from 15–55 years (Fig. 1E; Pearson’s r=0.9205, p=0.0033). This 

result prompted us to examine the possible effect of telomerase for expression of miR-335. 

Telomerase activity prevents cells dividing recursively from reaching their Hayflick limit 

[21] and has been inversely correlated with aging [22, 23]. Results demonstrated that the 

increase in miR-335 expression during ex vivo culture was abolished by forced expression 

of TERT (Fig. 1F). Collectively, these findings indicated that an increase in miR-335 

expression was associated with hMSC aging/senescence and could be prevented by 

telomerase expression.

Forced expression of miR-335 induces senescence-related changes in hMSCs

Given the positive correlation between miR-335 expression and senescence/aging, we 

wondered whether forced overexpression of miR-335 could induce a senescence/aging 

phenotype in hMSCs. To consider this, independent hMSCs were transduced with a 

lentiviral vector encoding the genomic sequence spanning miR-335 (335-hMSC), or with a 

control vector (control-hMSCs), and transduced cells were purified to >95% homogeneity 

(GFP-positive cells) by FACS [13]. Comparative analyses of control- and 335-hMSCs in 

culture demonstrated that miR-335 overexpression resulted in manifold changes associated 

with cell senescence, including: reduced proliferation (Fig. 2A), morphological alterations 

(greater cell size, more vacuoles and an increased nuclear irregularity index; Fig. 2B), and a 

larger proportion of SA-β-gal positive cells (Fig. 2C). Furthermore, 335-hMSCs exhibited 

reduced expression of Lamin B1 (Fig. 2D), a protein lost in senescent cells [24]. In contrast, 

no significant differences were found in the cell cycle between control and miR-335-

overexpressing cells (Supplementary Fig. S1), and genetic stability was comparable between 
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both cell types, as monitored by karyotype analysis and comparative genomic hybridization 

(data not shown).

Guided by these results, we next analyzed the expression of candidate genes that have been 

previously associated with replicative senescence. These genes included TP53 [25], 

CDKN1A, CDKN2A [26], PTGS2 [27], and six genes that we have recently defined as 

markers of replicative senescence in hMSCs (SCIN, EDN1, AKAP9, CXCL12 [4], H19 and 

IGF2 (García et al., submitted). Compared with control cells, 335-hMSCs showed a 

statistically significant increase in the expression of SCIN, and a decrease in IGF2, CXCL12 

and H19 (Fig. 2E), supporting a pro-senescence activity of miR-335. In contrast, miR-335 

overexpression resulted in a significant decrease in TP53 (p53) and CDKN1A (p21) mRNA, 

and also protein (Fig. 2E and 2F, respectively). Notably, the clear reduction of PTGS2 

(COX2) expression observed in 335-hMSCs (Fig. 2E) is contrary to that previously 

observed in aged cells [27]. Interestingly, western blot analysis of 335-hMSCs also revealed 

a reduction in the steady-state levels of SOD2 (Fig. 2F), a protein whose deficiency has been 

recently linked to cellular senescence [28]. Moreover, p16 and cyclin D1 (CCND1), which 

are known to be associated with cellular senescence [26], were significantly increased in 

335-hMSCs (Fig. 2F), and immunofluorescence analysis confirmed this increase in p16 

expression (Fig. 2G). Taken together, these data clearly suggested that increased expression 

of miR-335 could favor the evolution of hMSC senescence through a p53/p21-independent 

mechanism.

miR-335 overexpression induces a senescence-associated secretory phenotype in hMSCs

Previous work demonstrated that fibroblasts undergoing senescence growth arrest secrete 

myriad factors, including proteins associated with inflammation, and develop a senescence-

associated secretory phenotype (SASP) [29]. To determine whether overexpression of 

miR-335 induced a similar senescence-related phenotype, we compared the secretome of 

335-hMSCs and control cells using conditioned medium (CM) from confluent cells. CM 

was analyzed with Luminex antibody arrays designed to detect 51 secreted human proteins 

involved in intercellular signaling during inflammation (Supplementary Table S2). Results 

indicated a significant (t-test, p<0.05) increase in 12 out of 51 tested factors in CM from 

335-hMSCs compared with control cells, with ratios of oversecretion between 2–3 fold (Fig. 

3A). Those identified proteins showed upregulated levels (normalized to 105 cells/ml) 

between 0.89 pg/ml (IFNγ) and 300.23 pg/ml (IL6) in CM from 335-hMSCs (Fig. 3A). 

Comparable results were obtained in hMSCs made senescent by γ irradiation, although 

fewer proteins were differentially oversecreted in 335-hMSCs (23.5%, compared to 52.9% 

in γ-irradiated hMSCs; [30]). The differential secretome of 335-hMSCs was similar to 

results obtained from a previous characterization of SASP in senescent human primary 

fibroblasts [29]. Additionally, RT-PCR analysis of the key SASP factors, IL-6 and IL-8, 

confirmed previous observations [29] and indicated that proteins comprising SASP are 

generally upregulated at the mRNA level (Fig. 3B).

When CM from control and 335-hMSCs were obtained in the presence of 1 mg/ml LPS, to 

mimic a pro-inflammatory condition, only GROA and HGF were significantly oversecreted 
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in 335-hMSCs (Fig. 3C). The immune system processes (Gene Ontology, GO terms) 

associated to all the identified upregulated proteins are shown in Supplementary Table S3.

miR-335 overexpression induces mitochondrial changes in hMSCs

Alterations in both mitochondrial content and function are associated with senescence [31]. 

To determine whether this phenotype was also discernible in hMSCs, we performed 

mitochondrial staining in 335- and control-hMSCs using MitoTracker (MT), a marker of 

mitochondrial mass that is independent of membrane potential [32]. While the pattern of 

mitochondrial staining was comparable between 335- and control-hMSCs (data not shown), 

FACS analysis demonstrated a significant increase in mitochondrial mass in 335-hMSCs 

(Fig. 4A). Furthermore, analysis with MitoSOX Red, a dye which specifically detects 

superoxide within the mitochondrial matrix, revealed a significant increase in superoxide in 

335-hMSCs compared with control cells (fluorescence increase approximately 3-fold; 

p=0,013; Fig. 4A), and this increase remained significant when expressed per unit of 

mitochondrial mass (Fig. 4B; a representative example is shown in Fig. 4C). This finding 

was consistent with the reduction in SOD2 expression observed in 335-hMSCs (Fig. 2F). 

Additionally, an increase in the relative levels of both total and mitochondrial superoxide 

was detected in 335-hMSCs stained with dihydroethidium (Fig. 4A). Together, these 

findings indicated that forced expression of miR-335 in hMSCs induced a significant 

increase in mitochondrial ROS production, which is presumably compensated by an increase 

in mitochondrial biogenesis.

Forced expression of miR-335 abrogates the in vivo chondro-osseous differentiation 
capacity of hMSCs

Previously, we demonstrated that forced expression of miR-335 in hMSCs strongly reduced 

their osteogenic differentiation potential in vitro [13]. To connect these observations with 

what happens in vivo, we utilized cell diffusion chambers in a rat model of osteogenesis. 

Control- and 335-hMSCs were first cultured in a collagen-gel medium containing 0.5% fetal 

bovine serum (FBS) for 10 days in the presence of recombinant human BMP2, followed by 

culture for 6 days in medium containing BMP2 and 10% FBS. This treatment has been 

described to be effective in initiating a chondro-osseous differentiation pathway in bone 

marrow hMSCs cultured in vitro [33]. After this 16-day period of differentiation, cells were 

placed inside diffusion chambers and implanted subdermically into the back of 8-week-old 

rats for 28 days. Whereas histological and immunohistochemical analyses provided clear 

evidence of collagen (Fig. 5A, panel 1–3; 6–9) cartilage (panel 6–9) and osteoid tissue 

(panel 4–9) inside the diffusion chambers seeded with control hMSCs, chambers seeded 

with 335-hMSCs failed to show any evidence of cartilage or osteoid tissue formation, and 

instead their content appeared as a mass of fibrous tissue (Fig. 5B). This complete 

abrogation of in vivo osteogenic potential demonstrated that miR-335 downregulation is 

physiologically necessary for bone differentiation of hMSCs.

miR-335 is critical in modulating the immunoregulatory capacity of hMSCs

Given the established immunomodulatory properties of MSCs, we next investigated whether 

overexpression of miR-335 in hMSCs altered their capacity to regulate the immune 

response. Using co-culture assays, we first assessed the potential of hMSCs to inhibit cell 
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proliferation of human PBMCs stimulated with phytohemagglutinin. Compared with control 

cells, 335-hMSCs displayed a reduced, but still significant, capacity to inhibit PBMC 

proliferation measured by BrdU incorporation, after 72 h culture (Fig. 6A, 30.8% vs. 47.9% 

inhibition at a 1:5 ratio). As hMSC administration has a strong therapeutic effect in 

experimental sepsis, by protecting against mortality caused by endotoxin [34, 35], we next 

investigated whether forced expression of miR-335 could influence mortality in a LPS-

induced endotoxemia model. Thus, mice were injected with 400 μg of LPS, together with 

wild-type hMSCs, control-hMSCs or 335-hMSCs (106 cells/mouse), and mortality was 

monitored over 96 h. As expected, administration of wild-type or control-hMSCs rescued 

the majority of animals from LPS-induced lethality (Fig. 6B). In contrast, inoculation of an 

equivalent number of 335-hMSCs did not provide any significant protection against LPS, 

and mortality was comparable to the administration of vehicle (Fig. 6B).

hMSCs are known to promote the conversion of macrophages to a regulatory (M2) 

phenotype through the secretion of soluble factors [36–38]. To evaluate the potential 

modulation of macrophage activity by miR-335 overexpression, we utilized co-culture 

assays of hMSCs and macrophages, and measured the concentration of cytokines released 

24 h after macrophage activation with LPS. Compared with macrophage-only cultures, 

results showed that TNFα and IL-6 were decreased to similar levels in co-cultures of both 

335-hMSCs and control-hMSCs with activated macrophages (Fig. 6C). Additionally, IL-10 

was increased in both co-culture systems in comparison with macrophage-only cells, but 

only if there was direct cell-to cell contact as described in previous studies [35]. These 

results suggest that macrophage modulation is not a major component of the 

immunoregulatory capacity of hMSCs by miR-335.

Transwell migration assays revealed that overexpression of miR-335 caused a consistent 

reduction in the migratory capacity of hMSCs tested with different specific stimuli (HMG-1, 

8.1%; fMLP, 8.5%; SDF1, 6.5%; TNFα, 4.7%; and PDGFBB, 14.5%) and also with LPS-

stimulated macrophage-conditioned medium (Mϕ-CM) (25.4% compared to control; Fig. 

6D). Consistent with this reduction in cell motility, 335-hMSCs expressed lower membrane 

levels of CXCR4 (Fig. 6E) the receptor for CXCL12 (SDF-1), which has been demonstrated 

to be an important player in hMSC migration in vivo [39, 40].

One of the major regulatory factors involved in macrophage reprogramming by hMSCs is 

prostaglandin E2 (PGE2). PGE2 levels depend on the activity of COX-2 (PTGS2), an 

enzyme induced in MSCs after stimulation with activated macrophages [35]. As described 

earlier, PTGS2 expression was downregulated in 335-hMSCs relative to control cells in non-

stimulated conditions (Fig. 2B). Stimulation of 335-hMSCs with Mϕ-CM containing LPS 

also resulted in a marked decrease in the induction of PTGS2 (Fig. 6F), suggesting that 

PTGS2 could be an important mediator for the regulation of the hMSC anti-inflammatory 

response by miR-335. Interestingly, a detailed analysis of the microarray expression data 

obtained for 335-hMSCs [13], using the Ingenuity Pathway Analysis tool, generated a 

network (score 24) including 26 of the regulated mRNAs which have PTGS2 as nodal 

molecule (Supplementary Fig. S2).
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Downstream mediators of miR-335 function in hMSCs

Analyses of previously obtained differential gene expression data [13], revealed that most 

members of the AP-1 family of transcription factors (including MAF, ATF3, JUN, JUNB, 

FOS and FOSB) were significantly downregulated in 335-hMSCs (Supplementary Fig. S3). 

Notably, AP-1 mediates the response to a variety of extracellular stimuli and plays a key 

role in the regulation of diverse processes such as differentiation, proliferation and migration 

(reviewed in [41]). A downregulation of AP-1 components in three independent miR-335 

expressing hMSC samples, measured under basal conditions, was detected by qRT-PCR, 

with the exception of ATF3 (Fig. 7A), and confirmed the previous microarray data [13]. 

Therefore, we hypothesized that regulation of the AP-1 complex by miR-3335 could be 

involved in both the control of hMSC migration and differentiation. When we measured 

expression of AP-1 components after stimulation of control- and 335-hMSCs with Mϕ-CM 

(used as a migratory stimuli, Fig. 6D), or BMP2 (used for chondro-osseous differentiation, 

Fig. 5), we found that under both conditions 335-hMSCs expressed significantly less JUN, 

JUNB, FOS, FOSB, ATF3 and MAF mRNA, and this was particularly evident with BMP2 

stimulation (Fig. 7B). Western blot analysis confirmed the blunted expression of JUN 

protein in 335-MSCs after Mϕ-CM and BMP2 induction (Fig. 7C). Strikingly, both 

treatments resulted in an almost complete loss of FOS and p-FOS induction in 335-hMSCs 

compared with control cells (Fig. 7C). Since neither FOS nor JUN mRNA contain a 

miR-335 binding site, it seemed likely that AP-1 activity is regulated through an indirect 

mechanism. To address this possibility, we selected putative miR-335 targets that could 

have a direct effect on AP-1 activity [13], or an indirect impact on the MAPK kinase 

pathway leading to AP-1 activation (reviewed in [42]). These included Serum response 

factor (SRF), a transcription factor involved in FOS regulation [43], and Protein kinase D1 

(PRKD1), a key regulator of MAPK activation [44, 45]. Thus, hMSCs were stimulated with 

Mϕ-CM, and the expression of SRF and PKD1 were measured by immunoblotting. 

Compared with control hMSCs, Mϕ-CM-stimulated 335-hMSCs had a moderate reduction 

in SRF protein (Fig. 7D). On the other hand, whereas total PRKD1 protein did not differ 

significantly between groups, phosphorylation on residues Ser738/742 and Ser910 of 

PRKD1 was decreased markedly (greater than 60%) in 335-hMSCs compared with control 

cells, after stimulation with Mϕ-CM. Notably, PRKD1 plays a pleiotropic role in the 

regulation of many cellular processes, including cell migration and differentiation [46, 47]. 

Accordingly, reduction in the phosphorylation of critical regulatory residues in PRDK1 

could reduce MAPK activation, and impact on downstream signaling cascades, including 

AP-1. In turn, a reduction in the activity of the AP-1 complex could abrogate the migration 

and differentiation characteristics of MSCs.

Discussion

We previously identified miR-335 as being uniquely downregulated in hMSCs early after 

induction of differentiation, and its forced expression negatively impacted proliferation, 

migration and differentiation of hMSCs in vitro [13]. These results led us to conclude that 

miR-335 was important for the maintenance of the undifferentiated state of hMSC and/or it 

must be downregulated to allow differentiation in this cell type. These features might 

conceivably explain its original description as a tumor suppressor [15, 48].
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It is well established that, due to oxidative stress, primary cells maintained in culture evolve 

towards a state of senescence/aging, which in turn leads to a progressive loss of their 

biological activity [3, 49]. Analysis of hMSCs revealed a clear increase in the expression of 

miR-335 during extended periods of ex vivo culture. This finding, together with the 

observation that telomerase overexpression downregulates miR335, argued for a genuine 

role for miR-335 in the promotion of senescence/aging, and is in agreement with its negative 

impact on hMSC function [13]. Here we demonstrate that forced expression of miR-335 

abolishes chondroosteogenic differentiation of hMSCs in vivo, and also significantly 

reduces their immunoregulatory properties in vivo. A very recent study has reported that 

miR-335 promotes chondrogenic differentiation in murine MSCs [50]. The discrepancy 

between these recent findings and those of this study might be due to a speciesspecific 

mechanism, or perhaps the different differentiation models used. The negative effects of 

miR-335 overexpression for both differentiation and immunoregulation of hMSCs can be at 

least partly explained by a decrease in their migratory capacity, together with a reduction in 

the expression of the migration receptor CXCR4. The fact that 335-hMSCs appear to 

maintain most of their intrinsic modulatory activity on macrophages suggest that the loss of 

their in vivo immunoregulatory activity is more likely due to their reduced migratory 

potential, rather than a defect in their signaling apparatus. These results are similar to those 

previously obtained by us in radiation-induced senescent hMSCs [30].

Interestingly, 335-hMSCs have lower basal levels of PTGS2 (COX-2), and fail to upregulate 

this gene in response to several stimuli. Of note, PTGS2 has been proposed to contribute to 

the establishment of the senescence phenotype and is known to be upregulated during both 

replicative and stress-induced senescence of cultured fibroblasts [27, 51, 52], and also 

during organismal aging [53–57]. However, it remains unclear whether the catalytic activity 

of PTGS2 is involved in the aging process [51], and paradoxically, constitutive 

overexpression of PTGS2 has been linked with cellular resistance to senescence in cancer 

cells [58]. Moreover, PTGS2 has been described as a key player in the immune regulatory 

activity of hMSCs and its loss appears to be a hallmark of the onset of cell senescence in this 

cell type [38].

In agreement with our findings, previous work has demonstrated an upregulation of both 

miR-335 and miR-34a in old (24-months-old), but not young (3-months-old), rat mesanglial 

kidney cells. In this model, senescence was mediated principally through inhibition of Sod2 

and Txnrd2 by miR-335 and miR-34 respectively, which dramatically affected the 

mitochondrial antioxidant capacity of these cells [59]. Our data in 335-hMSCs also 

demonstrated a significant reduction in SOD2 expression, together with enhanced 

superoxide production by mitochondria; both are hallmarks of cellular senescence and aging 

[28]. It remains to be determined whether the observed increase in mitochondrial content is 

due to a deregulation of mitochondria biogenesis, or is simply an adaptation to the overall 

increased cellular size of 335-hMSCs. Nevertheless, these data strongly suggest that miR335 

is regulating the progression of senescence.

A balance between cell growth and response to stress must exist to ensure that cells 

proliferate without accumulating damaged DNA. Consequently, optimal cell proliferation 

requires the coordination of pro-growth and stress-response pathways. While cellular 
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senescence is considered a cellular stress response, and widely recognized as a potent tumor 

suppressive mechanism, it has also recently been acknowledged as a partner in degenerative 

and hyperplastic pathologies, most likely by promoting chronic inflammation and aging 

[60]. Senescent cells have been shown to exhibit a senescence-associated secretory 

phenotype (SASP) that can alter the tissue microenvironment and promote age-related 

pathology through secretion of growth factors and proteases [29]. SASP is a damage 

response, separable from growth arrest [61, 62], and variable with cell type and mode of 

senescence induction. In an effort to decode the molecular mechanisms influenced by 

miR-335, we compared the secretome of 335-MSCs with control-MSCs. As described for 

other cell types [29], we did not detect a selective response in 335-hMSCs; however, the 

secretion of more than the 20% of the analyzed factors was increased 2-3-fold. The majority 

of these factors have been previously characterized as part of SASP in fibroblasts, but with 

some specific differences likely related to the cell type [29, 63]. These results are therefore 

consistent with the association of miR-335 with senescence promotion.

An important finding in this study was the significant relationship between miR-335 and 

AP-1 activity. Members of the FOS family dimerize with JUN to form the AP-1 

transcription factor, which upregulates the transcription of a diverse collection of genes [64]. 

Moreover, AP-1 activation is involved in the regulation of cell migration [65]. Whereas 

control hMSCs responded to BMP2 or Mϕ-CM treatments by increasing their expression of 

JUN, mainly at the level of mRNA, this was blunted in 335-hMSCs, particularly when 

stimulated with BMP2. However, greatest differences between cells were found in the 

protein expression levels of FOS and p-FOS, and miR-335 overexpression almost 

completely abrogated FOS expression (Fig. 7). FOS is upregulated in response to many 

extracellular signals, and phosphorylation by MAPK, PKA, PKC or CDK1 alters its activity 

and stability. Interestingly, hyporesponsiveness to growth factors is a fundamental feature of 

cellular senescence and, in several models including senescent human diploid fibroblasts 

and aged mice, a proportional reduction in the expression of Fos has been demonstrated 

[66]. Therefore, the impact of forced miR-335 expression on the level of active FOS could 

play an important role in senescence promotion.

As neither FOS nor JUN mRNAs harbor canonical target sequences for miR-335, we 

reasoned that their modulation must be regulated indirectly. From previous bioinformatic 

analyses, we selected a panel of predicted targets of miR-335 which were plausible upstream 

regulators of FOS/JUN. Among them, we demonstrated that SRF was moderately decreased 

by overexpression of miR-335, whereas PRKD1 was severely infraphosphorylated, both in 

basal and activated conditions.

SRF stimulates both cell proliferation and differentiation, and through binding to canonical 

serum response elements (SRE), regulates the activity of many immediate-early genes such 

as FOS, which is a downstream target of many pathways including vascular development 

[67] and heart fibrosis [68]. Information on the specific role of SRF in hMSC biology or 

senescence is limited; however, SRF knockdown abolished expression of αSMA induced by 

several differentiation stimuli in adipose tissue-derived hMSCs [69]. All these findings 

strongly suggest that even a moderate reduction of SRF expression could play a relevant role 

in miR-335-mediated induction of senescence in hMSCs.
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PRKD1 has been proposed to act as a signal-regulated scaffold, integrating an assortment of 

different stimuli and influencing the subcellular localization of important partners. 

Phosphorylation of serines 910 and 738/742 by PKC, and their subsequent 

autophosphorylation, are associated with upregulated PRKD1 activity [70]. Besides these 

central regulatory modifications, additional phosphorylation of PRKD1 by p38, Src and c-

Abl kinases have also been described to modulate its activity, as well as cleaveage by 

caspase-3 during apoptosis [70]. PRDK1 activation by DAPK1 has been implicated in the 

induction of autophagy in response to oxidative damage [71]. Hitherto, no specific role for 

PKRD1 has been described in hMSC biology or cellular senescence. Our results suggest that 

reduced activation of PRKD1 by miR-335 could result in severe reduction of AP-1 activity, 

although the precise mechanisms involved requires further study.

Collectively, our results propose a scenario whereby miR-335 promotes the evolution of 

hMSCs towards a senescent stage by reducing the activity of AP-1. In addition to oxidative 

damage [72] a decline in fos/AP-1 activity is typically associated with aging; basal levels 

appear similar in young and old animals but in the latter the capacity to modulate fos/AP-1 

activity is greatly impaired [72]. A reduction of AP-1 expression seems likely to be related 

to cell senescence also, since JNK-deficient cells exhibit early p53-dependent senescence 

[73] and JNK is required for expression of the JUN and JUND components of AP-1. Indeed, 

a reduction of Fos in several brain regions has been also correlated with physiological aging 

[74].

Considering this, we compared miR-335 expression levels in a panel of hMSCs obtained 

from donors ranging from 18 to 55 years old, and found a direct correlation between 

miR-335 expression level and the age of the donor. Therefore it seems plausible that 

miR-335 levels could be a good marker of physiological aging. Consistent with this, 

previous work [75] demonstrated that miR-335 and miR-452 are the only two miRNAs that 

are upregulated in hMSCs obtained from adipose tissue of old donors in comparison with 

young donors. Additionally, this study demonstrated that aged hMSCs had reduced levels of 

FOS, JUN and ERK1/2, together with increased expression of NF-kB, MYC and IL4R. This 

is in good agreement with the majority of the phenotypes associated with forced expression 

of miR-335.

Conclusions

This study demonstrates that miR-335 must be downregulated to allow hMSCs to respond to 

regulatory and differentiation signals. Aging or prolonged culture of hMSCs induce a 

progressive and constitutive increase of miR-335 levels, rendering these cells less 

responsive to activation stimuli (pro-inflammatory and/or pro-differentiation signals), and 

more prone to aging/senescence. This state, which is reversed by telomerase, translates to an 

impaired capacity for cell migration, and is linked to reduced AP-1 activity. As miR-335 

expression levels are closely linked to the therapeutic activity of hMSCs, we consider that 

this miRNA might be used as a valuable predictive marker to monitor therapeutic potency of 

individual preparations of hMSCs-based medicinal products.
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Figure 1. 
Regulation of miR-335 expression in cultured human mesenchymal stem cells under 

different stimuli. Relative expression levels of miR-335 were measured by real-time RT-

PCR (RNU6B as endogenous control) in hMSCs cultured in different conditions or after 

specific stimuli. (A): hMSCs from different donors were cultured over several passages; 

miR-335 was measured at early passage (1 to 2 weeks in culture; white bars) and late 

passage (>7 weeks in culture; black bars). (B): miR-335 expression was quantified in 

hMSCs cultured for 7 days at 3% and 20% oxygen concentration (white and black bars, 
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respectively). (C): miR-335 levels were determined in hMSCs at 1, 4 and 8 hours after 

treatment with different doses of γ-irradiation (0.5 and 10 Gy; white and black bars, 

respectively). Data are expressed relative to the miR-335 level in untreated cells. (D): 
miR-335 expression was quantified at 24 (white bars) and 48 hours (black bars) after 

treatment with the indicated cytokines. Data are expressed relative to the miR-335 level in 

untreated cells (E): A correlation curve was produced for miR-335 expression and age of 

donor; a significant correlation was confirmed. (F): hMSCs overexpressing hTERT (black 

bars) or wild type cells (white bars) were serially passaged over an extended period of time 

and miR-335 expression was quantified. *p<0.05; **p<0.005, ***p<0.005. Error bars 

represent s.e.m. (N=3).
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Figure 2. 
Forced expression of miR-335 induced senescence-related changes in hMSCs. Bone 

marrow-derived hMSCs were transduced with the lentiviral vectors pLV-EmGFP-MIR335 

or pLV-EmGFP-mock (encoding a negative control shRNA), and transduced (gfp+) cells 

were purified by FACS. The purified cells (335- and control-hMSCS, respectively) were 

used to analyze different markers previously associated with senescence in hMSCs. (A): 
Percentage of proliferating 335- and control-hMSCs by EdU imaging. White bars, control-

hMSCs; black bars, 335-hMSCs. (B): Alterations in cell size and morphology. Left panel, 
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representative images showing alterations in morphology and cell size similar to those seen 

in senescent cells, scale bar represents 100 μm. Middle panel: cell size was measured by 

FSC-A using FACS. Right panel: DAPI-stained nuclei were analyzed for size and 

irregularity using the NMA tool, as described in materials and methods, and the percentage 

of small and regular nuclei (SR) is shown. At least 200 nuclei were analyzed for each data 

point. White bars, control-hMSCs; black bars, 335-hMSCs. (C): SA-β-gal staining of 

senescent cells induced by overexpression of miR-335. White bars, control-hMSCs; black 

bars, 335-hMSCs. (D): Lamin B1 expression was quantified in 335- and control-hMSCs by 

real-time RT-PCR (α-tubulin as endogenous control). White bars, control-hMSCs; black 

bars, 335-hMSCs. Representative immunofluorescence images of Lamin B1 expression in 

335- and control-hMSCs are shown in the left panel; scale bar represents 100 μm. (E): Real-

time RT-PCR quantification of mRNA transcripts in 335- versus control-hMSCs (GAPDH 

as endogenous control). (F): Western blot of p53, p21, p16, CCND1, SOD2 and β-actin. The 

lower histogram shows protein quantification by pixel density analysis using ImageJ 

software, normalized to the β-actin signal. (G): Immunofluorescence staining of p16 in 335- 

and control-hMSCs. DAPI staining was used to define total cell counts. The percentage of 

p16 positive cells is shown in the lower panel; scale bar represents 100μm; white bars, 

control-hMSCs; black bars, 335-hMSCs. *p<0.05; **p<0.005; ***p<0.001. Error bars 

represent s.e.m. (N=3).
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Figure 3. 
miR-335 promotes the acquisition of a senescence-associated secretory phenotype (SASP). 

(A): Conditioned medium (CM) from control- (white bars) and 335-hMSCs (black bars) 

obtained from three different donors was collected 24 h after serum starvation. 

Concentration of cytokines was analyzed by Luminex® multiplex assay. Protein levels were 

normalized to 105 cells/ml. Significant changes in protein levels are shown. (B): Relative 

IL6 and IL8 expression levels were quantified by real-time RT-PCR (α-Tubulin as 

endogenous control). (C): Significant changes in protein levels as measured by the same 

Luminex® multiplex assay in conditioned medium from control- (white bars) and 335-

hMSCs (black bars), treated with LPS. *p<0.05. Error bars represent s.e.m. (N=3).
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Figure 4. 
Forced miR-335 expression increases mitochondrial mass and ROS levels in hMSCs. (A): 
Upper panels, flow cytometry histograms of mitochondrial mass measured using 

MitoTracker®, and total and mitochondrial reactive oxygen species measured by DHE (di-

hydroethidium) and MitoSOX™, respectively, in 335-(black histograms) and control-(white 

histograms) in hMSCs. Lower panels, relative fluorescence levels in 335-hMSCs shown as 

the percentage of control-hMSCs. (B): Relative fluorescence levels of mitochondrial 

reactive oxygen species measured with MitoSOX were normalized with fluorescence levels 

of mitochondrial mass using MitoTracker. Results in 335-hMSCs are shown as the 
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percentage of control-hMSCs. (C): Representative confocal microscopy images of control- 

and 335 hMSCs after staining with MitoTracker, MitoSOX and DAPI. Color scale shows 

false color referring to increasing fluorescence MitoSOX:MitoTracker values, from lowest 

(blue) to highest (red), scale bar represents 500μm. *p<0.05; **p<0.005. Error bars 

represent s.e.m. (N=3).
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Figure 5. 
Chondro-osseous formation in hMSC-seeded diffusion chambers in vivo. In vitro 
predifferentiated preparations of control- (A) and 335-hMSC (B), by stimulation with BMP2 

in a collagen-gel medium containing 0.5% fetal bovine serum (FBS) for 10 days, followed 

by culture for 6 days in medium containing BMP2 and 10% FBS, were placed inside 

diffusion chambers and implanted subdermically into the back of 8-week-old rats for 28 

days. Photomicrographs of histological sections of diffusion chambers, four weeks after 

implantation, using different stains are shown. Asterisks mark the wall of the chamber. 

Picrosirius-Hematoxylin was used for detection of collagen under polarized light (panels 1, 

2, 3, 10, 11, 12); panels (2) and (11) show higher magnification images, marked by dotted 
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boxes in (1) and (10), respectively; (4) matrix calcification evidenced by Von Kossa 

staining; (5) cartilage tissue stained with Alcian Blue; (6, 9) anti-Collagen Type I staining; 

(7) collagen fibers in the bone matrix detected using Picrosirius Red staining; (8) cartilage-

like matrix stained with Toluidine Blue. Representative images from four different animals/

treatment are shown. Scale bars: panels 1 and 10, 1 mm; 2 and 11, 500 μm; 3 and 12, 200 

μm; 4–9, 100 μm.
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Figure 6. 
miR-335 overexpression inhibits the immuneregulatory effect of hMSCs. (A): Human 

PBMCs were stimulated or not (NS, non-stimulated) with phytohemagglutinin (PHA, 10 μg/

ml), in the presence of different ratios of 335- or control-hMSCs (0:1 to 1:5 MSC/PBMC 

ratios). After 72 h of culture, proliferation was evaluated by BrdU incorporation. Gray bars, 

absence of hMSCs; white bars, control-hMSCs at the indicated ratios; black bars, 335-

hMSCs at the indicated ratios. (B): Survival curves of mice (10 mice/group) after LPS 

injection and injection of 335- or control-hMSCs (PBS was used as a negative control). (C): 
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Macrophages treated with LPS, were co-cultured with 335- or control-hMSCs. Macrophages 

cultured in the absence of LPS and hMSCs (NS) were used as negative controls. The co-

culture was performed in the same well (cell-to-cell contact, upper panels) or in different 

compartments separated by a 0.8 μm-pore membrane using a transwell system (transwell, 

lower panels). Cytokine levels in the medium were determined after 24 h, by ELISA. (D): 
The migratory capacity of 335-hMSCs was quantified using a transwell migration assay. 

Different chemokines were used as stimuli. (E): CXCR4 expression levels measured by 

real-time RT-PCR in 335-and control-hMSCs (GAPDH as endogenous control). (F): PTGS2 

expression levels measured by real-time RT-PCR in 335- and control-hMSCs after Mϕ-CM 

treatment at different time points (GAPDH as endogenous control). *p<0.05; **p<0.005, 

***p<0.001. Error bars represent s.e.m. (N=3 in A, C–F).
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Figure 7. 
AP-1 activation in response to migration and differentiation stimuli is modulated by 

miR-335. (A): Relative basal expression levels of AP-1 components (MAF, ATF3, JUN, 

JUNB, FOS, FOSB; GAPDH as endogenous control) measured by real-time RT-PCR in 

335-hMSCs from three different donors, versus the corresponding control-hMSCs. mRNA 

expression levels are presented as the relative fold-increase compared with control-hMSCs 

(horizontal line). The different colored bars correspond to three independent hMSC isolates. 

(B): Relative expression levels of AP-1 components in control- (black circles) and 335-

hMSCs (black squares) after treatment with Mϕ-CM or BMP2 at indicated time points, 
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measured by real-time RT-PCR. (C): Western blot analysis of AP-1 components after Mϕ-

CM (left panel) and BMP2 (right panel) treatments at indicated times. Representative results 

from at least three experiments are shown. (D): Western blot analysis of SRF, PRKD1, and 

phospho-specific PRKD1 SER910 and SER738/742 protein levels after Mϕ-CM treatment 

at indicated times. Representative results from at least three experiments are shown. 

*p<0.05; **p<0.005; ***p<0.005. Error bars represent s.e.m. (N=3).
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