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Objective. Human multipotent mesenchymal stromal cells (MSC) have the potential to differ-
entiate into multiple cell types, although little is known about factors that control their fate.
Differentiation-specific microRNAs may play a key role in stem cell self-renewal and differen-
tiation. We propose that specific intracellular signaling pathways modulate gene expression
during differentiation by regulating microRNA expression.

Materials and Methods. Illumina mRNA and NCode microRNA expression analyses were per-
formed on MSC and their differentiated progeny. A combination of bioinformatic prediction
and pathway inhibition was used to identify microRNAs associated with platelet-derived
growth factor (PDGF) signaling.

Results. The pattern of microRNA expression in MSC is distinct from that in pluripotent stem
cells, such as human embryonic stem cells. Specific populations of microRNAs are regulated in
MSC during differentiation targeted toward specific cell types. Complementary mRNA ex-
pression analysis increases the pool of markers characteristic of MSC or differentiated prog-
eny. To identify microRNA expression patterns affected by signaling pathways, we examined
the PDGF pathway found to be regulated during osteogenesis by microarray studies. A set of
microRNAs bioinformatically predicted to respond to PDGF signaling was experimentally
confirmed by direct PDGF inhibition.

Conclusion. Our results demonstrate that a subset of microRNAs regulated during osteogenic
differentiation of MSCs is responsive to perturbation of the PDGF pathway. This approach
not only identifies characteristic classes of differentiation-specific mRNAs and microRNAs,

but begins to link regulated molecules with specific cellular pathways. © 2008 ISEH - Soci-
ety for Hematology and Stem Cells. Published by Elsevier Inc.

Mesenchymal stem cells or multipotent mesenchymal stro-
mal cells (MSC), though commonly isolated from adult
bone marrow, have also been isolated from such diverse bi-
ological sources as bone [1], skeletal muscle, lung, decidu-
ous teeth [2], and human umbilical cord [3], and are defined
by their ability to attach to a solid surface when other cells
present in crude preparations from these tissues do not [4].
Due to the lack of a single definitive marker, MSC are gen-

Offprint requests to: Uma Lakshmipathy, Ph.D., Stem Cells and Regen-
erative Medicine, Invitrogen Corporation, 5781 Van Allen Way, Carlsbad,
CA 92008; E-mail: Uma.Lakshmipathy @invitrogen.com

erally characterized by the presence and absence of a com-
bination of surface antigens. It has been universally
accepted that MSC lack the common hematopoietic
markers such as CD45, CD34, and CD14 [5]. More re-
cently, STRO-1, CD44, CD90, CD73, and CD105 have
emerged as positive markers of MSC [5-8]. The self-
renewal capacity of MSC, thought to be limited, is known
to be enhanced under specific culture conditions, such as
serum concentration, cell-seeding density, and inclusion
of growth factors, such as fibroblast growth factor-2 [9—
11]. These various culture methods may be a major source
of the heterogeneous nature of the MSC cell population.
Several studies have indicated the capability of MSC to
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differentiate into mesenchymal lineages, such as adipose
tissue, bone, cartilage, tendon, muscle, and hematopoi-
etic-supporting stroma [12-19]. The multilineage differen-
tiation potential of clonally derived cells within a MSC
population have been shown to be variable [5,20-25], fur-
ther demonstrating the heterogeneous nature of the defined
MSC population.

Nevertheless, the possibility of obtaining MSC from an
autologous source and their ability to differentiate into a va-
riety of connective tissue types makes them ideal candi-
dates for cell therapy. The unquestioned therapeutic
potential of MSC is reflected in current clinical usage for
treating children with osteogenesis imperfecta, hematopoi-
etic recovery, and for bone tissue regeneration [26-28].

Understanding key regulatory pathways and molecules
involved in maintaining MSC in either their undifferenti-
ated state or during the process of differentiation allows
for a better handle on expanding and culturing these cells
in large scale for therapeutic applications. Examination of
gene expression profiles has revealed dynamics between
MSC, progenitor cells, and committed differentiated cells
[29,30]. Recently, the importance of epigenetic regulation
via microRNA in controlling stem cell activities has been
recognized [31-37]. Understanding these regulatory mech-
anisms may help to design novel processes for production
of specific therapeutic cells for transplant.

MicroRNAs (miRNA), short (17 —24 nucleotides), non-
coding RNAs that have been identified in various organ-
isms, including mammalian cells, are thought to play
a key role in several biological processes [38—41]. It has
been suggested that >30% of protein coding genes in hu-
mans are regulated by miRNA [42]. More recently, a unique
set of miRNA have been shown to be associated with em-
bryonic stem cells [43-48]. These miRNAs are expressed
at high levels in several human embryonic stem cell
(ESC) and human embryonal carcinoma cell (EC) lines
[49,50] and decrease upon differentiation into embryoid
body (EB) for 2 weeks in culture [50], supporting their as-
sociation with the stem cell state. Furthermore, strategies to
knock down miRNA levels in ESC cells demonstrate that
miRNAs are essential for differentiation, likely by sup-
pressing stem cell self-renewal programs [44,51]. The un-
derstanding of integrated gene expression and epigenetic
miRNA mechanisms should be important for the character-
ization of stem cells and their progeny.

Studies of gene expression patterns are valuable not only
for distinguishing cell types during differentiation, but also
for revealing signature patterns reflecting the regulation of
specific intracellular signaling pathways. Work in MSC
by our collaborators recently analyzed standard microarray
results to identify several such pathways active during
MSC differentiation [52], including the platelet-derived
F) pathway acting during osteogenesis.
We sought to end this work to predict the novel
regulation of miRNA transcription as a mediator of, at least,

translational repression during differentiation. Specifically,
we hypothesized that speeifie groups of miRNAs would
be regulated during MSC differentiation and that a subset
of these groups could be associated with PDGF-responsive
transcription factors. In order to test this hypothesis, we first
assessed differentiation status of several MSC isolates by
cell markers or gene expression. Because variability be-
tween MSC isolates is known to be a complicating factor,
we also examined a pooled preparation of MSC. MSC
and differentiation-specific miRNA expression patterns
were determined and used to predict PDGF-responsive
pathways: Finally, PDGF regulation of the predicted miR-
NAs was tested by inhibition of the PDGF pathway. These
studies not only identify miRNAs indicative of MSC differ-
entiation patterns, but also demonstrate that extracellular
signals contribute to miRNA regulation during differentia-
tion, supporting a role for miRNAs during MSC
development.

Materials and methods

Cells

MSC from four independent donors were purchased from Cam-
brex (at passage 2) with the tissue acquisition numbers 1678C
(18 years old, African American, male), 1822A (22 years old, Af-
rican American, male), 1832A (18 years old, African American,
male), and 1271C (23 years old, African American, female), and
were designated as donors 1, 2, 3, and 4, respectively. A pooled
MSC sample comprised of a mixture of these four donors” MSC
that were mixed together in equal numbers and cryopreserved.
Cells were diluted to 1 million cells per vial and frozen in MSC
culture media plus 15% dimethyl sulfoxide (Sigma-Aldrich, St
Louis, MO, USA) at a controlled rate to —70°C by using a cell
freezer box. Cell stocks were transferred to liquid nitrogen storage
after 24 hours. An additional MSC line (designated as donor 5)
was obtained from Dr. Rick Cohen (Rutgers University, Newark,
NJ, USA) and Dr. Eric Hume (Cooper University Hospital, Cam-
den, NJ, USA). The donor was a 39-year-old male.

Culture
MSC were seeded at 3000 cells per cm” and expanded on tissue

culture—treated plastic dishes (Cerning—Ceostar). MSC culture me- Q2

dia was composed of
(Invitrogen, Carlsbad,

cco’s modified Eagle’s medium/F12
, USA), 10% fetal bovine serum,

1 x GlutaMAX (Invitrogen), modified Eagle’s medium nonessen- Q3

tial amino acids, 10 mM HEPES, and 0.5 pg/mL gentamycin (In-
vitrogen). Cells were fed on alternate days and passaged when
80% confluence was reached. Illumina gene expression and
NCode miRNA analysis was carried out with samples that were
grown less than a month in culture (P10 or lower).

Differentiation

MSC were expanded in culture and seeded in T125 flasks for dif-
ferentiation into either adipocytes or osteocytes. A fraction of
these cells were stored as day 0 samples. Cells were also seeded
in parallel on chamber slides for differentiation. Samples were
stained or harvested for RNA isolation at 7, 14, or 22 days of
differentiation.
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1S Adipocyte differentiation was initiated by seeding MSC at
176 a density of 20,000 cells per cm? in the presence of adipogenic dif-
177 ferentiation media composed of MSC growth media with 0.5 mM
178 isobutyl-methylxanthine (Sigma-Aldrich), 10 uM bovine insulin
179 (Sigma-Aldrich), 1 uM dexamethasone (Sigma-Aldrich), and
180 200 uM indomethacin (Sigma-Aldrich).

Osteoblast differentiation was initiated by seeding MSC at
181 a density of 5000 cells per cm? in the presence of osteogenic dif-
182 ferentiation media composed of MSC growth media with 10 mM
183 glycerol-2-phosphate (Sigma-Aldrich), 50 uM L-ascorbic - acid
184 (Sigma-Aldrich), and 100 nM dexamethasone (Sigma-Aldrich).
185 Chondroblast differentiation was initiated by seeding MSC at
186 a density of 8 x 10° cells per tube in a 15 mL conical tube in
187 0.5 mL chondrogenic differentiation media composed of MSC
188 Q4 growth media with 10 ng/mL orming growth factor-81
189 Q5 R&D—Systems), 50nM L-asco acid (Sigma-Aldrich) and
190 6.25 pg/mL bovine insulin (Sigma-Aldrich).

191 Staining

192 MSC were stained using antibodies specific against the surface an-
193 tigens CD45, CD34, CD44, CD73, and CD105. Samples were run
194 Q6 on FACSAria (BD Biosciences, CA, USA) and data analyzed us-
195 Q7 ing FloJo (Tree Star Inc., OR, USA).

196 Differentiation samples set up in chamber slides were stained
197 with either Oil Red O for adipocytes, YonXKessa staining for oste-
198 ocytes or Alcian blue for chondrocytes. Cells in chamber slides

199 were fixed with 100 pL freshly prepared 4% formaldehyde/Dul-
200 Q8 @ s phosphate-buffered saline (D-PBS) solution made from
201 formaldehyde stock solution for 30 minutes at room temper-
202 ature. The formaldehyde solution was discarded and wells rinsed
203 three times with D-PBS.

204
205 Adipocytes. After fixation, cells were rinsed with 70% ethanol and

incubated with 0.3% freshly prepared Oil Red O (Sigma-Aldrich)

206 working solution (three parts 0.5% Oil Red O with two parts de-
207 ionized water, filtered through #42 Whatman paper) for 1 hour at
208 room temperature. Cells were rinsed twice with 70% ethanol. |
209 Cells were rinsed twice with deionized water, counter stained
210 with Dapi (Invitrogen, D3571) and visualized under light or fluo-
211 rescence microscope.

212

213 Osteoblasts Aﬁef—ﬁ*a&eﬂ—eeﬂs—were—Fmsed—thfee—&mes—mt-h
214

215

216

217

218

219

220 Chondroblasts. After fixation, cells were rinsed twice with D-PBS
291 and incubated with 1% Alcian Blue solution for 30 minutes at
222 room temperature. Cells were then rinsed with 0.1% HCI solution
223 to remove excess stain and visualized under light microscope.
224 AG-370 treatment

;gg MSC (10,000 cells per cm?) were seeded in six-well plates and

allowed to recover for 72 hours. PDGF receptor kinase inhibitor
227 AG-370 (Sigma-Aldrich, 2 pM) was added to cells. After 7
228 days, cells were harvested in TRIzol and RNA extracted for quan-
229 titative polymerase chain reaction (QPCR) analysis of miRNA.

mRNA expression analysis 230
Total cellular RNA was amplified and labeled for Illumina Bea- 231
dArray analysis as reported earlier [53]. Labeled, amplified mate- 232
rial (~700 ng per array) was hybridized to the Illumina Bead Chip 233
according to manufacturer’s instructions (Illumina, Inc., San 234
Diego, CA, USA). Array data processing and analysis was per- 235
formed using Illumina BeadStudio software, GeneSpring (Agi-

lent) and BioConductor/R (http://www.bioconductor.org). ;gg

238
Enrichment of miRNA 239
MiRNA was isolated from Trizol-extracted total RNA using the 240
PureLink miRNA Isolation Kit (Invitrogen) according to recom- h41

mended protocol. The amount of miRNA was quantified using
a spectrophotometer and its purity assessed by electrophoresis 242
on a 15% Nupage urea-TBE gel (Invitrogen) and/or by running 243

on a Bioanalyzer Nano RNA chip (Agilent). Q9 244
245
MiRNA expression using NCode microarrays 246

For exploratory analysis of miRNA regulation in differentiating 247
MSCs, samples (n = 1) of pooled-donor MSCs were differentiated 248

for 7 or 14 days following the protocols for osteoblasts, adipo- 249
cytes, or chondroblasts. Undifferentiated MSCs were included as 250
a reference. The dual-color dye swap method [54] was used to 251
study miRNA expression differences between undifferentiated 252
and differentiated MSCs. Five-hundred nanograms of the enriched 53
miRNA was labeled with the FlashTag (GenispheresJIne:) direct Ql()2

labeling system and hybridized to NCode multispecies miRNA 254
arrays [55] as described earlier [56] based on a loop design, 255
balanced with respect to array, dye, and sample. By using a bal- 256
anced design, sources of unwanted variation can be minimized 257
[57]. Arrays were scanned, aligned, and median spot intensities 258

were obtained using a GenePix 4000B scanner (MeleeutarDe- 259
viees—taed). Data analysis methods are described in the Supple- Q11260

mental Methods. 261
262
PDGF pathway transcription factor-binding site predictions 263

To determine whether MSC-regulated miRNAs were enriched for 264
the PDGF pathway, predicted promoter regions were obtained 265
from miRNAs declared as significant and scanned for transcription 966
factor (TF) binding sites from TFs predicted to be regulated by the 267
PDGEF pathway (Fig. 5A). A 5-kb region upstream of each miRNA

gene was arbitrarily selected from human reference genome (hg18 268
assembly, NCBI Build 36.1) as an estimate for the transcriptional ggg

control region. Using pathway analysis software (Pathway Archi-
tect; Stratagene), mammalian cell surface receptors in the PDGF Q12271

pathway were identified and a comprehensive literature search lo- 272
cated all downstream transcription factors known to be regulated 273
by this pathway. Seven transcription factors were identified 274
(Fig. 5A). The 5-kb upstream region sequences were scanned 275
with position weight matrices using Fransfae Pro MATCH (ver- 276
sion 11.2; Biobase) [58]. This process was repeated for 24 nonsig- Q13277
nificant miRNAs with expression levels greater than background. 278

These predictions were used as a representative set of “unregu-

lated” miRNAs present in this system. The number of significant 279
binding sites identified for this grouping of miRNAs is predicted %g?

to be characteristic of a random sample. Using a paired-sample
t-test, the number of binding sites identified by Fransfae MATCH 282
was compared between significant and nonsignificant miRNAs. In 283
order to predict specific miRNAs to be regulated by the PDGF 284
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pathway, Z-tests were used to compare the number of significant
binding sites for each sicnifieant miRNA with a mean number
of binding sites across all regulated and nonregulated miRNA up-
stream regions.

gPCR
gPCR for adipogenic and osteogenic marker mRNAs was carried
out using 20-ng cDNA templates prepared from DNase-treated to-
tal RNA isolated from MSC, differentiated adipocytes and osteo-
cytes. The C, value obtained for the gene of interest was
normalized to a housekeeping gene, either 32 microglobulin or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH), as indi-
cated, to obtain the AC, values. AAC, values were then obtained
by subtracting the AC, values for each gene of interest against
AC; values for the control sample. Results expressed as fold
change in expression relative to the control sample was calculated
using the equation RQ = 2725¢

NCode miRNA gPCR was performed and differences in
miRNA expression between samples determined using the relative
quantification method as described earlier [56]. Briefly, the C;
values of the samples were normalized to the C, values of
GAPDH, a housekeeping gene. Resulting values were further
normalized to the corresponding undifferentiated MSC. Fold dif-
ference in gene expression of the sample from the reference undif-

ferentiated cells was calculated using the equation RQ = 208

Results

Characterization of MSC

Because MSC are both variable by source and difficult to
identify using simple markers, we began by testing cultures
for several markers. Pooled cultures of four MSC donors
(see Materials and Methods) were propagated on plastic
dishes and the adherent cells further characterized for the
absence and presence of surface antigens that are character-
istic of MSC [59]. Fluorescein-activated cell sorting analy-
sis of MSC demonstrates cells negative for the
hematopoietic lineage markers CD45 and CD34 and posi-
tive for CD44, CD73, and CD105 (Fig. 1A). The identity
of the cells as MSC was further confirmed based on their
differentiation potential. The pooled MSC cells were differ-
entiated at early passages into adipocytes, osteoblasts, and
chondroblasts for 7 and 14-days. MSC from three indepen-
dent donors with fewer than 10 passages were induced to
differentiate into adipocytes or osteocytes for 22 days. Uni-
form differentiation of MSC into adipocytes, osteoblasts,
and chondroblasts were determined based on Oil Red,
Vor Xessa, and Alcian Blue staining, respectively
(Fig. 1B). Based on these assays, we conclude that these
cells, culture methods, and differentiation methods are
appropriate.

To characterize cells in more detail using gene expres-
sion patterns, we conducted mRNA expression analysis
on undifferentiated MSCs as well as cells differentiated us-
ing adipocytic or osteogenic protocols used in the study. A
detailed description of the analysis of gene expression

results can be found in the Supplemental Methods. For
this analysis, we assayed individual donor cells at multiple
passage numbers to identify genes that were consistently
regulated. To focus on genes explaining differences be-
tween cell phenotypes (MSC, adipocytes, or osteocytes),
expressed genes were tested for significant changes by
cell type using the Welch’s F-test with a 5% false discovery
rate (FDR) [60], resulting in 1384 genes being selected
(Supplemental Table 1). Selected genes were further parti-
tioned using post-hoc analysis (Student-Newman-Keuls)
into groups that distinguish cell types. One-hundred and
sixty-seven genes differentiated MSC from osteocytes,
and 94 genes distinguished MSC from adipocytes. Assem-
bling these with the entire analysis of variance (ANOVA)-
selected genes into a Venn diagram (Fig. 1C), we identify
48 genes shared between the two post-hoc groups. Forty-
six genes uniquely distinguish adipocytes from MSC (in-
cluding ACACB, CEBPA, FASN, LIPE, MVD, and
PLIN—see Supplemental Table 1 for a complete list of sig-
nificantly different mRNAs), while 119 genes uniquely dis-
tinguish osteocytes from MSC (including ADAMI9,
AOXI1, AURKA, DPT, LEP, LEPR, MGP, PTHR1, and
TIMP4). The 243 genes found on at least one of the post-
hoc groups are marked in Supplemental Table 1 with aster-
isks marking membership within each of the post-hoc
groups.

The raw signal intensities of known MSC, adipocyte, or
osteoblast markers in all samples were examined further
(Table 1). This list includes genes selected as part of the
ANOVA list (marked with an asterisk) as well as those
that were excluded from statistical analysis due to infre-
quent expression (denoted with a dagger). This Table also
demonstrates the variability between individual donor cul-
tures (see relative standard error of mean compared with
the mean). This variability is another reason why some
known differentiation markers were not selected by AN-
OVA. Of the markers associated with MSC that were
clearly higher in expression level relative to adipocytes
or osteocytes were Col21Al (mean 65-fold lower in
osteocytes, 18-fold lower in adipocytes) and PDGFRA
(1.8-fold and 2.6-fold lower, respectively). Adipocyte dif-
ferentiated cells from all three donors showed a clear up
regulation of adipocytic markers relative to their undiffer-
entiated cells or osteocyte differentiated cells, such as
FABP4, LEP, LPL, and SREBF1. Among markers previ-
ously associated with osteocytes, POSTN and BGLAP
were found to have expression patterns matching expecta-
tions. Gene expression patterns clearly indicate appropriate
patterns of differentiation of these two cell types, validating
the cells and differentiation protocols.

PDGF pathway analysis

In a parallel study, our collaborators performed a detailed
analysis of predicted pathways regulated during MSC dif-
ferentiation using microarrays [52]. Their work identified,
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Figure 1. Characterization of mesenchymal stromal cells (MSC) and differentiation protocols A preparation of pooled MSC from four individual isolates (see
Materials and Methods) was assessed for cellular markers before and after differentiation. (A) Fluorescein-activated cell sorting analysis for the absence (CD34,
CD45) or presence (CD44, CD73, CD105) of surface antigens. Shaded peaks represent antibody labeled cells while the blank peaks are antibody isotype con-
trols. (B) MSC cells differentiated into chondroblasts, adipocytes, osteoblasts for 7 and 14 days and subsequently stained with Alcian Blue, Oil Red, and ¥e#
Kessa staining, respectively. (C) Comparison of post-hoc subsets of mRNAs. Individual donors (donor 1 cultured at 7 or 8 passages and Donors 2 or 3 cultured at
10 passages) were assessed for gene expression by Illumina BeadChip arrays (see Supplemental Methods). A Venn diagram compares the overlap between 243
genes selected as differentially expressed between MSC and osteoblasts (red) or adipocytes (green) with the 48 overlapping genes labeled in yellow. Selected
examples of genes in each category are shown. These results, along with known MSC markers shown in Table 1 and the analysis of variance—selected genes in
Supplemental Table 1, demonstrate that each cell isolate exhibits appropriate cellular markers and validates cell sources as well as differentiation protocols.

EXPHEM2340_proof m 28-6-2008 3-48-35

450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504



TH-8%-€ 8007-9-8C M Jooid Oy¢TNHHIXH

EQI

NN AU UUNUAUUNN NN NDN NN NN NN NN NN NN NN UDUNUD UL UL UL L L L e W
QAN U UVUUANBEBBEBRAERRARARRRALWLWWWLWWWWWWRRENRRENNRODRODROED = === =0 0000
OO PARWRN—R,OVONIANUNRARWNN—R,OOVOXINIANAULNRERWRDN—R,OOOIAULNRERWNN—,OWVLEIANUNDRWN—OWVOKI W
Table 1. Expression patterns of known mesenchymal stem cell differentiation markers
Specificity Gene symbol  Illumina transcript ID MSC Adipo Osteo Description UniGene 1D Entrez gene ID
Adipocyte *FABP4 GI_4557578-S 400.5 + 265.36 20,932.5 + 4857.31 28.3 +10.67 Fatty acid binding protein 4, Hs.391561 2167
adipocyte
*LPL GI_4557726-S 95.4 £36.42 10,304.8 + 2360.04 1.3 4257 Lipoprotein lipase Hs.180878 4023
*CEBPA GI_28872793-S 119.5 +48.35 2818.9 = 542.17 489 £17.27 CCAAT/enhancer binding protein Hs.76171 1050
(C/EBP), a.
PPARG GI_20336230-A 470.7 = 57.79 2788.1 = 822.11 17.9 = 10.35 Peroxisome proliferator-activated Hs.162646 5468
receptor gamma
PGD GI_40068517-S 198.0 = 50.67 1933.7 % 560.00 429.3 + 56.51 Phosphogluconate dehydrogenase Hs.464071 5226
*¥LEP GI_4557714-S 1746.5 + 776.09 1477.7 + 485.87 102 £ 1.74 Leptin Hs.194236 3952
*SREBF1 GI_22547194-S 558.8¢F 16811 1004.1 = 187.68 192.5 +9.39 Sterol regulatory element binding Hs.592123 6720
transcription factor 1
Osteocyte POSTN GI1_5453833-S 1871.8 = 740.57 101.0 = 65.00 3206.4 = 1091.90  Periostin, osteoblast specific factor Hs.136348 10631
BGLAP GI_6005831-S 224.7 x 19.29 158.0 = 23.35 361.5 +45.60 Bone y-carboxyglutamate (gla) Hs.530479 11243
protein (osteocalcin)
TALPI GI_13787191-S 5.2 8.86 28.8 =16 132 = 7.50 Alkaline phosphatase, intestinal Hs.37009 248
tSPP1 (OPN)  GI_38146097-S 4199 +318.25 12.8 = 4.85 9.7*1.24 Secreted phosphoprotein 1 Hs.313 6696
(osteopontin)
TRUNX2 GI_10863884-S -0.6 = 0.54 -5.6 = 1.28 =0.65* 1.99 Runt-related transcription factor 2 Hs.535845 860
MSC VIM GI_4507894-S 10,458.0 + 2159.34  12,398.5 = 1724.50  17,530.6 = 3878.75  Vimentin Hs.642813 7431
*ANXA2 GI_4757755-S 8279.6 + 1988.74 6004.0 * 586.20 13,698.9 +2187.90  Annexin A2 Hs.511605 302
PDGFRA GI_15451787-S 2251.3 =434.88 877.1 £211.46 1251.5 * 260.93 Platelet-derived growth factor Hs.74615 5156
receptor, o. polypeptide
THY1 GI1_24475732-S 1875.8 = 660.88 1072.8 * 383.72 2431.3 £ 188.53 Thy-1 cell surface antigen;
synonyms: CD90
ENG (CD105)  GI_4557554-S 736.9 + 72.56 221.2::£92.75 1765.2 = 227.50 Endoglin Hs.76753 2022
FZD2 GI_5922012-S 537.1 £9.04 261.5 = 81.29 1202.5 + 198.59 Frizzled homolog 2 Hs.142912 2535
*CD44 GI_21361192-S 229.0 + 32.87 220.1 + 44.68 1098.6 + 134.15 CD44 Hs.502328 960
TCOL21A1 GI_18780272-S 185.0 = 68.76 11.5+11.28 -0.3 £4.75 Collagen, type XXI, al Hs.47629 81578
*BST1 GI_4757873-S 2748165 2.7*+542 343.1 * 50.35 Bone marrow stromal cell antigen 1 Hs.169998 683
Housekeeping B2 M GI_37704380-S 11,351.1 = 1472.97 8040.0 = 889.31 11,908.4 £ 1482.55  B-2-microglobulin Hs.534255 567
MSC = mesenchymal stem cell.
AN NN DADNDNDADANNAA LU UNLUNUUUNUNUNUANUNUNUNUNDUNUUNULUDULULUUWULUNOUB UV WOB UV OB NN NN NN U
=== = 2, OO0 0000 OO O LVLVVOLVLVLOVOVOVOVOXRVPOXPPWMVWMNVOOIIIIIIIIIAIINADTITAADNDNDN NN D
BPULWN—,OVLOEIATVLEOLRN ROV NALNRLULNDNRLOOXITNTUNURLWNN—ROVINIAUNRWLWNN—R,OVLEIANNE WD ~O

H-W.W9007 £8ojoivwapy (pidwiiadxy |10 12 oo "yT




615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669

L.A. Goff et al.| Experimental Hematology 2008;m:m—m 7

among others, genes predicted to be regulated by the PDGF
pathway were found to be regulated during adipocyte,
chrondrocyte, and osteocyte differentiation. The require-
ment for this pathway was tested using AG-370, a Tyrphos-
tin inhibitor of PDGF signaling, which produced fewer
osteocytes and an absence of mineralized bone nodules
[52], indirectly indicating the requirement for PDGF signal-
ing during osteocyte differentiation. Of course, the PDGF
pathway is not primarily known for its role in osteogenesis
and is likely only one of many pathways required for differ-
entiation [61]. However, the presence of several PDGF-
pathway genes in our ANOVA list (e.g., PDGFRB, PDGFA,
PDGFD, PDGFRL, NFKBI1, and STAT3, Supplemental Ta-
ble 1) lends additional support to the conclusion that PDGF
mediates at least a portion of the osteogenesis program. Be-
cause mRNAs specific for PDGF signaling are expressed,
because MSC have been found to express PDGF receptors
(at least CD140B) [62], and because PDGF signaling has
been found to be required for osteogenic differentiation
[52], we predict that PDGF will regulate miRNAs as part
of its mechanism.

Global miRNA expression

Before identifying potential targets of the PDGF pathway,
we needed to identify overall patterns of miRNA regula-
tion. An exploratory miRNA expression study was con-
ducted on pooled MSC samples, as well as MSCs
differentiated into each of three distinct cell types. Using
NCode miRNA microarrays, samples of undifferentiated
MSCs, adipo-, osteo-, and chondrogenic differentiated
MSCs were assayed to determine expression levels for all
known human miRNAs. We first examined which miRNA
demonstrated significant regulation across any of the four
conditions. Forty-four probes detecting 31 unique mature
miRNAs (p < 0.05, FDR 5%) from the microarray AN-
OVA testing of hypothesis 1 (Supplemental Methods)
were identified as differentially expressed between any of
the cell types (Fig. 2A). Interestingly, most of the miRNAs
highly expressed in human embryonic stem cells [S0] were
absent in MSC, while some markers associated with differ-
entiating cells, such as miR-125, were expressed in MSC.

Pearson correlations were calculated to determine the re-
latedness between samples using global miRNA expression
values. In this analysis, D7 and D14 adipocytes were highly
correlated (r = 0.99), as well as D7 and D14 chondroblasts
(r=0.91). In addition, D14 osteoblasts were highly corre-
lated with chondroblasts (r = 0.90), reflective of their
shared cellular origin. Thus, samples with known biological
relationships were found to be correlated based on miRNA
expression patterns.

Some of the probes detected on the miRNA array were
designed against nonhuman but similar miRNA sequences
[55]. This was expected due to the similarity among paral-
ogous miRNAs from different species as well as the inabil-
ity to distinguish short RNAs having only a 1-nt or 2-nt

difference [55]. Turning our attention to the 27 unique hu-
man mature miRNAs detected by these probes exclusively,
a K-means cluster analysis was used to compare the expres-
sion patterns of significant miRNAs. This analysis groups
miRNAs into clusters with similar levels of expression
across the different samples (Fig. 2B). The data were fit
to four clusters (k = 4), producing the best fit of merit com-
promise between number of clusters and residuals. Two
miRNAs could not be consistently assigned to one of the
four clusters, likely due to distributed membership in mul-
tiple clusters. Mean cluster expression patterns suggest the
presence of miRNAs specific to each cellular type. As ex-
pected, miRNAs with previously defined, tissue-specific ex-
pression patterns were associated with their correct tissue
types (e.g., miR-143 and miR-145 enrichment in adipo-
cytes). Novel miRNA associations appear in this analysis
as well (e.g., miR-638 and miR-663 expression exclusively
in chondroblasts). This result identifies sets of miRNAs
demonstrating significant regulation during the cell-type
specific differentiation of MSCs, and suggests that differ-
ences across the resulting phenotypes can be associated
with the differential expression of specific miRNAs.

The majority of the significantly regulated miRNAs ap-
pear to be selected primarily for their differences between
the osteogenic samples and all other cell types (see clusters
I and 2, Fig. 2B), suggesting that these miRNAs may be
important for bone formation. This result drove us to test
explicitly which miRNAs demonstrate significant differ-
ences between osteo-differentiated MSCs and all other
cell types. The osteoblast-specific miRNAs agreed with
those found in K-means clusters exhibiting increased ex-
pression in osteocytes. This confirms the identity of a subset
of miRNAs that are expressed primarily in differentiating
osteoblasts. Additionally, this analysis provides a target
set for testing the effect of key regulatory pathways on
the expression of putatively osteogenic miRNAs.

Validation of microarrays by miRNA gPCR

As validation of the NCode array data, qQPCR was per-
formed for a selection of the miRNAs from the significant
list (Fig. 3; comparisons between undifferentiated cultures
and osteo-differentiated cultures). We chose to assay osteo-
genic differentiation after only 7 days because the microar-
ray results predicted that specific changes would be found
this early in the process and because we wished to deter-
mine whether miRNA changes would precede, and possibly
predict, differentiation choices. Triplicate cultures of MSC
from either the pooled MSC cultures used for miRNA ar-
rays (Fig. 3A) or from a biologically distinct donor (Donor
5, Fig. 3B) were differentiated for 7 days using the osteo-
cyte protocol. Osteoblast differentiation was confirmed by
testing both sets of cultures for expression of several oste-
ocyte-specific mRNA markers (Fig. 4). The cultures were
collected after 7 days of the differentiation protocol, long
before most osteoblast markers are significantly increased
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Figure 2. Exploratory microRNA expression patterns in mesenchymal stromal cells (MSC) and differentiating products. A set of pooled MSC were prepared
for microRNA analysis on microarrays. (A) Hierarchically clustered heatmap of 44 microRNA probes, corresponding to 31 unique mature microRNAs,
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(e.g., only alkaline phosphatase, Runx2, and osteopontin
are significantly increased for the pooled cultures, and alka-
line phosphatase for Donor 5) although all markers exhibit
trend toward increased levels in both sets of cultures, dem-
onstrating that the differentiation culture protocol was ef-
fective. A comparison between the undifferentiated and
differentiated MSCs from either donor source confirms
the set of selected osteogenic miRNAs (Clusters 1 and 2
in Fig. 2B; see Table 3 for cluster membership) as signifi-
cantly regulated during differentiation, and supports the
conclusion that these miRNAs are regulated in all MSC
by demonstrating their regulation in two separate MSC
preparations—one a pool of three donors and one a fourth
individual donor. Furthermore, the increased levels of these
miRNA markers are uniformly more informative at classi-
fying osteocyte differentiation than the traditional mRNA
markers (Fig. 4), confirming our prediction that miRNA
changes precede phenotype changes and may be an earlier
marker for assessing differentiation in MSC.

Prodicti ; il RN
 MSC ctod iR

In order to investigate the specific role the PDGF pathway
may have on the regulation of miRNAs, we attempted to
predict responses to this pathway via bioinformatic analysis
of putative promoter regions. Having no specific evidence
for the mechanism of transcriptional control of these miR-
NAs, we hypothesized that genomic sequences upstream of
the miRNA coding sites would likely contain regulatory
sites responding to PDGF-stimulated transcription factors.
Certainly this hypothesis would not be expected to apply
to every miRNA, because miRNAs may be expressed in-
tronically [63] for example, but it serves to allow a general-
ized testing by bioinformatic modeling and pharmacologic
manipulation.

A comprehensive literature search identified seven docu-
mented downstream effectors of the PDGF pathway
(Fig. 5A). Position weight matrices for each of these tran-
scription factors were obtained from the TRANSFAC v11
database [58]. As an approximation of proposed regulatory
regions, 5000 base-pair (5 kb) sequences upstream of hu-
man miRNA genomic coding sites were collected and
scanned for potential PDGF transcription factor-binding
sites. As predicted, the collection of MSC-regulated
miRNA promoter sequences was enriched for the PDGF-
responsive binding sites, possessing significantly more
binding site predictions than expressed but unregulated
promoters (p < 0.01) (Table 2). Thus, the expression of

MSC-regulated miRNAs is predicted, as a class, to be reg-
ulated by transcription factors within the PDGF pathway.
Next, we sought to identify those individual miRNAs
having significantly enriched PDGF response elements. A
Z-test was used to compare the number of binding sites
for each MSC-regulated miRNA against a mean number
of binding sites for all 63 expressed miRNAs (Table 3). Us-
ing a significance threshold of p < 0.05 and a 5% FDR to
correct for multiple comparisons, no individual miRNA was
found to be enriched for the PDGF pathway. However, we
conclude that miRNAs with the lowest probability of satis-
fying the null hypothesis provide an exploratory confidence
list for experimental confirmation. The resulting confidence
list is rank-ordered by p value and represents our hypothe-
sized index of miRNAs predicted to be regulated by the
PDGF pathway during differentiation of MSCs (Table 3).

Confirmation of PDGF-regulated miRNAs

To test our bioinformatic predictions and to determine the
effect of the PDGF-pathway inhibition on the expression
of significantly regulated miRNAs, we treated pooled
MSCs with the protein tyrosine kinase inhibitor Tyrphos-
tin AG-370 during a 7-day osteogenic differentiation pro-
tocol (Fig. 3A), to focus on early miRNA changes and to
reduce effects of the long-term toxicity of AG-370 [52].
As hypothesized, the majority of “high-ranking” regu-
lated miRNAs demonstrate significantly reduced expres-
sion (p < 0.05) in the presence of AG-370 (Fig. 3A;
comparisons between differentiated untreated and AG-
370-treated). Those miRNAs with predicted responses
falling lower on the confidence list showed less of
a global reduction in expression upon treatment with
the PDGF inhibitor. Pretreatment (48 hours) with AG-
370 resulted in a more complex result with several miR-
NAs responding to pretreatment by exhibiting a reduced
expression level, while other miRNAs demonstrated a sig-
nificant increase upon differentiation, perhaps as a result
of a preconditioning effect (results not shown). Regard-
less, the direct inhibition of PDGF during osteogenic dif-
ferentiation of MSCs resulted in the reduced expression
of several miRNAs.

These results in Figure 3A represent the average re-
sponse from the four MSC isolates that were pooled in
this culture. To test whether predictions would also apply
to a biologically distinct MSC isolate, we repeated the
AG-370 inhibition study with MSC derived from a single
39-year old male donor (Donor 5, Fig. 3B). As expected,

some miRNAs exhibited a different sensitivity to AG-370 -

<
identified by testing Hypothesis 1 at 5% % false discovery rate (FDR). The probe list includes nonhuman microRNA sequences, likely due to the inability of

hybridization to detect single-nucleotide mismatches in all cases, as described previously [55]. However, similar probes (such as human let-7f and mouse let-
7f) cluster similarly and likely detect the same mature human microRNA. Results are color-coded by Z-score-normalized expression levels according to the
legend and frequency histogram shown as an inset. (B) K-means clusters of the 27 unique human microRNAs corresponding to the probes declared signif-
icant. From the list of significantly regulated microRNA probes (A), unique human mature microRNAs were extracted and clustered using k = 4, which
produced the best fit of merit compromise compared with other numbers of clusters tested. Identities of cluster members are shown in Table 3.
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Figure 3. Quantitative polymerase chain reaction (QPCR) assay of microRNAs predicted to be regulated upon osteocyte differentiation or AG-370 treatment.
Predictions were tested in either (A) pooled mesenchymal stem cell (MSC) cultures identical to those used in the microarrays or (B) from a biologically
distinct donor (donor 5). In each case, triplicate cultures of MSC were collected as undifferentiated (red bars), differentiated for 7 days following the oste-
ocyte protocol (light blue), or treated with the platelet-derived growth factor (PDGF) pathway inhibitor AG-370 (dark blue) during differentiation. Results
depict the mean fold-change from undifferentiated levels, = standard error of mean (n = 3). To confirm the exploratory microarray results, undifferentiated
cultures were compared with differentiated cultures using Student’s r-test at p < 0.05 (*). To confirm predicted regulation by PDGF pathway intermediates,
differentiated cultures were compared with AG-370-treated cultures by Student’s r-test at p < 0.05 (). For each microRNA assay, the rank position in the

confidence list (Table 3) is shown in parentheses.

inhibition, however, the majority of miRNAs ranking
highly on the prediction list (Table 3) were similarly in-
hibited in each cell preparation. We conclude that PDGF
mediation of miRNA regulation, whether due to a direct

or indirect mechanism, is a general feature of MSC differ-
entiation into osteoblasts and may play a role in promoting
differentiation. More importantly, pathway analysis of
miRNA expression patterns during MSC differentiation
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yields interpretable results that may be tested using stan-
dard biochemical techniques.

Discussion

Our goal was not only to identify miRNAs that are regu-
lated during differentiation of MSC but also to predict a sub-
set of miRNAs that could be regulated by a specific
signaling pathway. As an example, we chose the PDGF sig-
naling pathway and its regulated transcription factors
(Fig. 5A). By measuring the frequency of finding transcrip-
tion factor binding sites (using position weight matrices
from the TRANSFAC database) within 2-kb upstream of
mature miRNA on the genome, and comparing frequencies
between miRNAs regulated during osteogenesis with those
that are not regulated, we identified a set of putatively
PDGF-regulated miRNAs. To test this prediction, we in-
hibited PDGF signaling during osteogenic differentiation
and found that many of the predicted miRNAs are affected
(Fig. 3). This leads to our hypothesized regulatory network,
as depicted in Figure 5B. PDGF signaling would be ex-
pected to regulate a target set of transcription factors,
among other genes [52]. In addition to downstream regula-
tion of target mRNAs, these PDGF-regulated transcription
factors may also regulate miRNA transcription. The result-
ing miRNAs would be predicted to inhibit, for example,
nonosteogenic mRNA translation, reinforcing the regula-
tory network. By predicting PDGF-regulated miRNAs and

at p < 0.05.

then confirming the involvement of PDGF in their regula-
tion, we have laid the initial groundwork to support this
novel network in osteogenic differentiation.

In general, the multilineage differentiation potential and
the possibility of using an autologous source of MSC iso-
lated from patient bone marrow makes it an appealing
and promising cell therapy agent for treating various human
diseases [10]. Generating sufficient amounts of cells for
therapeutic application requires extensive culture of MSC
in vitro starting from the bone marrow [5]. Several methods
of expansion and maintenance resulting in MSC with vary-
ing differentiation potential have been reported [64—66]. To
promote these cells as routine clinical agents, more detailed
characterization of the molecular regulatory network level
is necessary.

We characterized individual and/or pooled MSC using
cell sorting of surface markers (Fig. 1A), cytochemistry
of differentiated cultures (Fig. 1B), and a comprehensive
screen of the gene expression and miRNA expression pat-
terns of MSC and the changes that occur upon differenti-
ation into adipocytes or osteocytes (Fig. 1C, Table 1,
Suppl. Table 1). Samples used for expression analysis
were similar in their proliferative potential, based on their
population doubling time (not shown), and differentiation
potential, based on morphology- and staining pattern of
differentiated cells. Gene expression profiling demon-
strated several sources of variability among MSC isolates,
but it readily distinguished them from other pluripotent
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Figure 5. Regulatory networks in mesenchymal stem cell (MSC) differentiation. (A) Platelet-derived growth factor (PDGF)-responsive pathways leading to
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cell types such as ESC [67]. MSC are heterogeneous pop-
ulations of cells. MCS are derived from different tissue
sources and different donors, leading to a high degree of
variability between isolates, as demonstrated by the corre-
lation studies in Supplemental Figure 1. Furthermore, un-
like most ESC, the same MSC cell line can vary with
passage, adding to the difficulty in describing these cul-
tures with gene expression. Demonstrating with this issue,
the correlation value between one donor-derived MSC was
somewhat different from another, indicating basal differ-
ences in donor MSC (e.g., R? of 0.912 between MSC
from two donors in Suppl. Fig. 1E). A similar deviation
was also observed with the same donor MSC, but differ-
ing by one passage with variation largely resulting from
low-level expression of genes (0.804, Suppl. Fig. 1F).
The correlation value of MSC and differentiated progeny
was much lower, indicating a greater deviation in the
global gene expression profile upon differentiation. In
spite of the differences between the various MSC popula-
tions, we were able to select a consistent set of genes for
which the change in pattern of expressed gene between
undifferentiated MSC and cells differentiated to adipo-
cytes or osteocytes tightly cluster indicating the overall
similarity between the cell groups (Suppl. Fig. 1B).

The role of miRNA expression as a key regulatory ele-
ment in differentiation is recognized but is still poorly de-
fined at the level of specific mechanisms. Interestingly,
the pattern of miRNA expression in MSC is substantially
different from pluripotent stem cells such as human embry-
onal carcinoma and human ESC [49,50]. Known pluripo-
tent associated markers such as miR302a, b, ¢ and d, and
miR 200c are absent in MSC (see Table 3). Again, despite
the heterogeneous nature of MSC, a group of miRNAs was
identified as differentially expressed between MSCs, differ-
entiated adipocytes, chondrocytes, and osteocytes.

Collection of both miRNA and mRNA gene expression
patterns enables us to begin to examine specific cellular
mechanisms or pathway regulated during MSC differentia-
tion. As an example of this approach, we describe the pre-
dicted regulation of a set of miRNAs by members of the
PDGF pathway, which was previously identified through
pathway analysis of MSC gene expression results [52]. While
PDGF is not normally known as a mediator of osteogenic dif-
ferentiation, the addition of AG-370 reduced the number of
osteocytes and mineralization [52]. It remains possible that
inhibition of PDGF has an indirect effect on osteogenic dif-
ferentiation through reduced proliferation, but this would
also require activation of intracellular signaling. We were
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Table 2. Frequency of position weight matrix hits specific for PDGF pathway in expressed but not regulated microRNAs vs regulated microRNAs

Nonregulated Regulated
Transcription factor Matrix Identifier Hits Hits/miRNA Hits Hits/miRNA
AhR VSAHR_01 11 0.46 15 0.38
VSAHR_Q5 1 0.04 1 ) 0.03
VSAHRARNT_01 2 0.08 7 0.18
VSAHRARNT_02 1 0.04 13 0.33
VSAHRHIF_Q6 0 0.00 17 0.44
Jun(2)/AP1 VS$AP1_01 38 1.58 83 213
VS$AP1_Q2_01 9 0.38 21 0.54
VS$AP1_Q4_01 1 0.04 6 0.15
VS$AP1_Q6_01 7 0.29 13 0.33
VSAPIFI_Q2 6 0.25 11 0.28
NFKB1 VSEBOX_Q6_01 9 0.38 26 0.67
Myc VSMYC_Q2 10 0.42 44 1.13
VSMYCMAX_01 0 0.00 18 0.46
VSMYCMAX_02 1 0.04 4 0.10
VSMYCMAX_B 1 0.04 0 0.00
VSNMYC_01 0 0.00 5 0.13
STAT3 VSSTAT_01 6 0.25 5/ 0.18
VSSTAT_Q6 13 0.54 21 0.54
V$STAT3_01 7 0.29 4 0.10
V$STAT3_02 9 0.38 25 0.64

To test whether potentially platelet-derived growth factor (PDGF)-responsive DNA sequences could be found within a genomic region 5-kb upstream of
microRNAs (miRNAs) regulated during osteogenesis, we counted the number of “hits™ or sequences matching the position weight matrix (PWM) describing
all variations of a known transcription factor binding site. The TRANSFAC matrix identifier is listed for each PWM matching a PDGF pathway transcription
factor (summarized in Fig. SA). Two groups of results are shown for nonregulated miRNA that were found to be expressed in MSC and differentiated prod-
ucts and for miRNAs selected as significantly regulated (see Fig. 2 and Table 3).

able to confirm involvement of this specific pathway in the
osteogenic differentiation of MSCs. We then successfully de-
termined that genes in this pathway have a greater likelihood
of regulating miRNAs identified as significant from the same
samples, based on the content of their upstream sequences
(Table 3). While we were unable to statistically predict spe-
cific miRNAs having an enriched presence of PDGF-respon-
sive binding sites, we were able to demonstrate good
concordance between an exploratory ranking (Table 3) and
results of PDGF pathway inhibition using AG-370 in both
pooled MSCs (Fig. 3A) and a biologically distinct MSC prep-
aration (Fig. 3B). In another example of PDGF involvement
with miRNAs, mir-140 was found to inhibit PDGF signaling
in zebrafish, helping to control formation of palate [68], dem-
onstrating a complementary relationship in a developmental
program other than MSC. Together, these studies demon-
strate how existing network information can be applied in
conjunction with miRNA expression data to begin to unravel
the as yet elusive mechanisms governing the regulation of
these small molecules.

A second benefit to this approach is realized when we
examine the target predictions using regulated mRNAs
and miRNAs to generate hypotheses for future analyses.
These associations are abundant across our two datasets.
For example, SLC7AS is predicted by the RNA22 algo-
rithm [69] to be targeted by mir-26A, which increases in
adipocytes. However, SLC7A5 mRNA increases in both

adipocytes and osteoblasts, and this mRNA is not normally
found in adult adipocytes, but is found in bone. Perhaps the
adipocyte-specific transcriptional regulation of SLC7AS is
not yet active and the miRNA inhibition of expression shifts
the cell away from bone phenotype. Another example,
STARDS, is similarly expressed in bone but not adipose tis-
sue. This mRNA is increased during both adipocyte and os-
teoblast differentiation over MSC and is predicted to be
targeted by mir-31. Because mir-31 is not reduced in adipo-
cytes, does this inhibitory mechanism prevent production of
STARDS in adipocytes?

Transcription factors are likely to participate in differen-
tiation mechanisms. GATAG6, known to be involved in car-
diac and lung differentiation [70], is increased in
osteoblasts compared with MSC but not in adipocytes. Be-
cause mir-31 continues to be expressed in adipocytes, this
may be a mechanism for inhibiting continued expression
of GATA6 as MSC differentiate into adipocytes. ARNT2,
an aryl hydrocarbon nuclear translocator protein known to
be expressed in bone stromal cells [71] is another target
of mir-31 that may be inhibited in adipocytes. ARNT2
may be derepressed because mir-31 decreases in osteo-
blasts. The majority of these predictions focus on mir-31
as a likely inhibitor of the osteocyte differentiation pathway
and a good candidate for knockdown in future experiments.

While variability in the miRNA expression between
MSC derived from different donors is apparent both in its
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Table 3. Ranking of individual microRNAs by relative frequencies of
transcription-factor binding sites

miRNA Mature K-means p  Rank FDR Cut-
Precursor miRNA cluster Value (i) off
hsa-mir-24-1 hsa-miR-24 2) 0.002 1 0.001
hsa-let-7a-3 hsa-let-7a 2 0.003 2 0.003
hsa-let-7b hsa-let-7b 2 0.009 3 0.004
hsa-mir-30a hsa-mir-30a 3 0.069 4 0.005
has-mir-31 has-mir-31 3 0.095 5 0.006
hsa-mir-125b-2 hsa-mir-125b 2 0.129 6 0.008
hsa-mir-138-1 hsa-mir-138 3 0.129 7 0.009
hsa-mir-22 hsa-mir-22 1 0.129 8 0.010
hsa-let-7¢ hsa-let-7c 2 0.160 9 0.012
hsa-let-7 g hsa-let-7 g 2 0.160 10 0.013
hsa-mir-16-1 hsa-mir-16 3 0.160 11 0.014
hsa-mir-26a-2  hsa-mir-26a 2 0.210 12 0.015
hsa-mir-23a hsa-mir-23a 2 0220 13 0.017
hsa-mir-27a hsa-mir-27a 2 0.220 14 0.018
hsa-mir-27b hsa-mir-27b 2 0220 15 0.019
hsa-let-7i hsa-let-7i 2 0.260 16 0.021
hsa-mir-26a-1  hsa-mir-26a 2 0.260 17 0.022
hsa-mir-24-2  hsa-mir-24 2 0270 18 0.023
hsa-mir-638 hsa-mir-638 4 0270 19 0.024
hsa-let-7a-1 hsa-let-7a 2 0.320 20 0.026
hsa-let-7a-2 hsa-let-7a 2 0.320 21 0.027
hsa-let-7f-1 hsa-let-7f 2 0.320 22 0.028
hsa-mir-125b-1 hsa-mir-125b 2 0.320 23 0.029
hsa-mir-143 hsa-mir-143 1 0320 24 0.031
hsa-mir-16-2  hsa-mir-16 3 0320 25 0.032
hsa-let-7d hsa-let-7d 2 0.330 26 0.033
hsa-mir-23b hsa-mir-23b 2 0.340 27 0.035
hsa-mir-29b-2  hsa-mir-29b 2 0.340 28 0.036
hsa-mir-21 hsa-mir-21 1 0.390 29 0.037
hsa-mir-222 hsa-mir-222 5 0.390 30 0.038
hsa-mir-29a hsa-mir-29a 2 0.390 31 0.040
hsa-mir-29b-1  hsa-mir-29b 2 0.390 32 0.041
hsa-mir-138-2  hsa-mir-138 3 0.400 33 0.042
hsa-mir-145 hsa-mir-145 3 0.400 34 0.044
hsa-mir-663 hsa-mir-663 4 0.410 35 0.045
hsa-let-7f-2 hsa-let-7f 2 0.420 36 0.046
hsa-let-7e hsa-let-7e 1 0.460 37 0.047
hsa-mir-221 hsa-mir-221 2 0.460 38 0.049
hsa-mir-320 hsa-mir-320 1 0470 39 0.050

Each unique human microRNA (miRNA) genomic locus (identified by
precursor name) is associated with the name of the mature microRNA,
the K-means cluster ID (Fig. 2B), the z-score p value, the rank of the p
value, and the Benjamini-Hochberg [60] false discovery (FDR) rate cut-
off. The z-score p value is calculated by comparing the number of position
weight matrix matches within this 5-kb region upstream of each miRNA
genomic locus with the average match rate for all for regulated and non-
regulated miRNA loci. The false discovery rate cut-off lists the p value
that would be within the 5% FDR level if this ranked p-value were less
than the cutoff. Therefore, no individual miRNA locus was judged to be
significant compared with all expressed miRNA loci. However, the result-
ing, rank-ordered list highlights miRNAs having a greater chance of being
regulated by platelet-derived growth factor (PDGF) at the top and least
likely to be regulated by PDGF at the bottom.

undifferentiated state and cells differentiated to adipocytes
or osteoblast, the pattern of miRNA expression is distinct
from earlier reported expression in human embryonic
stem cells and their differentiated cells. Combined analysis

of miRNAs and mRNAs expression in heterogeneous stem
cell populations such as MSC provides a tool to identify
possible miRNA regulators and their gene targets providing
a rationale for further perturbation studies.
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Supplemental methods

Illumina microarray data analysis methods

To include sources of biological variability as well as to
gain statistical power, four replicates consisting of three
individual donor samples cultured at several different
passages (donor 1, passage 7 or 8; donor 2 passage 10,
donor 3 passage 10), differentiated as described previously,
were hybridized to Illumina Bead arrays. The overall signal
intensity distributions obtained on the Illumina arrays were
used as a measure of array quality and this distribution did
not vary materially among the samples assayed, confirming
the technical quality of this analysis.

To focus on expressed genes, we first selected detected
genes having a confidence of =0.95 in at least 50% of
the samples, resulting in 12,414 out of 47,289 genes. We
applied quantile normalization to these data, and we then
calculated the relatedness between samples using Pearson
correlation as the metric and again displayed results as a hi-
erarchically clustered dendrogram (Suppl. Fig. 1A). Results
demonstrate a generally accurate clustering by cell type
(see the relatively tight grouping of the osteocyte group),
but also indicate the high degree of variability between
donors (see the split among the adipocytes from different
donors), although, unlike our miRNA measurements on in-
dividual donors, there was sufficient similarity within
groups to identify cell type—specific mRNA regulation. A
major component of the variability between samples is
a group of genes that are expressed at similar levels in all
conditions, for example, 1090 genes had mean levels within
25% of identity across all three cell types among 6947
exhibiting expression above the minimum confidence level
in at least one cell group and not selected by analysis of
variance.

To test the level of similarity in gene expression between
each combination of samples, pairwise correlations were
calculated for each of the undifferentiated MSC and their
differentiated cell types (demonstrated in selected scatter
plots, Suppl. Fig. 1C — F). The correlation values suggest
that the extent of specific gene expression differs even at
the basal level between MSC samples from these two do-
nors, though this was relatively minimal compared to dif-
ferences between MSC and their differentiated progeny.
Additionally, these results indicate general consistency
among MSC prepared from different donors and a greater
difference between MSC and differentiated products.

NCode microarray data analysis methods

The microarray analysis of variance package in R (http://
www.r-project.org/) was used to analyze miRNA expres-
sion between undifferentiated mesenchymal stem cells
and its differentiated progeny. Raw array data were log

transformed (log,) and fit to a linear model that calculates
the main effects and interactions found in the following
equation [72]:

Y= + A+ D+ V@ + G
+ G+ (VG + (AGHR -+ <l

The advantage to using sucu « model is wiat it allows differ-
ences in gene expression to be isolated to different factors,
which can then be used to estimate the overall effect of be-
ing array i, dye j, sample &, and gene g. The effect of inter-
est is the interaction of gene and sample (VG). This effect
identifies differences in miRNA expression across the dif-
ferent samples. The microarray analysis of variance pack-
age fit the raw array data to the linear model twice, once
including the VG effects and once without the VG effects.
By comparing these two linear fits, the VG interaction
could be analyzed using an F-test. A p value for each
miRNA was obtained by bootstrapping 10,000 permutations
of the fitted data. Significant microRNAs were selected at
p < 0.05 and having a FDR of 5%.

To identify miRNAs regulated during MSC differentia-
tion, we designed our analyses to test two hypotheses. The
first analysis was designed to look for any significant differ-
ences in gene expression between samples, thus testing:
Hypothesis 1

H,: U=7A=7C=70=14A=14C =140
H;: U#7A #7C # 70 # 14A # 14C # 140
(U = Undifferentiated MSC, A = Adipocytes,
C = Chondrocytes, O = Osteocytes,

7=Day 7, 14 = Day 14)

The second analysis was designed to confirm osteocyte-
specific miRNAs, comparing the miRNA expression of day
7 and 14 osteocytes to all other samples. This analysis
looked for differences between osteocytes and nonosteo-
cytes, thus testing:

Hypothesis 2

H,: Osteo = Non-Osteo

H,: Osteo # Non-Osteo

(Osteo = 70 & 140; Non-Osteo = U, 7A, 7C, 14A, &
14C)

Supplement Table 1. The 1384 probes for gene tran-
scripts selected by analysis of variance analysis

Table is downloadable from:

http://cord.rutgers.edu/appendix/msc/Supplemental _
Table_1.xls

Asterisks identify membership in each of the post-hoc
lists. Signal intensity values are quantile normalized. Pre-
dicted microRNA targets are listed if a matching prediction
is found in the downloaded RNA22 database [69] using
ENSEMBL transcript IDs derived from BIOMART to
match mRNAs. :
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Supplemental Figure 1. Global gene expression analysis of mesenchymal stem cells (MSC) and differentiated adipocytes and osteoblasts. (A) Dendrogram
plotted with the raw Illumina gene expression date to determine the relatedness of samples. Clustering used Pearson correlation coefficients to calculate the
distance metric (1(r). Samples clustered together show greater similarity than samples that are far from each other. (B) Dendrogram replotted using analysis
ov variance(selected (5% false discovery rate) genes only. The difference between these two dendrograms is largely reflected by the presence in the raw
dataset of 24,308 probes having no detectable signal (confidence less than 0.95 in all samples). Scatter plot showing pairwise comparison of global expression
detected on Illumina bead array of MSC differentiated into adipocyte (B) or osteoblast (C). Pattern of expression between MSC from two independent donor
bone marrow samples (D) and MSC from the same donor differing by 1 passage (E) is also shown.
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