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SUMMARY

Cell reprogramming has revolutionized cell and regenerative biology field. How-
ever, human iPS derivation remains inefficient and variable. A better knowledge
of molecular processes and the rationale underlying the importance of somatic
cell origin is crucial to uncover reprogramming mechanisms. Here, we analyze
the molecular profile of different human somatic cell types. We show menstrual
blood-derived stromal cells (MnSCs) have a distinct, reprogramming prone, pro-
file, and we identify SOX15 from their oocyte-related signature as a prominent
responsible candidate. SOX15 orchestrates an efficient oocyte-based reprogram-
ming combination when overexpressed with the also oocyte-enriched histone
chaperone ASF1A and OCT4 and, through specific mechanism, generates iPSCs
with distinguishable pluripotent state that further present higher differentiation
capacity than canonical iPSCs. Our work supports the presence of different plu-
ripotency states in reprogramming and the importance of using metaphase-Il
oocyte and MnSCs information to provide alternative reprogramming combina-
tions and, importantly, to improve and understand pluripotency acquisition.

INTRODUCTION

Generation of induced pluripotent stem cells (iPSCs) is a complex process, and molecular mechanisms are
not fully understood.

The great majority of iPSC lines have been generated from dermal fibroblasts. Nonetheless, a multitude of
other cell types have been used (Patel and Yang, 2010) as bone marrow mesenchymal stromal cells (BM-
MSCs) (Ohnishi et al., 2011; Park et al., 2008; Shao et al., 2012; Streckfuss-Bomeke et al., 2012). Of note,
another mesenchymal cell type, menstrual blood stromal cells (MnSCs), has appeared recently in the re-
programming field with clear advantages in accessibility, and their efficiency potential has not been deeply
studied (de Carvalho Rodrigues et al., 2012; Li et al., 2012).

Mammalian metaphase-Il (MIl) oocyte has widely been shown to have an unpaired reprogramming ca-
pacity (Gonzalez-Munoz and Cibelli, 2018; Jullien et al., 2014). By analyzing its specific factors (Assou
et al., 2006, 2009; Kocabas et al., 2006) we have previously identified the histone-chaperone ASF1A as
crucial for human pluripotency and have shown that overexpression of just ASF1A and OCT4 in human
adult dermal fibroblast (hADFs) exposed to GDF9 can reprogram AO9%-iPSCs, although noteworthy less
efficiently than canonical OSKM (OCT4, SOX2, KLF4, and ¢-MYC) combination (Gonzalez-Munoz et al.,
2014).

Sex-determining region Y-box 15 (SOX15) is a member of the SOX family of transcription factors that is
highly expressed in mouse blastocyst ICM and mESCs (Maruyama et al., 2005; Yoshikawa et al., 2006), as
well asin human ESCs (Pacini et al., 2010), although its expression is significantly higher in Ml cocyte (Assou
et al., 2006, 2009; Awe and Byrne, 2013; Kocabas et al., 2006).

Although in vitro analysis modeling indicates SOX15 cooperates with OCT4 on the canonical DNA element
(Ng et al., 2012), mouse reprogramming assays (Nakagawa et al., 2008) and SOX15 knockout data (Lee
et al., 2004; Meeson et al., 2007) suggested SOX15 has a secondary role during mouse development,
and whether it participates in human reprogramming regulation and pluripotency remains elusive.
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Figure 1. Somatic Cell Lines Characterization

Adult human primary BM-MSC, hADF, and MnSC cell lines derived from three different donors were used.

(A) Average population doubling time (PDT) of the different cell lines (days). Each counting was done by triplicate during four subculture rounds.
(B)

(C) Histograms of flow cytometry analysis using mesenchymal markers.

(D) gRT-PCR for genes characteristic of pluripotent cells was performed as indicated on mRNA collected from hADFs, BM-MSCs, MnSCs, and H?-hESCs.
Values indicate average relative expression of the specific gene normalized to GAPDH/Actin in a logarithmic scale. Data correspond to the average of three
independent experiments done in triplicate with cells from three different donors (n = 9, mean values +SEM). Student’s t test was applied for statistical
significance: **p < 0.01.

(E) Histograms of flow cytometry analysis in all somatic cell types compared with pluripotent H?-hESCs, using pluripotent cell markers fluorescent labeling.
Percentage of SSEA4-positive cells was calculated from three independent experiments (three donors/cell type).

Representative bright-field images of adult human primary cell lines (scale bar, 100 um).

(F) Immunochemistry analysis of pluripotent markers on the different human somatic cell lines, and H?-hESCs as positive expression control (scale bar,
30 um).

(G) Immunocytochemistry analysis of specific markers of adipogenic (FBAP4 and oil-red staining), osteogenic (Osteocacin), chondrogenic (Aggrecan), and
neural (Nestin, Tuj1) differentiation 21 days after specific differentiation (scale bar, 30 um).

(H) Quantification of the number of positive cells for each differentiated cell type from 30 images as in (G). Data correspond to the average of three
independent immunochemistry experiments done in duplicate with cells from three different donors/cell type (mean values + SEM).

(I) Correlation heatmap showing the clustering of somatic cell lines (four cell lines obtained from four different donors, except for BM-MSCs where three of
the donors were used) using the RNA expression (array-based) data. Euclidean distance and complete agglomeration method were used to compute the
heatmap’s dendrogram. Correlation was computed with Pearson’s method.

(J) Correlation heatmap showing the clustering of genome methylation analysis of somatic cell lines (as in ). Euclidean distance and complete agglomeration
method were used to compute the heatmap’s dendrogram.

(K) PCA analysis using methylation data as in (J).

(L) Violin plots showing the distribution of the DNA methylation (beta values) in each of the somatic samples and pluripotent hESCs. Data correspond to the
average from same four different donors/cell type. Differential global methylation significance is shown (p values: ***p < 0.001, *<0.05). Median beta-values
of each cell population are indicated at the top.

(M) Differentially methylated regions (DMRs) among somatic groups were used to generate Venn diagrams to identify specific and common methylated
genomic regions in each pluripotent group. We have highlighted in blue the number of specific MnSC DMRs when compared with both hADF and BM-MSC.
See also Figure S1.

Here we deeply characterize somatic cells to analyze factors involved in the higher reprogramming effi-
ciency we found in MnSC. We have identified SOX15 as a crucial factor that assembles a reprogramming
detonator, together with ASF1A and OCT4 (AOX15), and through specific pathways generates a distinctive
pluripotent state, with superior differentiation potential. Our study provides evidence of the importance of
using oocyte information to make progress of significance into pluripotency and reprogramming
understanding.

RESULTS

MnSCs Show Distinct Expression and Epigenetic Profile and Higher iPSC Reprogramming
Efficiency when Compared with hADFs and BM-MSCs

We first characterized the above-mentioned three accessible adult cell types. MnSCs have the highest pro-
liferation rate (Figure 1A) and different morphological appearance, smaller and less spindly (Figure 1B) than
hADFs and BM-MSCs. Flow cytometry analysis confirmed the expression of MSC markers, although with
different mean fluorescence intensity depending on the cell type (Figure 1C).

We next evaluated the expression of pluripotency markers. Quantitative RT-PCR results confirmed ex-
pected lower expression in all somatic cell lines versus pluripotent hESCs (Figure 1D). Flow cytometry
and immunofluorescence analysis revealed negligible OCT4 and SOX2 staining compared with hESCs
and mild NANOG protein expression. Among somatic cell lines, hADFs showed the highest SSEA4 labeling
and MnSCs the lowest (Figures 1E and 1F).

We then evaluated mesenchymal multipotency performing in vitro adipogenic, osteogenic, chondrogenic,
and neural differentiation. MnSCs were unable to differentiate, whereas hADF and specially BM-MSC effi-
ciently differentiate to all four lineages (Figures 1G and TH).

Hierarchical dendrogram based on global transcription profile show MnSCs cluster together and sepa-
rately to BM-MSCs and hADFs (Figure 11). Whole-genome CpG DNA methylation analysis with unsuper-
vised hierarchical clustering and principal component analysis (PCA) confirmed the same segregation
pattern where MnSCs differ the most (Figures 1J and 1K). Global analysis of methylation profiles (GAMP)
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Figure 2. MnSCs Expression Signature Reveals SOX15 as Crucial Oocyte-Enriched Reprogramming Factor

(A) Average number of TRA-1-60+ reprogrammed iPSC lines derived from 107 transduced hADFs, BM-MSCs, or MnSCs
with the different factor combinations. Mean values (n = 9, triplicates with cells from three different donors/cell type) +
SEM are plotted. TRA-1-60+ reprogrammed iPSC lines were considered those that showed TRA-160+ labeling after at
least five expansion passages from initial colony appearance. Student’s t test was applied for statistical significance:
***p < 0.001, *<0.05 between compared groups.

(B) High-throughput array-based expression analysis of MnSC, BM-MSCs, and hADFs. Differentially regulated genes
among groups were used to generate Venn diagrams to identify specific and common regulated genes in each group. We
have highlighted in blue the number of specific MnSC differentially requlated genes when compared with both hADF and
BM-MSC.

(C) Significant enriched gene ontologies (GO)-key PANTHER pathways (30)-(FDR p < 0.05) associated with MnSCs-specific
regulated genes are shown. No GO-key PANTHER pathway with statistically significant results was found for hADF
specific regulated genes and only glycolysis pathway (TPI1, PGK1, ALDOA, ENO2, and GPI) for BM-MSCs (fold
enrichment 23.43, FDR 9.19 x 107%).

(D) Venn diagrams showing common genes among MnSCs specific upregulated genes and published lists of oocyte-
enriched genes. Representative oocyte-enriched genes are highlighted. When we compared either hADFs or BM-MSCs
specific overexpressed genes with available lists of highly specific oocyte factors we found no common genes among lists.
(E) Average number of TRA-1-60+ reprogrammed iPSC lines derived from 107 transduced MnSCs with the different factor
combinations. Mean values (n = 9 triplicates with cells from three different donors) = SEM are plotted. TRA-1-60+
reprogrammed iPSC lines where considered as in Figure 1A. No colonies were found when ASF1A and OCT4 (AO)
combination was used. Student’s t test was applied for statistical significance: ***p < 0.001 between compared groups.

indicates a significant difference in MnSCs versus hADFs (p value < 0.05) (Figure 1L). Venn diagrams
showing differential methylation regions (DMRs) among somatic groups also identify their unique epige-
netic profile (Figure 1M, Table S1).

These results indicate that, although all three cell types show general mesenchymal characteristics, they
have different expression and epigenetic signatures, and MnSCs have the most distinct surface marker
expression, methylation profile, low pluripotency genes expression, including SSEA4, and less differentia-
tion potential.

We then analyzed iPSC generation potential. MnSCs showed the highest reprogramming efficiency using
both canonical—OSKM or OSK (without ¢-MYC)—(~20-fold higher) and AO9 combinations (~10-fold
higher). BM-MSCs present similar AO9- and higher OSKM- and OSK-reprogramming capacity than hADFs
(Figure 2A).
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MnSC Expression Signature Reveals SOX15 as a Crucial Oocyte-Enriched Reprogramming
Factor

To define the MnSCs gene expression signature, we identified their specific regulated genes (Figure 2B
and Table S1). Gene ontology (GO) analysis revealed a significant enrichment of PANTHER pathways
related to the oocyte biology (Figure 2C).

We compared MnSCs-specific overexpressed genes with available lists of highly specific oocyte factors (As-
sou et al., 2006, 2009; Kocabas et al., 2006) and identified SOX15 as an outlined common gene (Figure 2D).
We confirmed SOX15 (Figures STA-S1C) and ASF1A (Figures S1D and S1E) higher protein overexpression
in MnSC over hADFs.

We hypothesized that the cocyte-related expression profile of MnSCs contributes to their high reprogram-
ming efficiency and that overexpression of specific master genes of such signature could contribute
to reprogramming initiation. ASF1A fulfills this concurrence, being part of the MnSC signature (Fig-
ure 2D) and oocyte-based reprogramming factor (Gonzalez-Munoz et al., 2014); we therefore investigated
SOX15.

SOX15 overexpression increased more than 7-fold AO9 reprogramming (Figure 2E) in MnSCs. When we
used SOX15, GDF? is no longer needed for reprogramming, and it does not enhance SOX15-ASF1A-
OCT4 (AOX15) efficiency (Figure 2E), suggesting SOX15 overexpression improves GDF9 signaling effect
in reprogramming efficiency.

We have therefore identified SOX15 from the oocyte-related MnSCs signature as a reprogramming factor
responsible for increased oocyte-based reprogramming combination efficiency.

Reprogramming Occurs through Different Mechanisms and Pathways Depending on
Triggering Combination

To gain insight into the mechanism underlying SOX15 role in pluripotency acquisition, we analyzed gene
and protein expression showing that SOX15, but not ASF1A, is upregulated early during OSK reprogram-
ming (Figures 3A-3D), whereas its expression decreases during spontaneous differentiation of iPSCs
(Figure S4A).

SOX15 overexpression along with OCT4, SOX2, and KLF4 did not affect reprogramming efficiency; howev-
er, SOX15 combination with OCT4 and KLF4 (OKX15) strongly reduced it (over 95% reduction). Similarly,
SOX2 overexpression with OCT4 and ASF1A (AOS) dramatically decreased iPSC formation (over 90%
decrease) (Figure 2E).

Our results indicate SOX15 cannot replace SOX2 during OSK human reprogramming, and vice versa, SOX2
cannot replace SOX15 during AOX15 reprogramming, suggesting described factor combinations function
differently and SOX15 exerts a reprogramming triggering effect only when ASF1A is also overexpressed.

To further study the signaling involved in the initiation of reprogramming we analyzed global gene expres-
sion profiles of MnSCs 5 days after factors overexpression—OSK, AOX15, and AO9—(Figure 3E and Table
S2). Venn diagrams show regulation of different sets of genes. AOX15 includes AKT and ERK phosphory-
lation regulators BST2 and BST1, TGF-beta signaling regulators SMADé or SMAD1, or key mediators of
interferon signaling STAT1 and STAT2. Our results show OSK and AOX15 reprogramming onset operate
through different initiating pathways.

Both OSK and AOX15 combinations lead to decreased proliferation rate as a consequence of reprogram-
ming initiation, as SOX15 and ASF1A plus SOX15 overexpression did not affect proliferation rate
(Figure S2A).

We then questioned the next steps during the reprogramming process. We analyzed the expression of
mesenchymal-epithelial transition (MET)/cell adhesion markers before iPSC colonies appear (days 10
and 18) (Figures S2B and S2C) and confirmed both OSK and AOX15 upregulate MET genes, supporting
previous studies showing this transition as crucial for reprogramming (Buganim et al., 2013; Li et al.,
2010; Subramanyam et al., 2011).
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Figure 3. Reprogramming Occurs Through Different Mechanisms and Pathways Depending on Triggering
Combination

(A-D) SOX15 is upregulated early during reprogramming. MnSCs lysates 5 days after retroviral driven overexpression of
GFP (MnSC CT), OSK (MnSC-OSK), or AOX15 (MnSC-AOX15) and OSK-iPSCs were used for western blot against SOX15
(A) and ASF1A (B) and loading control GAPDH. (C and D) Quantification of band pixel intensity relative to GAPDH was
done. Data correspond to the average of three independent experiments (three different MnSCs donors) done in
duplicate (mean values + SEM). Student’s t test was applied for statistical significance: ***p < 0.001.

(E) Proportional Venn diagram showing differentially regulated genes 5 days after OSK, AOX15, or AO9 reprogramming
factors overexpression using array-based global gene expression analysis. MnSCs overexpressing GFP were used as
control (CT).

(F) SOX15 protein interaction during reprogramming and pluripotency. MnSCs lysates 5 days after retroviral driven
overexpression of GFP, OSK, AOX15, or AX15 and fully reprogrammed OSK-iPSCs were used for SOX15
immunoprecipitation (IP) and western blot (Wb) against ASF1A and OCT4. Cell lysate supernatants (SN) were recovered
after IP and use for western blot (right panels).

See also Figure S2.
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We further investigated whether SOX15 participates in ASF1A-OCT4 reprogramming through interaction
with this protein complex (Gonzalez-Munoz et al., 2014).

We found that, although SOX15 protein interacts with both ASF1A and OCT4 in pluripotent iPS cells, dur-
ing reprogramming initiation, SOX15 only interacts with OCT4 when we use AOX15, but not OSK, combi-
nation (Figure 3F).

Similarly, protein interaction between ASF1A and SOX15 is observed not only during AOX15 and not dur-
ing OSK reprogramming but also when both proteins, ASF1A and SOX15, are overexpressed indicating
this interaction is OCT4 independent.

Interestingly, even if at lower degree, we saw ASF1A-SOX15 interaction also in control MnSCs, suggesting
a possible hypothesis that MnSCs higher reprogramming capacity may be associated with a basal oocyte-
related switched-on state.

Our results show that direct interaction of SOX15 with both ASF1A and OCT4 is part of the specific mech-
anism of the AOX15 combination and leads to distinct initiation pathways for reprogramming that include
later MET activation.

AOX15 Reprogrammed iPSCs Show Distinguishable Pluripotent State

We next characterized the pluripotent cells generated. AOX15-derived colonies were fully reprogrammed,
expressing standard stem cell markers after culturing for 25-28 passages (Figures 4A, 4B, and S3A) and
showed normal karyotype (Figure S3B). We found no detectable expression of exogenous factors from
the retroviral vectors (Figure S3C). When induced to differentiate in vitro, OSK-iPSCs and AOX15-iPSCs
can form ecto-, endo-, and mesoderm cell lineages (Figures S4A and S4B) and formed mature teratomas
when injected into immunodeficient mice (Figure S4C).

We performed whole-transcriptome profiling on our cohort of genetically matched OSK and AOX15
hiPSCs. hESCs were used as control to confirm the pluripotent expression profile of hiPSCs generated (Fig-
ure 4C). Although, as expected, there are strong overlaps among all three pluripotent groups, supporting
achieved full reprogramming of iPSCs, AOX15-iPSCs specifically regulate the expression of ~13% of the
genes compared with OSK-iPSCs (Figure 4C) (Table S3). Their GO analysis revealed a significant enrich-
ment for biological processes where we found a number of genes that are also either highly expressed
or have an essential functional role in human Ml cocytes (Table S4).

Whole-genome CpG DNA methylation analysis confirmed expected hypermethylation (Nishino et al.,
2011) of all pluripotent groups compared with MnSC cells (Figure 4D). Unsupervised hierarchical clustering
and PCA of whole-genome CpG DNA methylation data revealed separated clustering of OSK from AOX15
hiPSCs (from same MnSCs donors) as well as from hESCs (Figures 4E and 4F), and we can identify specific
differentially methylated regions (DMRs) for each of the reprogramming combinations (Figure 4G and
Table S3).

Together, these results further support that differential pathways to reach pluripotency, depending on trig-
gering combination factors, leads to a distinguishable pluripotent state.

Superior Differentiation Potential of AOX15-iPSCs

We hypothesized differences found in OSK and AOX15-iPSCs have a functional effect on their differentia-
tion capacity.

We assessed the potential of pluripotent lines to spontaneously differentiate in vitro and quantified triline-
age potential using ScoreCard assays (Bock et al., 2011) at two time points (10 and 21 days). We analyzed
the expression plots of 94 genes, relative to the undifferentiated reference set (Figures 5A and 5C).
Although, as expected, the Scorecard analysis algorithm predicts trilineage potential for all cell lines, we
found a significant higher trend for mesodermal and endodermal differentiation in AOX15-iPSCs
compared with OSK-iPSCs, both at early and late stages, suggesting their highest differentiation potential
(Figures 5B and 5D).
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Figure 4. AOX15 Reprogrammed iPSCs Show Distinguishable Pluripotent State

(A) gRT-PCR for genes characteristic of pluripotent cells was performed as indicated on mRNA collected from source MnSCs and reprogrammed iPSC using
OSK or AOX15 combination and H9-hESCs. Values indicate relative expression of the specific gene normalized to GAPDH/Actin relative to MnSC-GFP
expression, which was arbitrarily assigned a value of 0, in a logarithmic scale. Data correspond to the average of three independent experiments done in
triplicate (three different iPSC clones/MnSC cell line) (n = 9, mean values + SEM) with cells from three different MnSC donors.

(B) Representative immunofluorescence analysis image of pluripotent markers on OSK and AOX15 iPSC colonies shows similar staining pattern (scale bar,
100 pm).

(C) High-throughput array-based expression analysis of MnSC derived OSK- and AOX15-iPSCs, and H9-hESCs. Differentially regulated genes after either
reprogramming combination were used to generate Venn diagrams to identify specific and common regulated genes in each pluripotent group.
Representative pluripotency-associated genes are shown.

(D) Violin plots showing the distribution of the DNA methylation (beta values) in each of the pluripotent group and MnSCs. Significant global methylation
compared with MnSC is shown (p values: ***p < 0.001, **<0.01).

(E) Heatmap showing the clustering of MnSC derived OSK and AOX15 lines (five lines from four different MnSC donors each) and hESCs (H9 p33 and H9 pé7,
and H1) using the DNA methylation (array-based) data. Euclidean distance and complete agglomeration method were used to compute the heatmap’s
dendrogram. Correlation was computed with Pearson’s method.

(F) PCA analysis using methylation data as in (E).

(G) High-throughput array-based DNA methylation analysis of MnSC derived OSK- and AOX15-iPSCs, and H9-hESCs. Differentially methylated regions

(DMRYs) after either reprogramming combination were used to generate Venn diagrams to identify specific and common methylated genomic regions in
each pluripotent group.

See also Figures S3 and S4.

To prove the functional consequences of differential activation of lineage-specific transcription, we evalu-
ated specific mesoderm and endoderm cell types in vitro for differentiation potential toward cardiomyo-
cytes and pancreatic progenitor cells, respectively.
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Figure 5. AOX15 and OSK iPSCs Show Differential Spontaneous Differentiation Potential

Embryo bodies were derived from hESCs (H? and H1) or MnSC derived OSK and AOX15iPSCs (three iPSC lines from three different donors/combination) at
two time points of spontaneous in vitro differentiation. Heatmap expression (A and C) and dot blot scores (B and D) generated by the ScoreCard algorithm
showing expression of pluripotency and differentiation markers at day 10 of floating EBs culture or after 11 more days (21 days) of attached EBs culture. *p <

0.05 one-way ANOVA with TUKEY post hoc test.

We examined the relative amount of cardiac troponin T-positive cells by immunofluorescence, flow cytom-
etry, and relative gene expression of cardiac-specific markers (Figures 6A-6C). Our results confirmed the
highest cardiac differentiation potential of AOX15-iPSCs.

Similarly, AOX15-iPSCs efficiently differentiate to PDX1-positive cells (Figures 6D and 6E) and show the
highest pancreatic progenitor markers expression (Figure 6F).

We further assessed their capacity for primordial germ cells (PGC-like) specification as a number of reports
have shown the low efficiency of this process using hiPSCs and the importance of the highly orchestrated
combination of transcriptional and epigenetic state of the original cells (Canovas et al.,, 2017; Irie et al.,
2015; Sasaki et al., 2015). We found iPSCs differentiate to VASA and PRMT5-positive cells (Figure 6G),
and gPCR showed AOX15-iPSCs present significantly higher relative expression of PGC markers than
OSK-iPSCs (Figure 6H). Together, our data support that AOX15-iPSCs have superior differentiation
capacity.

DISCUSSION

We provide compelling evidence of the importance of deep characterization of original somatic cells to
provide crucial information involved in the reprogramming phenomenon.

We found MnSCs have unique expression and epigenetic and potency profiles and show higher reprog-
ramming efficiency than hADFs and BM-MSCs. Although high reprogramming capacity has been shown
previously for these cells (de Carvalho Rodrigues et al., 2012; Li et al., 2012), no rigorous comparative
analysis has been made and, contrary to our data, high efficiency has been attributed to theoretical basal
multipotent state, although marker analysis has been controversial and discordant among publications (de
Carvalho Rodrigues et al., 2012; Khanjani et al., 2014; Li et al., 2012), probably due to an absence of appro-
priate controls.
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Figure 6. AOX15-iPSCs Show Increased Cardiomyocyte, Pancreatic Progenitors, and Primordial Germ Cell (PGC) Differentiation Efficiency
(A-C) Efficiency of in vitro differentiation toward cardiomyocytes of OSK- and AOX15-iPSCs 14 days after induction. (A) Immunocytochemistry analysis of
cardiomyocyte cell marker Cardiac troponin T (cTnT). DAPI was used for nucleus labeling (scale bar, 80 um). (B) Flow cytometric analysis at 14 days post
induction of cardiac differentiation using OSK- or AOX15-iPSCs. Data are expressed as mean £+ SEM (n = 9) with cells from three different donor-iPSCs. *p <
0.05 t test. (C) gRT-PCR data for cardiomyocyte differentiation markers NKX2.5, aMHC, MEF2C, MLC2C at day 14 of in vitro differentiation. Average
expression values +SEM are represented relative to undifferentiated iPSCs (normalized to GAPDH/Actin). Data correspond to the average of three
independent experiments done in triplicate with cells from three different donor-iPSCs (n = 9). Student’s t test was applied for statistical significance: *p <
0.05 between OSK and AOX15 groups.

(D-F) Efficiency of in vitro differentiation toward pancreatic progenitors of OSK- and AOX15-iPSCs generated after 15 days of differentiation using the
STEMdiff directed differentiation kit. (D) Immunocytochemistry analysis of pancreatic progenitors marker PDX1 with cells from three different donor-iPSCs
(scale bar, 80 um). (E) Flow cytometric analysis at 15 days post induction of pancreatic progenitor differentiation using OSK- or AOX15-iPSCs. Data are
expressed as mean + SEM (n = 9) with cells from three different donor-iPSCs. *p < 0.05 t test. (F) gRT-PCR data for pancreatic progenitor differentiation
markers PDX1, NKX6.1, SOX9, NGN3, HNF6, FOXA2. Average expression values +SEM are represented relative to undifferentiated iPSCs (normalized to
GAPDH/Actin). Data correspond to the average of three independent experiments done in triplicate with cells from three different donor-iPSCs (n = 9).
Student'’s t test was applied for statistical significance: p*<0.05 between OSK and AOX15 groups.

(G and H) Efficiency of in vitro differentiation toward primordial germ cell (PGC) fate. (G) Immunocytochemistry images of PGC differentiation markers VASA
and PRMTS5 (scale bar, 60 pm). (H) gRT-PCR data for PGC differentiation markers. Average expression values +SEM are represented relative to
undifferentiated iPSCs (normalized to GAPDH/Actin). Data correspond to the average of three independent experiments done in triplicate with cells from
three different donor-iPSCs (n = 9). Student’s t test was applied for statistical significance: p*<0.05 between OSK and AOX15 groups.
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Our analysis, focused on the oocyte-related signature of MnSCs, has uncovered SOX15 as a crucial human
reprogramming factor. We found SOX15 expression is upregulated in human pluripotent cells, matching
mouse ES data (Maruyama et al., 2005), and also during early reprogramming.

We show SOX15 overexpression, together with ASF1A and OCT4, creates an efficient “oocyte-based” re-
programming combination (AOX15) that follows a reprogramming mechanism different from the canonical
OSK combinations.

Our co-immunoprecipitation assays show AOX15, but not OSK, reprogramming initiation functions by
SOX15 interaction with both ASF1A and OCT4, generating specific early transcriptional activation pro-
gram, and finally reaches a unique pluripotent state that has relevant functional consequences with
increased differentiation potential, including challenging PGC-like generation.

Our work supports the hypothesis that pluripotency is not a single state—previous revolutionary publica-
tions in this field have shown the existence of naive and ground human iPSC and ESC, and the following
research confirms the complexity of such definitions—and more progress is needed to explore the possi-
bility of additional pluripotent states or, probably more accurately, sequences of pluripotency states, that
can resemble the natural progression after fertilization.

Exogenous factor reprogramming through iPSCs constitutes an exceptional tool for such study allowing
the analysis of specific triggering combinations as the one described here that will help uncover other
crucial factors for pluripotency, reprogramming, and development. We believe the use of oocyte signifi-
cant factors together with somatic cell nuclear transfer information will comprise a valuable source for
this goal.

Limitations of the Study

We have focused on analysis and characterization of AOX15 reprogramming with MnSCs; however, full
characterization of the role of SOX15 in oocyte-based reprogramming in cell types of diverse origin would
also bring valuable information of the reprogramming process. Our results indicate SOX15 oocyte-based
reprogramming operates also in cell types of mesenchymal origin as hADFs and BM-MSCs, although at
lower efficiency than MnSCs. Our hypothesis considers endogenous basal-activated pathways associated
with oocyte-factors in somatic cells influence their reprogramming efficiency depending on the combina-
tion we choose; further studies are needed to decipher such basal-activated pathways and their relation
with the ease for reprogramming.

Also, it would be interesting to provide deeper mechanistic insight into this process. A possible strategy
would be to disrupt SOX15 interaction with ASF1A, OCT4, or both. Information of SOX15 and ASF1A inter-
action domains at protein level would be needed, and it is part of our future projects to perform biochem-
ical and molecular characterization of ASF1A and SOX15 complex to uncover factors involved in reprog-
ramming initiation.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Elena Gonzalez-Munoz (egonmu@uma.es).

Materials Availability

All material used are listed in Transparent Methods section and Key Resources Table in Supplemental In-
formation, and any further information and requests for resources and reagents should be directed to and
will be fulfilled by the Lead Contact.

Data and Code Availability

The accession number for the expression and methylation arrays data reported in this paper is NCBI's Gene
Expression Omnibus (GEO) repository: GSE139085 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?
acc=GSE139085).
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Figure S1. MnSCs present higher amount of the oocyte-enriched proteins ASF1A and
SOX1S5 than hADFs. Related to Figure 1.

A. hADF, MnSC and AOX150SK-iPSCs from same three different donors were lysed, total
protein SDS-PAGE and western blot against SOX15 (A) and ASFIA (D) and loading control
GAPDH was performed. B. Quantification of band pixel intensity relative to GAPDH, showed
significant increment on SOX15 (B) and ASFIA (E) presence in MnSC over hADF with iPSC
showing the highest expression. Data correspond to the average of 3 independent experiments
(three different MnSCs and hADFs) done in duplicate (***P<0.001 T-Test significance value).
C. Immunocytochemistry analysis of SOX15 expression on MnSC, hADFs and OSK-iPSCs from
three different donors showing different intensities of SOX15 nuclear staining. Representative
fluorescence microscopy images using identical exposition time for all cell types (Scale bar= 30

um).
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Figure S2. Early effect of OSK and AOX15 overexpression on MnSC. Related to Figure 3.

A. OSK and AOX15 reprogramming factors overexpression reduces MnSCs proliferation rate.
Two days after specific factor combination overexpression, 25.000 MnSCs were plated for
proliferation/viability MTT assay. Cells were recovered 1, 4, 5, 6 and 8 days after, to measure
570nm absorbance reflecting number of viable cells (MTT assay). Average relative absorbance +
SEM (relative to day 1) are represented. Data correspond to the average of 3 independent
experiments (three different MnSCs) done in duplicate, ***P>0.001, **>0.05, *>0.01 T-Test
significance value compared to MnSC-GFP

B,C. Expression of markers for MET/cell adhesion during reprogramming. MnSCs where
transduced using specified factors combination and seeded into MEF cells for reprogramming.
10 days (B) and 18 days (C) after transduction total mRNA was used for qRT-PCR analysis of
MET markers (CDH1, CDH3, LEFTY, OCLN), EMT markers (CDH2, ZEB1, ZEB2 and
SNAILT1) and SOX15 expression. Mean values (n=3 from different donors) = SEM are plotted
indicating expression of the specific gene normalized to GAPDH/Actin relative to MnSC-GFP
expression at the specified time point, which was arbitrarily assigned a value of 0, in a
logarithmic scale.
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Figure S3. iPSC lines pluripotency characterization. Related to Figure 4.

Representative immunofluorescence image of pluripotent markers on OSK and AOX15 iPSC
colonies derived from three different MnSC donors shows similar staining pattern (Scale bar=
100 um). B. High-resolution G-banded karyotypes. Representative four clones of fully
reprogrammed OSK and AOX15 iPSCs from MnSCs from four different donors showing normal
karyotype. C. Transgen silencing after AOX15 reprogramming. Quantitative PCR for expression
of retroviral transgenes in three AOX15-1PS cell lines, MnSCs control, and MnSCs 7 days after
the transduction with the three retroviral vectors (hADF-AOX15-7d). Mean values (n=3) + SEM
are plotted indicating expression of the specific gene normalized to GAPDH/Actin relative to
MnSC expression, which was arbitrarily assigned a value of 0, in a logarithmic scale.
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Figure S4. iPSC characterization: in vitro and in vivo differentiation capacity. Related to
Figure 4.

A. gRT-PCR data showing uprelugation of differentiation markers GATA4 and AFP
(endoderm), RUNX1 and BRACHURY (Mesoderm) and NCAM and PAX6 (ectoderm), and
downregulation of pluripotency markers (OCT3/4, NANOG, SOX2 AND HTERT) and SOX15
at day10 of in vitro spontaneous differentiation protocol. Embryo bodies (EB) were derived from



OSK and AOXI15 iPSCs. Average folding change expression values £ SEM (relative to
undifferentiated iPSCs) are represented (logarithmic scale).

B. Representative image of immunocytochemistry analysis of specific markers of mesoderm
(Brachyury), endoderm (GATA4), and ectoderm (Nestin) differentiation after spontaneous
differentiation of each iPSC line (Scale bar= 30 pum).

C. Inmunohistochemistry of specific embryonic layers lineage markers on hematoxylin and eosin
stained sections of representative matured OSK- and AOX15-iPS-derived teratomas exhibiting
characteristic structure of intestinal epithelium (endoderm), cartilage (mesoderm) and neural
epithelium (ectoderm)(Scale bar= 100 um).



TRANSPARENT METHODS

Experimental Model and Subject

Cell Culture

H9 and HI human ES (from Wiicell) and generated iPS cells were cultured in standard human
ES cell culture medium (DMEM/F12 containing 20%KSR, 10ng/ml of human recombinant basic
fibroblast growth factor (bFGF), 1xNEAA, 1xL-Glutamine, 5.5mM 2-ME, penicillin and
streptomycin. ES cells and iPS cells were cultured on top of mitomycin-C mouse fibroblasts and
picked mechanically as previously described (Gonzalez-Munoz et al., 2014). All cell lines were
regularly tested for mycoplasma using PCR validation (Venor GeM Classic, Minerva Biolabs)

and found to be negative.

Derivation of human adult somatic samples:

All samples were collected and processed after obtaining donors informed consent and with
clearances from Stem cell ethical committee and Review Board of the National Research Ethics
Service (PR-03-2018). All cultures were maintained at 37°C in a humidified atmosphere
containing 5% CO2. All experiments were performed in passage 2-4. The specific protocol

isolation for each cell type used is described below:

* Dermal fibroblasts (hADF) from biopsy samples: Primary skin fibroblasts were
obtained via a 4-mm full-thickness skin punch biopsy from the surface of the upperback of the
healthy volunteers. Cultured outgrowths appeared after 7-14 days. hADF were culture in DMEM
containing 10%FBS, 1XNEAA, 1xL-Glutamine, penicillin and streptomycin (Byrne et al., 2009).

« hBM-MSCs were obtained from bone marrow of healthy volunteers according to
published protocols (Casado-Diaz et al., 2008). Briefly, human bone marrow (BM) was aspirated
from the iliac crest of healthy donors. Mononuclear cells were separated using the Ficoll
hypaque (Sigma) gradient method. The cells were seeded at a density of 15 x 10%/cm? in alpha-
minimum essential medium (a-MEM) supplemented with 2 mM L-glutamine, 15% fetal bovine
serum (FBS) (BioWhittaker, Switzerland), 100 U/ml Penicillin, 0.1 mg/ml Streptomycin
Streptomycin and 1 ng/ml of fibroblast growth factor-basic (FGF-b, Peprotech EC, London,



UK). Cells were allowed to adhere for 48 h and non-adherent cells were washed out with
phosphate-buffer saline (PBS) 100 mM pH 7,4 (Sigma-Aldrich, St Louis, MO). After 48 h, o-
MEM supplemented with 10% FBS and 1 ng/ml FGF-b was added twice weekly. All cultures

were maintained at 37°C in a humidified atmosphere containing 5% CO2.

* MnSCs were obtained from menstrual blood of healthy volunteers at the peak of flow.
Cells were centrifuged and submitted to the Ficoll (Histopaque 1077-Sigma) gradient according
to the manufacturer’s instructions. Mononuclear cells were culture in DMEM-F12 containing
10%FBS, 1xXNEAA, 1xL-Glutamine, penicillin and streptomycin (Byrne et al., 2009).
All cell lines were regularly tested for mycoplasma using PCR validation (Venor GeM Classic,

Minerva Biolabs) and found to be negative.

Method Details

Vectors

The ¢cDNAs encoding hSOX15 (purchased from Open Biosystems) were subcloned into self-
inactivating retroviral bicistronic vector pMX-GFP (Cell Biolabs, INC) using Notl and EcoRI
restriction sites. DNA vectors pMX-GFP, pMX-OCT4, pMX-SOX2, pMX-KLF4 and pMX-
cMYC (h.sapiens) were purchased from Addgene and pMX-ASF1A vector has been previously
described by our group (Gonzalez-Munoz et al., 2014).

Cell Culture

H9 and H1 human ES (from Wiicell) and generated iPS cells were cultured in standard human
ES cell culture medium (DMEM/F12 containing 20%KSR, 10ng/ml of human recombinant basic
fibroblast growth factor (bFGF), 1xXNEAA, 1xL-Glutamine, 5.5mM 2-ME, penicillin and
streptomycin. ES cells and iPS cells were cultured on top of mitomycin-C mouse fibroblasts and
picked mechanically as previously described (Gonzalez-Munoz et al., 2014). All cell lines were
regularly tested for mycoplasma using PCR validation (Venor GeM Classic, Minerva Biolabs)

and found to be negative.

Production of viral supernatants




For retrovectors, Hek293T cells were plated at 90% cell confluence in 10-cm dish. The next day,
cells were transfected with 10ug viral vector, 7ug Gag-Pol vector (Addgene) and 3ug VSV-G
plasmid (Addgene) using polyethylenimine method. Supernatant was collected 24 h and 48 h
post-transfection and filtered through 45-mm pore size filters. Tittering was performed on
Hek293Ts. 5 ml of unconcentrated viral supernatant was used to transduce 25,000 cells in the

presence of 4pug/ml polybrene.

Reprogramming Assays

Low passage (passage 2-4) hADFs, BM-MSCs and MnSCs were seeded at 100.000 cells/well
and transduced with retroviral supernatants encoding OSKM factors (pMX-OCT4, pMX-Sox2,
pMX-KLF4 and pMX-cMYC), OSK or AOX15 (pMX-OCT4, pMX-ASF1A, pMX-SOX15) in

the presence of 4 pg/ml polybrene. 24 hours later cells were replated onto six-well plates on a
feeder layer of mitomycinC-treated mouse embryonic fibroblasts (Millipore). Medium was
changed to hES medium daily. Colonies appear at day 18-28 after transduction. TRA-160+ iPSC
colonies where individually picked and expanded for at least 5 passages before the iPS lines
were confirmed positive for, Tra-1-60, SSEA-4 and NANOG by immunofluorescence. In all
fully reprogrammed iPSCs vector-encoded transgenes were found to be silenced. For AO9 and
AOX15-GDF9 iPSC generation we followed previously published protocol using 500nM GDF9
(Gonzalez-Munoz et al., 2014).

In vitro differentiation

* For hADF, MnSC and BM-MSC differentiation to adipogenic, osteogenic and
chondrogenic fate we used Human Mesenchymal Stem Cell Functional Identification Kit
(RnDsystems) according to the manufacturer's instructions for 21 days. Neural differentiation
was induced as described elsewhere (Delcroix et al., 2010; Hermann et al., 2006; Long et al.,
2005). Briefly cells were cultured in KnockOutTM DMEM/F-12 Basal Medium (Invitrogen, San
Diego, CA) supplemented with 20 ng/ml human epidermal growth factor (EGF, Peprotech,
London, UK), 20 ng/ml bFGF, StemPro NSC SFM Supplement (1: 50; Invitrogen, San Diego,
CA), and GlutaMAXTM-I Supplement (1:100; Invitrogen) at 37 C with 5 %CO2, for 7-10 days.



* Pluripotent cells spontaneous differentiation was induced as previously described [13]
by culturing ES cells as EBs in low attachment plates with hES media in the absence of bFGF
during 7 days. EBs were transferred to 0.1% gelatin-coated dishes and cultured in differentiation
medium (KO DMEM supplemented with 10% fetal bovine serum, 1x MEM nonessential amino
acids, 2mML-glutamine, and 50uM-mercaptoethanol) up to 7 days. For the generation of neural
precursors from pluripotent cells we followed our previous published protocol (Chang et al.,
2010).

* iPSCs differentiation into pancreatic progenitors and into cardiomyocytes was done
using the STEMdJiff Pancreatic Progenitor kit and the the STEMdiff™ Cardiomyocyte
Differentiation Kit (STEMCELL Technologies) respectively, according to the manufacturer's
instructions. Tissue culture was carried out in 5% CO2 at 37°C.

* For PGC differentiation, we used validated protocol (Kee et al., 2009; Leng et al.,
2015)with slight modifications. Briefly, iPS cells were detached from the feeder layers and
suspended for 24 h in hES medium without bFGF to form embryoid bodies (EB). For primordial
germ cells (PGCs) differentiation, EBs were initially cultured in DFSR (DMEM/F12
supplemented with 15% (v/v) knockout serum replacer medium 2 mM Il-glutamine, 2 mM
nonessential amino acids, 0.1 mM B-mercaptoethanol) containing 30 ng/ml Wnt3a (2324-WN;
R&D, Minneapolis, MN, USA) for 24 h, and then the medium was changed to hES medium
supplemented with 100 ng/ml bone morphogenetic protein 4 (BMP4, 314-BP; R&D,
Minneapolis, MN, USA) for another 24 h. Subsequently, the EBs were plated on Matrigel-coated
6-well plates and cultured in DFSR medium containing 100 ng/ml BMP4. The medium was
replaced every other day in the subsequent 14-day differentiation.

Animals

For teratoma analysis, NOD-SCID immunodeficient mice had been transferred from the Jackson
Laboratories and housed and bred under the care of the animal house of Biobanco del Sistema
Publico Andaluz (BSSPA). Subcutaneous injection of iPS cells was performed under the ethical
guidelines of Bionand committe according to protocols approved by Andalusian Regional
Animal Research Committee. After four weeks, tumors were sectioned and processed for
histological analysis (haematoxylin and eosin staining and germ layer-specific antibody

detection)



Proliferation assay

They were performed using MTT assay (M2128 Sigma) according to manufacturers instructions.
MnSCs were plated at a density of 25.000 cells/24 well plate, and 570nm absorbance was

measured at the days indicated using a microplate reader. Experiments were done in triplicates.

gqRT-PCR assay

RNA was isolated using RNeasy kit (Qiagen) according to manufacturer’s protocol. First-strand
cDNA was primed via oligodT oligonucleotides and RT-PCR was performed with primer sets
described at key resource table. For quantitative RT-PCR, brilliant SYBR green (Biorad) was
used.

To determine differences in EB differentiation capacity, we used the Thermofisher's Tagman
hPSC Scorecard Panel array (Bock et al., 2011). The array derives an algorithmic comparison of
input pluripotent and EB differentiated iPSCs to its reference set of data that is comprised of the
methylation status of genes and their expression levels found in (differentiated/undifferentiated)

20 ESC and 12 iPSC.

Immunostaining
Cells were fixed in 4% (w/v) paraformaldehyde (Sigma-Aldrich) in PBS for 15 min and blocked
in 5% goat serum with 0.3% (v/v) Triton-X-100 (Sigma-Aldrich) for 1 h. Blocking buffer:PBS

(1:2) was used to dilute primary antibodies (listed above). Secondary antibodies coupled to
fluorescent dies (Life Technolgies) were incubated at room temperature for 45 min at 1:500.
Nuclei were stained with either Hoechst 33342 (Thermo Scientific) or 4,6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich). Fluorescence images were acquired using a Leica SP5 11

confocal system or a Leica 6000B epifluorescence microscope.

Flow cytometry

After differentiation into cardiomyocytes or pancreatic progenitors, cells were dissociated with
TrypLE Select (Gibco) for 5-10 min and neutralized with DMEM containing 10% foetal bovine
serum. Thereafter, the cells were fixed with 4% (w/v) paraformaldehyde for 30 min at 4°C.

Then, the fixed cells were stained with the cardiac troponin T (c¢Tnt), or normal mouse IgG



(Santa Cruz Biotechnology, Inc.) in perm/wash buffer (Becton Dickinson). Intracellular staining
of PDX-1 required cell permeabilization (Cytofix/Phosflow™ perm buffer III, Becton
Dickinson, BD, Franklin Lakes, NJ, USA). Alexa Fluor 488-conjugated donkey anti-mouse IgG
(Life Technologies) was used as a secondary antibody. The stained cells were analyzed using a

flow cytometer (Beckman Coulter Gallios). Data were analyzed using Kaluza Beckman Coulter.

Co-immunoprecipitation and western blot assay

Two million MnSCs transduced with the different factors were used for each
immunoprecipitation assay 72 hours after transduction. For SOX15 immunoprecipitation, cell
pellets were washed twice with PBS before cell lysis. For immunoprecipitation, 1 mg of cell
lysate (200 pl) was diluted to 500 pl in lysis buffer M-PER® Mammalian Protein Extraction
Reagent (Thermo Scientific) containing protease inhibitors and incubated with 5ul of sheep anti-
SOX15 or equivalent amount of sheep IgG overnight at 4°C. Following overnight incubation
stable complexes were affinity purified by incubation with 50 ml of Protein-G dynobeads
(Invitrogen-Life Technologies) for 6 hours at 4°C. Beads bound to immunoprecipitated
complexes were washed once in lysis buffer and twice in PBS. Bound proteins were eluted from
the beads by boiling in 2X Laemmli buffer and size fractionated using SDS-PAGE. Desired
protein was detected by Western blot analysis using an affinity purified antibody. For SOX1S5,
ASF1A and GAPDH western blot cells were washed with ice-cold PBS and lysed in 1% Igepal
buffer (50 mM HEPES pH 7.4, 10 mM EDTA, 150 mM NacCl, 10 mM sodium pyrophosphate,
100 mM sodium fluoride, 1 mM sodium vanadate and a tablet of C-complete (Roche) protease
inhibitor cocktail. After centrifugation at 12,000 x g for 15 min, 100ug of protein supernatant
was resuspended in Laemmli SDS-DTT sample buffer for western blot analysis using the

specific antibodies.

Gene Expression Analysis

Global gene expression profiles of somatic and pluripotent cells were obtained using Illumina
Human HT-12 v4.0 Expression BeadChip (San Diego, CA) covering well-characterized genes,
gene candidates, and splice variants with over 47,000 probes. Raw data were exported from
[Nlumina GenomeStudio to an R session. Limma package (Ritchie et al., 2015) was used to

correct the background with the NormExp method (McGee and Chen, 2006) and to apply



quantile normalization. Probes with detection P-value > 0.05 in at least 5 % of samples were
removed. The expression of those genes with more than one probe was calculated as the median
value of all their probes.

Differential gene expression analysis was done applying linear models implemented limma
(Ritchie et al., 2015). For each comparison we selected those genes with P-value adjusted by
False Discovery Rate (FDR) < 0.05 and absolute log fold change (FC) > 2. Euclidean distance
measure and the complete agglomeration method were used to perform the hierarchical
clustering.

Gene Ontology (GO) analysis was done using The Gene Ontology Resource (GO-enrichment
analysis, which indentified biologically-relevant categories that are over-represented in the input
gene set (Ashburner et al., 2000; The Gene Ontology, 2019). EASE identifies GO categories in
the input gene list that are over-represented using jackknife iterative resampling of Fisher exact
probabilities, with Bonferroni multiple testing correction. The "EASE score" is the upper bound
of the distribution of Jackknife Fisher exact probabilities, which is a significance level with
smaller EASE scores indicating increasing confidence in overrepresentation. We picked GO
categories that have EASE scores of 0.05 or lower as significantly over-represented. Pathway
analysis was done using Ingenuity Software Knowledge Base (IKB), (Redwood City, CA) to
identify pathways that are significantly activated for a given input gene list. The association P-
value between an input gene list and a known pathway is calculated using right-tailed Fisher

Exact Test. We picked pathways that had a FDR < 0.05.

Global gene expression profiles of somatic cells five days after specific combination transduction
were obtained after RNA extraction and quality analysis (Bioanalyzer 2100-Agilent). cDNA was
synthesized, labelled with biotin and hybridized with independent Human Clarion-S Microarrays
(Affymetrix) following Affymetrix protocol. Microarrays were scanned with Affymetrix
GeneChip Scanner 7G, and the obtained data were analyzed with Affymetrix ® GeneChip®
Command Console® 2.0 software. The microarray expression dataset is publicly available at the
GEO repository. Further analyses were performed using the Transcriptome Analysis Console

(TAC, Affymetrix) v4.0 10 software and R version 3.5.0.

Methylation analysis.




DNA was purified (QIAGEN Gentra Puregene Cell Kit), quantified (Qubit dSDNA BR Assay
Kits, Life Technologies) and bisulphite-converted (EZDNA Methylation Kit, Zymo Research)
according to the manufacturer’s protocol. Bisulphite-converted DNA was hybridized to the
Infintum HumanMethylation 450K beadchip (Illumina) and scanned on a HiScan (Illumina). All
samples passed GenomeStudio (Illumina) quality-control steps based on built-in control probes.
Data obtained from our eleven samples were combined with four MSC (1-4), four hADF and
three BM-MSC cell lines and five iPS cell lines from each MnSC donor for each reprogramming
method OSK or AOX15 and 3 cell hESC lines for hierarchical clustering. We performed
processing, normalization and differential methylation analysis using the statistical programming
language R (http://www.r-project.org/) and the R package RnBeads (Assenov et al., 2014) with
default parameters. Global DNA methylome analysis was performed at CpG level.

Violin plots showing global methylation patterns for each population were generated with
geplot2 R package (Wickham, 2009) averaging the methylation values from all samples of each
population. To test if differences in these global methylation patterns are statistically significant

we used GAMP R package (Zhao et al., 2015).

Quantification and statistical analysis

Statistical analyses were performed in GraphPad Prism 7 using Student’s t test or a one-way
ANOVA with TUKEY post hoc test where appropriate. Significance and the value of replicates
used are indicated in each figure legend *p < 0.05; **p < 0.01, ***p<0.005. The data are

presented as the mean + SEM.

Key Resources Table:

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

goat anti-OCT4 (IF assays) Santa Cruz Cat#tsc-8628
Biotechnology

mouse anti-OCT4 (Wb assays) Santa Cruz Catttsc-5279
Biotechnology

rabbit anti-NANOG Santa Cruz Cat#sc-33760
Biotechnology




rabbit anti LIN-28 Santa Cruz Catfsc-67266
Biotechnology

mouse anti Brachyury Santa Cruz Catfsc-166962
Biotechnology

mouse anti-GATA4 Santa Cruz Cat#sc-25310
Biotechnology

mouse anti-KLF4 Santa Cruz Cat#sc-393462
Biotechnology

rabbit anti SOX15 (IF assays) Santa Cruz Cat#tsc-20101
Biotechnology

mouse anti TpnT Santa Cruz Cat#tsc-20025
Biotechnology

mouse anti PDX1 Santa Cruz Cat#sc-390792
Biotechnology

rabbit anti-ASF1A Cell Signalling Cat#2990
Technology

sheep anti SOX15 (IP and Wb assays) R&D Systems Cat#af4070

rabbit anti-SOX?2 Abcam Cat#AB5603

rabbit anti-DDX4 (VASA Abcam Cat#ab13840

mouse anti Nestin Abcam Cat#ab22035

mouse anti-TRA-1-60 Chemicon/Millipore Cat#MAB4360

mouse anti TRA-1-60 StainAlive STEMGEN Cat#09-0068

mouse anti-b-ACTIN Sigma-Aldrich Cat#A5316

rabbit anti GAPDH Cusabio Cat#CSB-

PA00025A0RD

rabbit anti PAX-6 Biolegend Cat#901301

mouse anti Tujl Covance Cat#tMMS-435P

mouse anti-SSEA4 Developmental Studies Cat#MC-813-70
Hybridoma bank (Iowa)

rabbit anti-PRMTS5 Sigma-Aldrich Cat#07-405

rabbit anti-AFP Agilent-DAKO Cat#IR500

rabbit anti-aSMA Agilent-DAKO Cat#IR611

Alexa Fluor® 488 donkey anti mouse IgG (H+L) Life Technologies Cat#A21202

Alexa Fluor® 488 donkey anti rabbit I[gG (H+L) Life Technologies Cat#A21206

Alexa Fluor 555 donkey anti-rabbit IgG (H+L) Life Technologies Cat#A31572

Alexa Fluor 555 donkey anti-mouse IgG (H+L) Life Technologies Cat#A31570

Alexa Fluor® 488 donkey anti-goat [gG (H+L) Life Technologies Cat#A11055

Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L) Jackson Cat#111-035-144
InmunoResearch

Peroxidase AffiniPure Goat Anti-Mouse IgG (H+L) Jackson Cat#115-035-003
InmunoResearch

Bacterial and Virus Strains

pMXs-GFP Cell Biolabs, INC Cat#RTV-053
pMXs-hOCT4 (Takahashi et al., 2007) | Addgene-Cat#17217
pMXs-hSOX2 (Takahashi et al., 2007) | AddgeneCat#17218
pMXs-hKLF4 (Takahashi et al., 2007) | AddgeneCat#17219
pMXs-hcMYC (Takahashi et al., 2007) Addgene Cat#17220




pMXs-hASF1A (Gonzalez-Munoz et al., | Supplied after request
2014)

pMXs-SOX15 This work N/A

gag/pol (Reya et al., 2003) Addgene Cat#14887

pCMV-VSV-G (Stewart et al., 2003) Addgene Cat#8454)

Chemicals, Peptides, and Recombinant Proteins

KO DMEM Thermo Fisher Scientific | Cat#10829018

Alpha-minimum essential medium (a-MEM) Sigma Aldrich Cat#M4526-500ML

DMEM/F12 Thermo Fisher Scientific | Cat#11320-082

MEM Non-Essential Amino Acids Solution (100X) Thermo Fisher Scientific | Cat#11140068

L-Glutamine Thermo Fisher Scientific | Cat# 21051024

Penicillin-Streptomycin Thermo Fisher Scientific | Cat# 15070063

2-mercaptoethanol Thermo Fisher Scientific | Cat# 21985023

Fetal Bovine Serum, Regular (Heat Inactivated)

Corning

Cat# 35-011-CV

KO-Serum Replacement

Thermo Fisher Scientific

Cat# 10828028

2-mercaptoethanol Thermo Fisher Scientific | Cat# 21985023
Recombinant human basic FGF-premium grade MACS-Miltenyi Biotec | Cat#130-093-843
Y-27632 Tocris Biosciences Cat# 1254
Matrigel hESC-qualified matrix Corning Cat# 354277
Recombinant Human Wnt-3a Protein R&D Systems Cat#:5036-WN
Recombinant Human BMP-4 Protein R&D Systems Cat#:314-BP/CF
STEMdiff™ Cardiomyocyte Differentiation Kit STEMCELL Cat #05010
Technologies
STEMdiff™ Pancreatic Progenitor Kit STEMCEL.L Cat#05120
Technologies
Gelatin Solution Sigma-Aldrich Cat#G1393
Human Mesenchymal Stem Cell Functional Identification Kit | R&D Systems Cat#SC006
Epidermal growth factor (EGF) Peprotech Cat#AF-100-15
StemPro NSC SFM Supplement Life Technologies Cat#A 1050901
GDF9 human recombinant Sigma-Aldrich Cat#SRP4872

Accutase solution

Sigma-Aldrich

Cat# A6964-100ML

Polybrene Sigma-Aldrich Cat#H9268-10G
Venor GeM Classic Minerva Biolabs Cat#11-1050
Histopaque 1077 Sigma-Aldrich Cat#10771-100ML
Ficoll hypaque Sigma-Aldrich Cat#GE17-1440-02

N-2 Supplement (100X)

Thermo Fisher Scientific

Cat# 17502048

B-27 Supplement (50X), minus vitamin A

Thermo Fisher Scientific

Cat# 12587010

GlutaMAX™ Supplement Gibco-ThermoFisher Cat# 35050061
Lysis buffer M-PER® Mammalian Protein Extraction Reagent | Thermo Scientific Cat# 78501
Dynabeads Protein G Life Technologies Cat#:10004D
Sheep IgG Isotype Control Thermo Fisher Scientific | Cat# 31243
cOmplete™ Protease Inhibitor Cocktail MERCK Cat#11697498001
Igepal (Nodidet P40 subsitute) MERCK Cat#11332473001
DAPI Sigma-Aldrich Cat#D9542

RIPA Sigma-Aldrich Cat#:R0278

BSA Sigma-Aldrich Cat#:A4503




Paraformaldehyde

Electron Microscopy
Sciences

Cat#:15710

DPBS

Corning

Cat#:21-031-CM

Donkey Serum

Equitech-Bio

Cat#:SD30-0500

Triton X-100

Fisher Scientific

Cat#:BP151-500

Normal Donkey Serum Sigma Aldrich Cat#D9663
Critical Commercial Assays
SYBR Green PCR Master Mix Applied Biosystems Cat#4309155
BCA Assay Thermo Fisher Cat#23227
QIAGEN Gentra Puregene Cell Kit QIAGEN Cat#: 158388
RNeazy Mini Plus Kit QIAGEN QIAGEN Cat# 74136
Qubit dsDNA BR Assay Kits Life Technologies Cat#Q32853
EZDNA Methylation Kit Zymo Research Cat#D5003
Human Clarion-S Microarrays Affymetrix Applied Biosystems Cat#902927
[llumina Human HT-12 v4.0 Expression BeadChip Illumina Cat#Human HT-12
v4.0
Infinium HumanMethylation 450K beadchip (Illumina) Illumina Cat#tWG-314-1003
MTT assay Sigma Aldrich Cat#M2128
Deposited Data
GSE139085 and a
RNA-array of hADFs, MnSCs, BM-MSCs, hESCs, OSK- This paper temporal private token
iPSCs, and AOX15-iPSCs mvoliyssxrkjdgd
methylation-arrays of hADFs, MnSCs, BM-MSCs, hESCs, This paper GSE139085 and a
OSK-iPSCs, and AOX15-iPSCs temporal private token
mvoliyssxrkjdgd
Experimental Models: Cell Lines
Human: HEK293T/17 cells ATCC Cat# CRL 11268; RRID: Human: HEK293T/17
CVCL 1926 cells ATCC Cat# CRL
Human: Passage 33 and 67 H9 human ES WiCell Research Cat#WAO09
Institute
Human: Passage 40 Hlhuman ES WiCell Research CattWAO1
Institute
Human female donor 01: adult dermal fibroblasts_donor-01 This study hADF-01
Human female donor 02: adult dermal fibroblasts donor-02 This study hADF-02
Human female donor 03: adult dermal fibroblasts donor-03 This study hADF-03
Human female donor 04: adult dermal fibroblasts_donor-04 This study hADF-04
Human female donor 01: adult menstrual derived stromal This study MnSC-01

cells_donor01




Human female donor 02: adult menstrual derived stromal This study MnSC-02
cells_donor02
Human female donor 03: adult menstrual derived stromal This study MnSC-03
cells_donor03
Human female donor 04: adult menstrual derived stromal This study MnSC-04
cells_donor04
Human female donor 01: adult bone marrow mesenchymal This study BM-MSC-01
stem cells_donor0O1
Human female donor 02: adult bone marrow mesenchymal This study BM-MSC-02
stem cells_donor02
Human female donor 03: adult bone marrow mesenchymal This study BM-MSC-03
stem cells_donor03
OSK-iPSC-01,-02,-03,-04 (from MnSC -01 to -04) passage This study N/A
25-28
AOX15-iPSC--01,-02,-03,-04 (from MnSC -01 to -04) This study N/A
passage 25-28
Experimental Models: Organisms/Strains

Charles River NOD.CB17-
NOD SCID Mouse Congenic Immunodeficient Prkdescid/NCrCrl
Oligonucleotides

Forward Reverse
SOX15 cloning ggcgctttgTTTAAACCCggCACCATgGC | GGCCGAAGGGTTTAAAccctcaG
GCTACCAGGCTCCTCACA AGGTGGGTTAGGGGCATGG
RT POUSF1 endog CCTCACTTCACTGCACTGTA CAGGTTTTCTTTCCCTAGCT
RT POUSFI transgene CCCCAGGGCCCCATTTTGGTACC CTTCCCTCCAACCAGTTGCCCC
AAAC

RT POUSFI GGTTCTATTTGGGAAGGTAT CATGTTCTTGAAGCTAAGC
RT ASF1A transgene TTTAAACCCggCACCatggca GCATCTGCATCTGGAATGAG
RT ASF1A CCGCAGGAAGGCATATGTT GCATCTGCATCTGGAATGAG
RT SOXI15 transgene CCggCACCATgATGGCGCTACCAG GAGCTCCACACCATGAACG
RT SOXI15 CCCATGCTACTCGACAGCCTACAG TGGAGCCTAGGGTCACTCTG
RT-ACTIN TGAAGTGTGACGTGGACATC GGAGGAGCAATGATCTTGAT
RT-GAPDH ATGGAAATCCCATCACCATCTT CGG CCC ACT TGA TTT TGG
RT-TBP CGGCTGTTTAACTTCGCTTC CACACGCCAAGAAACAGTGA
RT-hTERT TGTGCACCAACATCTACAAG GCGTTCTTGGCTTTCAGGAT
RT-hGDF3 AAATGTTTGTGTTGCGGTCA TCTGGCACAGGTGTCTTCAG
RT-SOX2 CCCAGCAGACTTCACATGT CCTCCCATTTCCCTCGTTTT
RT-KLF4 GATGAACTGACCAGGCACTA GTGGGTCATATCCACTGTCT
RT-DNMT3B ATAAGTCGAAGGTGCGTCGT GGCAACATCTGAAGCCATTT
RT-NANOG TACCTCAGCCTCCAGCAGAT TCTGGAACCAGGTCTTCACC




RT-REX1 CCCACAGTCCATCCTTACAGAGTT GGG ACT TTG CCC CCA AAC
RT-DPPA3 GTTACTCGGCGGAGTTCGTA TGAAGTGGCTTGGTGTCTTG
RT-RUNX1 CCCTAGGGGATGTTCCAGAT TGAAGCTTTTCCCTCTTCCA

RT- BRACHYURY

ACCACCGCTGGAAATATGTGAACG

AACTCTCACGATGTGAATCCGA
GG

RT-NESTIN CAGCGTTGGAACAGAGGTTGG TGGCACAGGTGTCTCAAGGGT
AG

RT-AFP AGCTTGGTGGTGGATGAAAC CCCTCTTCAGCAAAGCAGAC

RT-NCAM ATGGAAACTCTATTAAAGTGAACCT | TAGACCTCATACTCAGCATTCC

G AGT

RT-PAX6 CGGAGTGAATCAGCTCGGTG CCGCTTATACTGGGCTATTTTG
C

RT-GATA4 CTCTACATGAAGCTCCAC CTGCTGGTGTCTTAGATT

RT-NKX2.5 ACCCTGAGTCCCCTGGATTT TCACTCATTGCACGCTGCAT

RT-oMHC TCTCCGACAACGCCTATCAGTAC GTCACCTATGGCTGCAATGCT

RT-MEF2C TAACTTCTTTTCACTGTTGTGCTCCT | GCCGCTTTTGGCAAATGTT

T

RT-MLC2A CAGGCCCAACGTGGTTCTT CCATCACGATTCTGGTCGATAC

RT-PDX1 CGTCCAGCTGCCTTTCCCAT CCGTGAGATGTACTTGTTGAAT
AGGA

RT-NKX6.1 GGGCTCGTTTGGCCTATTCGTT CCACTTGGTCCGGCGGTTCT

RT-SOX9 GACCAGTACCCGCACTTG GCTCTCGTTCAGAAGTCTC

RT-HNFo6- GGACCTCAAGATAGCAGGTTTAT CAGAATGCAGGTGAGCTAAGT

RT-FOXA2- GGGAGCGGTGAAGATGGA TCATGTTGCTCACGGAGGAGTA

RT-VASA GATGTTCCTGCATGGTTGGA CCATGACTCATCATCTACTGGA

RT-bLIMP/PRMD1 TTCTTGTGTGGTATTGTCG TCTCTTTGGGACATTCTTT

RT-DAZL ACACTGAAACTTATATGCAGCC CGGAGGTACAACATAGCTCCTT

RT-Stella GGAGTTAAGAAGGAATCA AAGATTTATGGCTGAAGT

RT-DMRT]1 CTTGGAGTAACAGGCTTATTC CGTTCTCAACAGTTAAGATAGT
AT

RT-NANOS3 CTACACCTCCGTCTACAG GTGTCTTCGCCTTGTCAG

RT-PRMTS5 TTAATCAGGAAGATAACACca GCATTCTCAATTATATCATCtct

Recombinant DNA

c¢DNAs encoding human SOX15

Open Biosystems

Cat# IHS1380-
97434272

Software and Algorithms

Affymetrix ® GeneChip® Command Console® 2.0 software

Fisher)

Affymetrix (Thermo N/A

R package limma v3.32.3

(Ritchie et al., 2015)

https://bioconductor.or
g/packages/release/bio
¢/html/limma.html

R package RnBeads

(Assenov et al., 2014)

https://bioconductor.or
g/packages/release/bio
c/html/RnBeads.html




Ggplot2 R package

(Wickham, 2009)

https://www.biocondu
ctor.org/packages/deve
1/bioc/vignettes/sights/i
nst/doc/sights.html

GAMP R package

(Zhao et al., 2015).

http://bioconductor.org
/packages/release/bioc/

html/methylPipe.html
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