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Supplemental Figure S1: Box-whisker plots of the average expression of 16 non-differentially expressed common cell
surface MSC markers across samples in the training dataset. MSC (n=115), non-MSC (n=510). Accompanies Figure 1
and Table 1.

Supplemental Figure S2: Overview of experimental or platform batch on the MSC classification. The first two
components are plotted on a PLS-DA scatter plot and training samples colored by (A) the Stemformatics dataset ID (see
annotation legend below); (B) The microarray platform (C) the platform manufacturer. (D) non-MSC sample
annotation.(E) MSC sample annotation. Circles are MSC, triangles are non-MSC. Accompanies Manuscript Figure 2.

Supplemental Figure S3: Accompanies Manuscript Figure 3. S3A: Box-whisker plot of Component 2, 3 and 4 signature
genes. S3B: Differential expression analysis of bone marrow MSC vs other MSC classes. Heatmap of genes in
Supplementary Table S6, rows are genes, columns are MSC samples. Legend (top) indicates tissue source, (bottom)
indicates fetal vs adult tissue. S3C GO term enrichment for DEG genes.

Table S1. Markers used in the common MSC immunophenotyping panel. Accompanies Figure 1 and Table 1.

Table S2. (auxiliary spreadsheet). Datasets in the training set; accompanies Figure 2 and methods.

Table S3. Overview of the samples included in the training set, accompanies Figure 2 and methods.

Table S4. Members of the MSC signature network, seeded from component 1 genes and first-order interaction partners
(BioGRID). Column 1 provides information on Gene Symbol (and ENSEMBL ID for seed members). Column 2
indicates Component or network membership and Probability of selection derived from sPLS-DA analysis. Disease

annotations taken from the Mendelian Inheritance in Man (MIM) database. Accompanies Figure 2.

Table S5. (auxiliary spreadsheet). Datasets that contributed to the testing set and result of the Rohart test. Accompanies
Figure 3. MSC status is unknown in the absence of phenotype data provided in the manuscript.

Table S6. (auxiliary spreadsheet). Top Differentially expressed genes between MSC from bone marrow compared to
other sites. Linear mixed model, FDR adjusted P<0.01. Top Differentially expressed genes between MSC from
different sites. Linear mixed model, FDR adjusted P<0.01.
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Figure S1: Box-whisker plots of the average expression of 16 non-differentially expressed common cell surface MSC
markers across samples in the training dataset, depending on cell type. Box-whisker plots showing median expression,
and 25" and 75" percentiles. MSC (n=115), non-MSC (n=510). Accompanies Figure 1 and Table 1.
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Implementation in Stemformatics

All primary data are available from the Stemformatics stem cell resource. The underlying code for the statistical
test is available as BootsPLS in the CRAN repository, and we have also made available the d3 code for the
interactive MSC graph implemented in Stemformatics via the BioJS framework at http://biojs.io/d/biojs-vis-
rohart-msc-test
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Figure S2: Overview of experimental or platform batch on the MSC classification. The first two components are
plotted on a PLS-DA scatter plot and training samples colored by (A) the Stemformatics dataset ID (see annotation
legend below); (B) The microarray platform (C) the platform manufacturer. (D) non-MSC sample annotation.(E) MSC
sample annotation. Circles are MSC, triangles are non-MSC. Accompanies Manuscript Figure 2.
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Figure S3: Accompanies Manuscript Figure 3. S3A: Box-whisker plot of Component 2, 3 and 4 signature genes. S3B:
Differential expression analysis of bone marrow MSC vs other MSC classes. Heatmap of genes in Supplementary Table
S6, rows are genes, columns are MSC samples. Legend (top) indicates tissue source, (bottom) indicates fetal vs adult
tissue. S3C GO term enrichment for DEG genes.
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Table S1. Markers used in the common MSC immunophenotyping panel
Gene Aliases Ensembl ID Description
Name
ALCAM | CD166 MEMD ENSG00000170017 | activated leukocyte cell adhesion molecule
ANPEP ?EII)\INCDB GP150 LAP1 P150 ENSG00000166825 alanyl (membrane) aminopeptidase
CD164 MGC-24 MUC-24 endolyn ENSG00000135535 CD164 molecule, sialomucin
CD34 ENSG00000174059 CD34 molecule
CDW44 CSPG8 ECMR-III
CD44 HCELL HUTCH-I IN LHR MC56 | ENSG00000026508 CD44 molecule (Indian blood group)
MDU2 MDU3 MIC4 Pgpl
CD55 CR CROM DAF TC ENSG00000196352 CDS55 molecule, decay accelerating factor
for complement (Cromer blood group)
CD68 GP110 LAMP4 SCARDI1 ENSG00000129226 CD68 molecule
BTCC-1 DRAP-27 MIC3 MRP-1
CD9 TSPAN-29 TSPAN29 ENSG00000010278 CD9 molecule
CRI C3BR C4BR CD35 KN ENSG00000203710 | Ccomplement component (3b/4b) receptor 1
(Knops blood group)
EFCABI3 | Cl170rf57 ENSG00000178852 EF-hand calcium binding domain 13
ENG CD105 END HHT1 ORW ORWI1 | ENSG00000106991 endoglin
CD16 CD16A FCG3 FCGR3 .
FCGR3A | FCGRII FCR-10 FCRIN FCRITIA | ENSG00000203747 | 1 ¢ fragment of [gG, low affinity T,
IGFR3 receptor (CD16a)
CDI15 ELFT FCT3A FUC-TIV fucosyltransferase 4 (alpha (1,3)
FUT4 FUTIV LeX SSEA-1 ENSG00000196371 fucosyltransferase, myeloid-specific)
ICAM1 BB2 CD54 P3.58 ENSG00000090339 intercellular adhesion molecule 1
integrin, alpha 4 (antigen CD49D, alpha 4
ITGA4 CD49D 1A4 ENSG00000115232 subunit of VLA-4 receptor)
ITGAS | CD49% FNRA VLASA ENSG00000161638 | tegrin, alpha 5 (fibronectin receptor, alpha
polypeptide)
CD11B CR3A MAC-1 MACIA integrin, alpha M (complement component 3
ITGAM MOI1A SLEB6 ENSG00000169896 receptor 3 subunit)
integrin, beta 1 (fibronectin receptor, beta
CD29 FNRB GPIIA MDF2 ; . .
ITGB1 MSK12 VLA-BETA VLAB ENSG00000150093 | polypeptide, antlgl\e/[nsgll);? includes MDF?2,
ITGB4 CD104 ENSG00000132470 integrin, beta 4
KIT C-Kit CD117 PBT SCFR ENSG00000157404 | Vit Hardy-Zuckerman 4 feline sarcoma
viral oncogene homolog
MCAM CD146 MUCI18 ENSG00000076706 melanoma cell adhesion molecule
MME CALLA CD10 NEP SFE ENSG00000196549 membrane metallo-endopeptidase
NCAMI1 CD56 MSK39 NCAM ENSG00000149294 neural cell adhesion molecule 1
CD271 Gp80-LNGFR TNFRSF16
NGFR p75(NTR) p7SNTR ENSG00000064300 nerve growth factor receptor
NTsE | SOT PINTNINTINTEEN ) iNsGo0000135318 5'-nucleotidase, ecto (CD73)
PDGFRB CD140B JTK12 PDGFR PDGFR- ENSG00000113721 platelet-derived growth f'flctor receptor, beta
1 PDGFR1 polypeptide
CD31 CD31/EndoCAM GPIIA' . .
PECAMI1 PECA] PECAM-1 endoCAM ENSG00000261371 | platelet/endothelial cell adhesion molecule 1
B220 CD45 CD45R GP180 L-CA protein tyrosine phosphatase, receptor type,
PTPRC LCA LY5 T200 ENSG00000081237 C
CD62E ELAM ELAM1 ESEL .
SELE LECAM? ENSG00000007908 selectin E
TFRC 59%71 T9 TFR TFRT TR TRFR ENSG00000072274 transferrin receptor (p90, CD71)
THY1 CD90 ENSG00000154096 Thy-1 cell surface antigen
VCAMI1 CD106 INCAM-100 ENSG00000162692 vascular cell adhesion molecule 1
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Table S3: Overview of the samples included in the training set

Tissue group Number of samples MSC or non-MSC designation
iPSC reprogramming series 150 non-MSC
MSC 125 MSC
hESC 103 non-MSC
Fibroblast 54 non-MSC
T-cell 36 non-MSC
B-cell 18 non-MSC
HSC 17 non-MSC
Monocyte 17 non-MSC
Hepatocyte 13 non-MSC
Embryoid body 8 non-MSC
Myeloid progenitor 7 non-MSC
GMP 6 non-MSC
Erythroid cell 5 non-MSC
Pulmonary endothelial cells 4 non-MSC
Adipocyte 3 non-MSC
Band cell 3 non-MSC
Blood progenitor 3 non-MSC
Chondrocyte 3 non-MSC
Common Myeloid Progenitor 3 non-MSC
Early PM 3 non-MSC
Late PM 3 non-MSC
Luminal cell 3 non-MSC
Luminal progenitor 3 non-MSC
Lymphocyte 3 non-MSC
Macrophages 3 non-MSC
Mammary stem cell 3 non-MSC
Melanocyte 3 non-MSC
Metamyelocyte 3 non-MSC
Natural killer cell 3 non-MSC
Neural progenitor 3 non-MSC
Osteocyte 3 non-MSC
PMN 3 non-MSC
Primordial germ cell 3 non-MSC
Granulocyte 2 non-MSC
Hepatocyte progenitor 2 non-MSC
Megakaryocyte/Erythroid Progenitor | 2 non-MSC
MPP 2 non-MSC
Myelocyte 2 non-MSC
Basophil 1 non-MSC
BC 1 non-MSC
Dendritic cell 1 non-MSC
Eosinophil 1 non-MSC
Megakaryocyte 1 non-MSC




Rohart et al, The MSC signature — Supplemental Files

Table S4: Members of the MSC signature network, seeded from component 1 genes and first-order interaction partners
(BioGRID). Column 1 provides information on Gene Symbol (and ENSEMBL ID for seed members). Column 2
indicates Component or network membership and Probability of selection derived from sPLS-DA analysis. Disease
annotations taken from the Mendelian Inheritance in Man (MIM) database. Accompanies Figure 2.

Component
Gene symbol (Probability | Network
(ENSMBL Gene y o Function Associated Mendelian disease
of criteria
ID) .
selection)
1 (P=0.42) Seed A transmembrane protein expressed
TM4SF1 Network on endothelial cells that facilitates cell
ENSGO00000169908 | member migration and vessel formation
(Zukauskas et al., 2011).
1 (P=0.47) Seed Extracellular proteoglycan that binds Ehlers-Danlos Syndrome (Corsi et al.,
BGN Network BMP4, TGFb and regulates osteoblast 2002)
ENSG00000182492 | member differentiation. Mice lacking biglycan
are osteoporotic (Xu et al., 1998).
1 (P=0.57) Seed Regulates cell size by regulating
ENSGOP(?OF(;:)?MSSS Network translation of mitochondrial proteins
member (Yamamoto et al., 2014).
1 (P=0.60) Seed Plasma membrane, heavily
Network glycosylated adhesion molecule.
member Interacts with integrins ITGA4/ITGB1 to
VCAM1 faccijlitflhteliacliheﬁion }?f Ieukc’:/(gtgs to )
endothelial cells. Known marker,
ENSG00000162692 thought to be important for
immunomodulation of T-cells (Ren et
al., 2010). Has a role the neural stem
cell niche (Kokovay et al., 2012).
SCRG1 1 (P=0.65) Seed May hgve a ro!e in bone and cartilage
ENSG00000164106 g?]:;ponent formation(Ochi, Derfoul & Tuan, 2006).
KCNE4 1 (P=0.66) Seed Potassium channel Atrial fibrillation and cardiac arrhythmia
ENSG00000152049 g?]:;ponent (Crump & Abbott, 2014)
1 (P=0.66) Seed Secreted protease inhibitor, inhibits the | Congenital tufting enteropathy
Network enzyme that activates hepatocyte (Salomon et al., 2014)
SPINT2 member ghlllro;/vih facFor.SIFrJIr'm\}_t?_i;sl kagil;rein. "
utations in ead to congenita
ENSG00000167642 tufting enteropathy, which is a disorder
of the small intestine with villous
atrophy and crypt hyperplasia.
CRYAB / HSPB5 1 (P=0.67) Seed Immunomodulatory chaperone protein. | Cardiomyopathy (MIM615184),
ENSGO00000109846 Network Forms stable complexes that prevent Cataract (MIM 613763), Myopathy
member protein aggregation. (MIM 608810; MIM 613869)
HSPB6 L(I::O.IZO) Seed Chaiper?Ir\efprottgin ir(])vol(\j/.ed intmLtlche
etworl contractile function. Cardioprotective.
ENSG00000004776 member Reviewed in (Dreiza et al., 2010)
1 (P=0.76) Seed Plasma membrane receptor tyrosine Basal ganglia calcification
Network kinase. Required for pericyte (MIM615007), Myeloproliferative
member recruitment during vascular disorder with eosinophilia
development (Lindblom et al., 2003) (MIM131440), Myofibromatosis
PDGFRB &aquiﬁd ftorlblc;%i g)rali?? bdarrri]er . (MIM228550)
rmulik et al., . Binds heparin
ENSGO0000113721 sulfate proteoglycans to limit PDGF
diffusion (Abramsson et al., 2007).
Marks Mesenchymal stem cell fraction
in bone marrow (Koide et al.,
2007)(Koide et al., 2007)
APCDDAL :\l((alf;c()JIfO) Seed ;I;Jr:gtis;lembrane protein of unknown
ENSG00000198768 ’
member
1 (P=0.82) Seed Negative regulator of histone Required for pancreatic cancer TGF-
NUPR1 Colmponent g(;\(la;yltransf((aéase (I-IIIAT) afti\;igyog;ring beta- and EG: -induceg cell rcriligrtation,
only repair (Gironella et al., invasion, anchorage-independen
ENSG00000176046 growth, and ability to form tumors in
nude mice.(Sandi et al., 2011)
1 (P=0.82) Seed Involved in synaptic formation Has a role in Polymicrogyria, speech
ENSG(?(;:‘O'?))(;?OZSSQ Component disorders and epilepsy
only (Royer-Zemmour et al., 2008; Sia,
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Clem & Huganir, 2013)

1 (P=0.83) Seed Extracellular protein that binds heparan | KO mice exhibit mild late-onset
Network sulfate proteoglycans. Binds obesity, hyperphagia Regulates
member Syndecan3 to regulate cell-matrix adipogenesis (Tremblay et al., 2009,
attachment(Song et al., 2013). 2012) Susceptibility loci for atopic
CCDC80 regulates lens formation in dermatitis in a Japanese
the developing eye (Jarrin, Pandit & GWAS.(Hirota et al., 2012)
Gunhaga, 2012) Binds growth factors
CCDC80 / Equarin / including FGF in the extracellular
Dro1 matrix(Jarrin, Pandit & Gunhaga, 2012;
ENSG00000091986 Song et al., 2012). Is an important
component of the bone marrow stroma
and loss prevents HSC niche
development (Charbord et al., 2015).
Mouse homolog Dro-1 is a tumour
suppressor: CCDC80 (Dro-1) KO mice
develop thyroid adenomas and ovarian
carcinomas(Leone et al., 2015).
1 (P=0.85) Seed Transmembrane receptor tyrosine Spondylometaepiphyseal dysplasia,
Network kinase that interacts with fibrillar short limb-hand type (MIM 271665)
member collagen and is required for the
proliferation of mesodermal cells. Mice
DDR2 lacking Ddr2 have dwarfism and are
ENSG00000162733 infertile(Kawai et al., 2012). DDR2
regulates the size of long bones and
the amount of body fat(Kawai et al.,
2014)
Reviewed in (Leitinger, 2014)
ADAMTSL1 ééfn‘p%:;zn Seed
ENSG00000178031 only
VEGF-c 1 (P=0.92) Seed Lymphedema, hereditary, ID,
ENSG00000150630 gr‘]’lr;‘p"”e”t MIM615907
1 (P=0.93) Seed The B1 receptor is synthesized de
BDKRB1 Component novo following tissue injury and
ENSGO00000100739 | only mediates hyperalgesia in animal
models of chronic inflammation.
1 (P=0.97) Seed Secreted protein, forms elastic fibers in | Cutis laxia type | (MIM604633)
EFEMP2 / Fibulina Network connective tissues, binds and regulates Lethgllosteggene.sis imperfecta-lilfe
ENSG00000172638 member availability of TGFb(Renard et al., condition with cutis laxa and arterial
2010). tortuosity(Erickson, Opitz & Zhou,
2012).
1 (P=0.98) Seed Plasma membrane serine
Network protease/gelatinase. FAP has been
member associated with a mesenchymal
phenotype in stromal tumours and
EE@ZSSOE)%E?BSO%S depletion of FAP+ cells leads to tumour
regression(Kraman et al., 2010). ltis
expressed on reactive fibroblasts in
remodeled tissues and in cultured
fibroblasts(Rettig et al., 1993).
1 (P=0.98) Seed Plasma membrane carbonic anhydrase | hyperchlorhidrosis (MIM143860)
ENSGO%§3§O7441O Network that regulates local pH via hydration of
member CO,to HCOs.
1 (P=0.99) Seed Secreted bone morphogenic protein Acromesomelic dysplasia (MIM
Signature necessary for skeletal 201250), Brachydactyly
member, development(Farooq et al., 2013), (MIM615072;MIM112600;MIM113100),
GDF5/BMP14 Network tendon and ligament Chondrodysplasia, (MIM 200700), Du
ENSG00000125965 | member development(Dyment et al., 2014), Pan syndrome (MIM22890), Multiple
brown fat(Hinoi et al., 2014). synostoses (MIM 610017),
Symphalangism (615298),
Osteoarthritis (MIM612400)
1 (P=1) Seed Extracellular matrix protein that binds Osteochondropathy Kashin-Beck
Signature ITGB1. In mouse it regulates the disease (KBD) (Zhang et al., 2014)
member, balance between stem cell
Network proliferation/differentiation in bone
E‘:IBSISOB(?O{)-(I)-?;SJ;S member marrow MSC(Hodgkinson et al.,

2013a) and cardiac progenitors (in vitro
and in vivo)(Hodgkinson et al., 2013b) .
It keeps MSC in a quiescent state
(G0/G1)(Hodgkinson et al., 2013a),
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whereas expression of ABI3BP in
fibroblasts leads to replicative
senescence(Uekawa et al., 2005).

1 (P=1) Seed Hyaluronan-binding and Nonsyndromic deafness (Abe, Usami
Signature depolymerisation(Yoshida et al., 2013). | & Nakamura, 2003; Yoshida et al.,
member Secreted on N-terminal 2013)
processing(Yoshida et al., 2014). Binds
EPHA2 (Tiwari et al., 2013). Target of,
and regulator of CTTNB1/WNT
CEMIP / KIAA1199 (Birkenkamp-Demtroder et al., 2011;
ENSG00000103888 Evensen et al., 2013; Tiwari et al.,
2013). Target of BCL3/NFkB and
regulates SEMA3A-dependent EGFR
phosphorylation(Shostak et al., 2014)
Maintains mesenchymal status after
EMT (Evensen et al., 2013; Shostak et
al., 2014)
1 (P=1) Seed Collagen receptor with restricted No human mutations identified.
Signature expression on ectomesenchymal cells
member, including myofibroblasts. Regulates Dwarfism in ltga11 KO mouse links
Network PDGFRb-dependent cell ltga11 to circulating Igf1
member migration(Popova et al., 2004) and levels(Blumbach et al., 2012).
responds to TGFb signaling in wound
ITGA14 g?:at{:r;g(Lg et 'z\;l/:ég(;m). Ean enlgch
-forming rom human bone
ENSG00000137809 marrow(Kaltz et al., 2010). Expressed
in human mesenchymal cells during
early skeletal development(Tiger et al.,
2001). Mouse ltga11 is necessary for
the fusion of muscle satellite cells and
inhibition blocks in vitro
adipogenesis(Grassot et al., 2014).
1 (P=1) Seed Transcription factor required for Agnathia-otocephaly complex (OMIM
Signature mesenchymal lineage development. 202650).
member, Necessary for formation of multiple
Network lineages during skeletal development
member (Martin, Bradley & Olson, 1995).
Required for development of vascular
PRRX1 smooth muscle(Bergwerff et al., 2000;
ENSG00000116132 Jones et al., 2001) and formation of
neuroendocrine tissue(Susa et al.,
2012). Activates TGFB3 to inhibit
adipogenesis(Du et al., 2013). EMT
transducer(Ocafia et al., 2012)
implicated in a wide range of metastatic
carcinomas.
Network only PPI Interaction partner with SPINT2, BGN, Alzheimer disease MIM104300;
APP PRR16, CRYAB Cerebral amyloid angiopathy
MIM605714 (vascular degeneration).
Network only PPI Interaction partner with GDF5, ENG. Polymorphisms are associated with
Activin type lIA receptor that early onset pre-eclampsia in several
competitively modulates BMP replicated GWAS studies. ACVR2A
ACVR2A . : : . .
signaling. KO mice model Pierre Robin syndrome
(MIM261800) with incomplete
penetrance.
BMPR2 Network only PPI Interaction partner with CRYAB and Pulmonary venoocclusive disease
GDF5 (MIM 265450)
Network only PPI Interaction partner with BGN and Supravalvar aortic stenosis
ELN EFEMP2 MIM185500; Cutis laxa, AD MIM
123700
ENG Network only PPI Interaction between ACVR2A, MIM187300 hereditary hemorrhagic
TGFBR1, TGFBR2, TUFM and SP1 telangiectasia
Network only PPI Interaction partner with VCAM1 and
GLRX3 EFEMP2
Network only PPI Interaction partner with VCAM1, DDR2
HSPI0AAT and PDGFRB
HSPBS Network only PPI Interaction partner with CRYAB and Charcot-Marie-Tooth disease
HSPB6 MIM608673
Network only PPI Interaction partner with ITGB11 and Fibronectin receptor, embryonic lethal,
ITGB1 VCAM!1 plays a role in normal organogenesis

of many tissues including brain,
cartilage, mammary glands and skin.
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MDH2 Network only PPI Interaction partner with CRYAB and
VCAM1
Network only PPI Interaction partner with PDGFR and Replicated GWAS associating NEDD4
NEDD4 PRR16 with Keloid formation, which is a skin
fibroproliferative disorder(Nakashima
et al,, 2010)
Network only PPI Interaction partner with PRR16 and Regulates TGFb3 signalling by limiting
EFEMP2 the active half-life of active half-life of
NEDDA4L SMAD2 anq SMAD3(Gao et. al., 2009)
Regulates ion channel function and 2
polymorphisms are associated with
retinopathy MIM603933.
NT5E/CD73 Network only PPI Interaction partner with EGR1 ahlllrltlgﬂr?;; 800 Calcification of joints and
Network only PPI Interaction partner with PDGFRB, MIM606764 Gastrointestinal stromal
PDGFRA GRB2, PIK3R1, TGFBR2 tumour, MIM191339 isolated cleft
palate (pending confirmation)
Network only PPI Interaction partner with VCAM1 and Overexpression results in mouse
PPP1CA PRR16 model of dilated cardiomyopathy and
endstage heart disease.
PXN Network only PPI Interaction partner with VCAM1 and
CCDC80
Network only PPI Interaction partner with FAP and
SH3KBP1 PDGFRB
Network only PPI Interaction partner with BGN and ENG MIM609192 Loeys-Dietz syndrome,
TGFBR1 type 1: aortic aneurysm including cleft
palate
Network only PPI Interaction partner with PDGFRA and MIM614331 Colorectal cancer
ENG hereditary nonpolyposis. MIM133239
TGFBR2 Esophageal cancer, MIM610168
Loeys-Dietz syndrome, type 1: aortic
aneurysm including cleft palate
Network only PPI Interaction partner with CRYAB and Adrenal cortical carcinoma
EFEMP2 MIM202300;
Breast cancer MIM114480; Choroid
plexus papilloma MIM260500;
Colorectal cancer MIM114500;
Hepatocellular carcinoma MIM114550;
Li-Fraumeni syndrome MIM151623;
Nasopharyngeal carcinoma
MIM607107 Osteosarcoma
TP53 MIM259500; Pancreatic cancer

MIM260350; Basal cell carcinoma
MIM614740; Glioma susceptibility
MIM137800.

Stabilization of TP53 protein in mouse
manifests as CHARGE syndrome
(MIM214800) involving coloboma, ear,
heart and craniofacial
malformations(Van Nostrand et al.,
2014).
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Supplemental Experimental Procedures

Statistical analysis

Notations

We used the following notations, X denotes the gene expression matrix of n=635 samples and p=27,901 genes and H
denotes the number of PLS-components. A class vector Y indicating the class of each sample, categorized as ‘MSC’ for
125 samples or ‘non-MSC’ for 510 samples.

A sparse multivariate procedure for discriminant analysis and gene selection

The MSC signature was identified using a novel implementation of the sparse variant of Partial Least Square
Discriminant Analysis (SPLS-DA) (Barker and Rayens, 2003; Wold, 1966) implemented for multiple microarray
studies using the mixOmics package (Lé Cao et al., 2009)(Lé Cao et al., 2011). sSPLS-DA enables the selection of a
small subset of genes amongst thousands that best classify the samples into their respective groups (MSC vs. non-
MCS). It is an iterative multivariate analysis method that seeks a linear combination of the most discriminant genes to
maximize the covariance between the gene expression matrix X and the sample vector Y, which is coded as a dummy
matrix. The sparsity in the linear combination is achieved through a lasso-type penalization (L1, (Tibshirani, 1996)) and
aims to shrink the coefficients associated with non-discriminant genes to zero.

The number of genes to select on each component was estimated by 10-fold stratified cross validation, meaning that
each fold contained the same proportion of MSCs over non-MSCs. Each PLS-DA component score is a linear
combination of the original gene expression values calculated for each sample. Each sample is projected in the small
subspace spanned by the H component scores, allowing for data dimension reduction. The number of components H
was chosen according to the criteria defined below, (see “choosing the number of components”’). The PLS-component
scores were used to represent the samples in a PLS-DA scatterplot, and to predict the MSC status of new test samples
(Figures 1 and 2).

Constrained sPLS-DA

The standard sPLS-DA method only uses the most discriminative genes to define the PLS-components and needed to be
further developed for a cross platform integrative analysis seeking for a robust signature agnostic to microarray
platforms. Therefore, we developed a constrained extension of PLS-DA, which defines PLS-components based on
specified subsets of stable genes using an internal bootstrap method. The code for this modified implementation is
available as a function of BootsPLS R-package (CRAN repository).

The signature tool

Random subsampling

Each random subsampling consisted of splitting the training set (125 MSCs and 510 non-MSCs) into an internal
learning set (69% of the data) and an internal test set (31% of the data); each was stratified in order to keep the same
proportion of MSCs over non-MSCs. This process was repeated 200 times, to assess the contribution of individual
datasets to the stability of the chosen sPLS-DA variables (see Figure 2A of the manuscript).

Cross-Validation

The internal training set was further divided for cross-validation. Following 200 random subsamplings, each of the
resulting 200 subsets was further divided using 10-fold cross-validation (CV). A sPLS-DA model was trained on each
CV subset and tested on the remaining group of samples to determine the optimal number of genes to select on each
four components. We used the Balanced Error Rate (BER), defined as the average of the errors on each class to
compensate for the low number of MSC in our training dataset.

Since sPLS-DA is an iterative method that defines each component one at a time, the optimal number of genes selected
on a given PLS-DA component is highly dependent on the genes selected on the previous components. To address this
component dependency issue we performed a sequential tuning: to tune component 4, a constrained sPLS-DA model
was built with the genes selected on the (4-1) previous components (& < H).

Choosing the number of sPLS-DA components

We used the internal classification accuracy as a criterion to evaluate the performance of the sSPLS-DA model for a
sufficiently large number of components (H = 6). A naive criterion would be to choose the number of components that
minimizes the overall classification error rate. However, such criterion would not accommodate the high variability in
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the classification error rate across the 200 subsamplings. Instead, we proposed a new criterion that evaluates the gain in
classification accuracy when an extra PLS-DA component is added to the sSPLS-DA model.

We developed a multiple testing procedure using one-sided t-tests with a null hypothesis Hy": 'N PLS-DA components
give better classification accuracy than N+7 PLS-DA components' (/>]) against two alternatives:

H,* ‘the overall classification accuracy is higher for N+/ PLS-DA components than for N PLS-DA components' and
H,® ‘the classification accuracy of non-MSC samples only is higher for N+/ PLS-DA components than for N PLS-DA
components'

The null hypothesis was rejected when both alternatives H,* and H,® were true. If Hy" was rejected - i.e. N+/
components were considered in the sPLS-DA model, then the null hypothesis was tested for the next component added
in the model. We tested the null hypothesis Hy" for /<A<5 or until Hy" was not rejected. Using the one-sided t-test and
the t.test function in R resulted in two p-values for each tested alternative hypothesis. Both p-values were added and the
sum was compared to a significance level @=0.001 (similar to a Bonferroni correction for each p-value). The reason for
this very conservative test was to ensure that the addition of one PLS-DA component would dramatically improve the
classification accuracy of the model.

We tested N = 5 components, with the associated p-values 1.282936¢-58, 7.188488e-25, 3.394169¢-10, 3.935352¢-03
and 2.816028e-07 respectively. Our final sSPLS-DA model therefore included 4 components (Figure 2 of the
manuscript).

Choosing the number of stable genes per component

The combination of the 200 subsamplings from the sPLS-DA models enabled us to assess the frequency of selection of
each gene (Figure 2A of the manuscript). For each of the four components, we reported the number of times each gene
was selected on a given component across the 200 replications, leading to a frequency of selection for each of the
27,901 genes present in the dataset (Figure 2B of the manuscript). We developed an iterative process to accommodate
for the gene selection dependency between components and select the best stable gene subset on each PLS-DA
component.

Firstly, the genes were assigned a rank according to their decreasing frequency of selection per component, with the
same rank given to ties. The top stable genes are identified as most discriminative to differentiate MSC and non-MSC.
For each rank & going from 1 to K, the prediction accuracy of the genes with a rank lower than k was assessed with an
extra 200 random subsamplings, fitting a constrained sPLS-DA on the most stable genes on the internal learning set and
calculating the classification accuracy on the internal test set. We chose K = 40, which is a value large enough for our
final gene signature.

Secondly, similarly to the method presented to choose the number of components, we developed a multiple testing
procedure using one sided t-tests to test the gain in classification accuracy when adding more stable genes to our subset
of top ranked stable genes.

Assuming that *N<M", we tested the null hypothesis Hy""™: 'N top stable genes give a better classification accuracy than
M top stable genes' against two alternatives:

H," 'the overall classification is higher for M genes than for N genes' and
H,® ‘the classification accuracy of non-MSC samples is higher for M genes than for N genes’.

Note that the N top stable genes are all included in the M top stable genes when N<M. We decided to reject the null
hypothesis if both alternatives H,* and H,” were true.

For a fixed N, the procedure consisted in successively testing a collection of null hypotheses {H,"™, M>N} until
rejection. If and when a null hypothesis Ho"™" was rejected for some M*, the procedure started again with the
collection of null hypotheses {Ho™™®, R>M*}, where Hy""®: '\ * top stable genes give better classification accuracy
than R top stable genes’.

The null hypothesis Hy"™ was tested against each alternative H," and H,® with a one-sided t-test, resulting in two p-
values. Both p-values were added and the sum was compared to a significance level @=0.01 (similar to a Bonferroni
correction for each p-value). Note that the alternative H,“ ‘the classification accuracy of MSC samples is higher for M
genes than for N genes’ was not considered due to the low number of misclassified MSC.
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Figure 2C of the manuscript displays the results assessing the top stable genes with respect to our statistical tests for
each of the 4 components. Our statistical model selected 5 genes on component 1, 4 genes on component 2, 4 genes on
component 3 and 3 genes on component 4, resulting in our final 16-gene signature sPLS-DA model with 4 components.

Definitive assignation of a test sample to the MSC or non-MSC class

To fit our final statistical model, we applied a constrained sPLS-DA on the 16 signature genes identified in our
workflow on the full training set (635 samples). Our model led to a prediction score for each external test sample. We
derived two quality measures from the prediction scores, namely an uncertainty area and a confidence interval; we
combined both to make a definitive prediction call.

From Figure 2E of the manuscript, we determined a cut-off above which 99% of the MSC samples had a prediction
score greater than 0.4337, and 99% of the non-MSC samples had a prediction score lower than 0.5169. We defined an
‘unsure’ area between these two values.

We further assessed the stability of a prediction score by constructing a 95% Confidence Interval (CI) for each test
sample. To that end, we recorded a series of prediction scores for each test sample by fitting a constrained sPLS-DA
with the 16 signature genes on 200 subsampling of the training set. The 95% CI was then derived from these 200
scores. In all figures where the classification of individual samples is shown, the CI bounds are represented as error bars
around each test sample.

From the two quality measures described above, a rule was set to assign each test sample to a MSC, non-MSC or unsure
predicted class. A definitive call was made when the 95% CI of a score was not overlapping with the unsure area. A test
sample with a prediction score higher than 0.5169 and for which the lower bound of the 95%CI was also higher than
0.5169 was predicted as an MSC. Similarly, a test sample with a prediction score lower than 0.4337 and for which the
upper bound of the 95%CI was also lower than 0.4337 was predicted non-MSC class. Any other test samples not falling
into these areas were classified as unsure.

Benchmark of the signature

The MSC signature outperforms common MSC surface markers

We investigated the ability of each of the 32 markers defined in Table S1 taken individually to discriminate MSCs vs.
non-MSC samples. A PLS-DA method was fitted with each of these 32 single markers on all 635 samples from the
training set. The classification accuracy on these samples was recorded using 200 subsamplings (internal learning/test
set). Most of these markers (25 out of 32) were reported with a classification error rate of 100%, showing their complete
inability to classify the MSCs using our PLS-DA method, with the exception of seven markers CD73, CD105, VCAM1,
PDGFRB, KIT, ITGAS and ANPEP.

The proportion of MSC classified as non-MSC with individual marker expression was: CD73 (18.4%), CD105 (38.4%),
VCAMI1 (32%), PDGFRB (27.2%), KIT (66.4%), ITGAS (73.6%), ANPEP (76.8%), and with any of the remaining 25
markers the misclassification was 100%. The proportion of misclassified non-MSC was CD73 (11.2%), CD105 (6%),
VCAMI1 (6%), PDGFRB (8.24%), KIT (4.9%), ITGAS (0%), ANPEP (3.53%) and misclassification of non-MSC with
the remaining 25 markers was 0%.

Performance of our multivariate approach on the testing set.
External test set Predicted | Predicted | Predicted | Predicted | Total
MSC unsure non- unsure
MSC MSC non-MSC

Potential MSC 190 2 9 12 213
Potential non-MSC | 27 3 454 15 499
Unsure 191 15 311 62 579
Total 408 20 774 89 1291

Batch effect and platform effect
Our 16-gene signature was not confounded by datasets and/or platforms as the sample plot representation from the
constrained sPLS-DA in Figure S2 did not show any clusters related to platforms or studies.
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