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An Appearance Data-Driven Model Visualizes Cell State
and Predicts Mesenchymal Stem Cell Regenerative Capacity

Di Wu, Lu Zhao, Bingdong Sui, Lingping Tan, Lu Lu, Xueli Mao, Guiging Liao,
Songtao Shi, Yang Cao,* Xiaobao Yang,* and Xiaoxing Kou*

Mesenchymal stem cells (MSCs) are widely used in treating various diseases.

However, lack of a reliable evaluation approach to characterize the potency
of MSCs has dampened their clinical applications. Here, a function-ori-
ented mathematical model is established to evaluate and predict the regen-
erative capacity (RC) of MSCs. Processed by exhaustive testing, the model
excavates four optimal fitted indices, including nucleus roundness, nucleus/
cytoplasm ratio, side-scatter height, and ERK1/2 from the given index combi-
nations. Notably, three of them except ERK1/2 are cell appearance-associated
features. The predictive power of the model is validated via screening experi-
ments of these indices by predicting the RC of newly enrolled and chemical
inhibitor-treated MSCs. Further RNA-sequencing analysis reveals that cell
appearance-based indices may serve as major indicators to visualize the
results of integration-weighted signals in and out of cells and reflect MSC
stemness. In general, this study proposes an appearance data-driven predic-
tive model for the RC and stemness of MSCs.

1. Introduction

in a variety of human tissues, including
bone-marrow (BMMSC), adipose tissue
(ASC), umbilical cord (UCMSC), gin-
giva (GMSC), cartilage tissue (CMSC),
skin tissue (SSC), dental pulp (DPSC),
and others, respectively. MSCs have self-
renewal capabilities, and they are multipo-
tent cells that can differentiate into several
tissue-specific lineages, including osteo-
blasts, chondrocytes, adipocytes, hepato-
cytes, myocytes, and neuron-like cells
among others.[!

MSCs possess potent and broad thera-
peutic potential. There are currently over
1300 clinical trials reported worldwide
at ClinicalTrials.gov, which apply trans-
planted MSCs to treat different diseases,
including bone/cartilage repair, graft-
versus-host disease, systemic lupus ery-
thematosus, diabetes, as well as in regen-

erative medicine. An even greater translational promise is now

achieving with MSCs becoming a growing global industry. The

Mesenchymal stem cells (MSCs) are plastic-adherent, fibro-
blast-like, nonhematopoietic progenitor cells, which are present

criteria for defining multipotent stem cells and the guidelines
for clinical translation of human MSCs have been reviewed and
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revised constantly with a deeper understanding of the charac-
teristics of human MSCs.lZl However, the therapeutic efficacy of
MSCs in the different donor batches or scales of clinical trials
was always not quality-controlled, which hinders efficient trans-
lational application.’l Furthermore, MSCs are heterogenous
cells reflected by cell morphology and functional properties.
The heterogeneity of MSCs constitutes an important barrier
to MSC-based clinical use at multiple levels, including but not
limited to donor variance, tissues from different sources, cell
passage numbers, differential cell isolation techniques, and
diverse cell culture and preservation conditions.’*¥ Current
guidelines for clinical translation of human MSCs recommend
that surrogate biomarkers related to target biological effects and
the methods of rapid tests used for quality control of stem cell
preparation should be proposed.

Recently studies have shown the correlation between cell
morphological signatures with the differentiation or immuno-
suppressive capacity of MSCs, which indicates that cell morpho-
logical signatures possess the possibility to predict the running
state of the cell system.l>®! Cellular morphological features were
modified by high-content imaging methodology or induced cell
differentiation with interferon-yto predict immunosuppressive
capacity or differentiation fate of BMMSCs.’l MSCs from bone
marrow were often selected as the only cell origin and cellular-
level morphological analysis was considered as the main predic-
tive parameter in previous studies. Nevertheless, considering
that MSCs contain information about the complex living cell
states, lack of a comprehensive understanding and deep evalu-
ation of them is one of the leading reasons for failure to break
through the bottleneck of current stem cell therapy.

In this study, we enrolled eleven different types of human
MSCs to profile their basic characteristics by screening thirty
biological indices. Processed by exhaustive testing, we construct
an appearance data-driven mathematical model that excavated
four indices, including nucleus roundness, nucleus/cytoplasm
ratio, side-scatter height, and ERK1/2 for evaluating in vitro
regenerative capacity (RC) of MSCs.

2. Results

2.1. Profiling Characteristics of Eleven Different Types
of MSCs by Screening Thirty Biological Properties

In order to develop a reliable and general evaluation model to
characterize the potency of different types of MSCs, we consid-
ered the heterogeneity of MSCs and enrolled eleven different
types of MSCs named Cell 1 to 11 based on three main aspects
that led to heterogeneity, including donor variance, tissues
from different sources, and different cell passage numbers.
Specifically, these MSCs are hGMSC, SHED, DPSC, hUCMSC,
and hSMSC from different donor sources, hLBMMSC and hASC
from commercial cell products, hGMSC from the same donor
with different passages, and SHED or hUCMSC from different
donors with the same Rlpassage (Figure 1A, see Table S1 of the
Supporting Information for MSC details). First, cellular mor-
phology is one of the significant indicators of cell status,>® the
morphological indicators (including cell area, cell roundness,
nucleus area, nucleus roundness, cytoplasm area, cytoplasm
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roundness, and the ratio of nucleus/cytoplasm) of eleven types
of MSC in a living cell state were automatically extracted from
images which were taken and analyzed using a high-content
imaging system (Figure 1B—H). Compared to the morphology of
dead MSCs after fixation (Figure S1A, Supporting Information),
most of the living stem cells were homogeneous fibroblastoid
cellular morphology with a smooth border and approximately
circular nucleus (Figure S1B,C, Supporting Information). Cell
proliferation rates were estimated by 5-ethynyl-20-deoxyuridine
(EdU) incorporation (Figure 1I; Figure S1D, Supporting Infor-
mation). The migration speed of label-free living MSCs was
also monitored by a high-content imaging system with a dig-
ital phase contrast model and calculated as the total migrated
distance divided by the duration of migration time, not rela-
tive displacement (Figure 1J). The relative displacement of all
MSCs migration is less than 10 um within 24 h (Figure S1E,
Supporting Information). Then, single-cell analysis of eleven
types of MSC physical properties and surface markers was
conducted by flow cytometry. All these eleven types of MSC
were positive for MSC surface markers CD73, CD90, CD105,
and CD 146 and negative for hematological markers CD34
and CD45 (Figure 1K-P; Figure S1F, Supporting Informa-
tion). Parameters of flow cytometry reflecting the relative size
and internal complexity of the suspension living cells were
collected and recorded as forward-scatter height (FSC-H) and
side-scatter height (SSC-H), respectively (Figure 1Q,R; Figure S1G,
Supporting Information). Finally, protein expression levels
of thirteen molecular signals essential for stem cell function,
including Tetl, phospho/total ERK1/2, Nanog, EZH2, Oct4,
YAP, phospho/total mTOR, Caveolin-1, Sox2, phospho/total
Smad3, active/total B-catenin, TAZ, and cleaved/total Notchl
were detected in eleven types of MSC by western blot and cal-
culated by relative expression levels to GAPDH (Figure 1S;
Figure S2A, Supporting Information).

To evaluate the RC of MSCs, the alizarin red staining of
mineralized nodules formation, and western blot analysis of
relative osteogenic lineage protein (ALP and Runx2) were per-
formed after osteogenic induction (Figure 1T,U). The RC values
of eleven types of MSC were calculated by average values of
alizarin red staining mineralized area percentages and osteo-
genic protein expression levels (Figure 1V).

2.2. Development of a Predictive Model
for RC-Valued Assessment

Based on the results described above, characteristics of the
eleven types of MSC were screened eligible and integrated
into a final dataset, which consisted of thirty different indices
being input x and actual RC values (RC;) being output y (see
Table S2, Supporting Information, for the raw data of x and y).
A given level of input x elicited corresponding output y indi-
cating predictive RC values (RCpeq). Our predictive equation
(Eq.) model was constructed by considering the set of indices
to reach the optimal fits. Specifically, eleven types of MSC were
divided randomly with a split ratio of 8:3 into eight MSCs in
the training set and the remaining three in the testing set. Rel-
evant values of all thirty indices corresponding to 20 training/
testing sets randomly selected from all sample-splitted

© 2022 Wiley-VCH GmbH
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Figure 1. Profiling mesenchymal stem cells (MSCs) from different sources by experimental screening of thirty biological indices. A) Schematic diagram
of the screening process. Eleven groups of MSCs, labeled as Cell 1 to 11, from different sources and stages, including bone marrow, adipose tissue,
umbilical cord, dental pulp, and others (see Table S1, Supporting Information, for MSC details), were enrolled for the experimental screening of thirty
biological indices. B-)) High-content imaging system-based screening of the morphology, migration speed, and proliferation of eleven MSCs (see
Figure S1 for details). K-R) MSC surface markers, forward-scatter height (FSC-H), and side-scatter height (SSC-H) analysis by single-cell analysis (see
Figure S1for details). S) Screening of protein expression of multiple molecular signals (see Figure S2 for details). T) Alizarin red staining of eleven MSCs
showing the capacity to form mineralized nodules after 12-day osteogenic induction. The upper right circles represent the entire field of alizarin red
staining. U) Western blot analysis of eleven MSCs showing the expression levels of the osteogenic lineage protein ALP and Runx2. GAPDH was used as
a protein loading control. V) Evaluation of the regenerative capacity (RC) of eleven MSCs. Alizarin red-positive area and osteogenic protein expression
were analyzed using Image] software (NIH). The results were shown as a percentage of alizarin red-positive area over the total area (red circles) and
relative density to the loading control (blue and purple circles), respectively. The RC value (RC,,,, black pentagrams) was calculated by average alizarin
red-positive area and osteogenic protein expression. For all violin plots presented, each dot represented one replicate (n > 6).

possibilities were calculated by fitting tests (Figure 2A). The
offset values were reduced with the increasing number of
explanatory variables x, which illustrated that increasing
explanatory variables from x, = 1to 5 improved the Eq. model
fit quality (Figure 2B). However, if the number of explanatory
variables was over half of the training set, in this case, x, > 5,
the model easily falls into overfitting. Specifically, in multiple
linear regression, the variance range increased when x, = 5,
although the offset value slightly decreased (Figure 2B). As the
x number increased from 4 to 5, the differences of their offset
values were less than 0.01. Meanwhile, the smallest variance
range of the predictive model appeared in the case of x,, = 4 but
not x,, =5 (Figure 2B). These data indicated that the explanatory
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variables x, = 4 could serve as a potential combination for the
predictive model.

For all the eleven types of MSC, their RC,,q values calculated
by different optimal fit models with increasing explanatory
variables x (x, = 1 to 5) were compared with their corre-
sponding RC,. As the x number increased, the gray broken
lines, connecting the RCq of Cell 1 to 11, closely overlapped
the black broken lines representing their corresponding RCey
(Figure 2C). Moreover, Pearson’s correlation analysis showed
that the coefficients between RC,eq versus RC,y, increased from
0.582 t0 0.986 as the x number increased from 1to 5 (Figure 2C).
However, the coefficients between RCp.q versus RCe, only
increased from 0.979 to 0.986 as the number of input x was
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Figure 2. A predictive model for RC-valued assessment fitted by eleven MSC biological properties as a training data set. A) Schematic diagram of
the algorithm. B) Increasing the number of explanatory variable x (input indices) from 1to 5 leads to a decrease of the corresponding mean offset
values. C) Increasing the number of explanatory variable x from 1to 5 enhances the overlaps of predictive regenerative capacity (RCpeq, gray penta-
grams) values with actual osteogenic potential (experiment RC value, RC,,p, black pentagrams), and increases linear correlation of RCpeq versus RCey,.
Red lines represent linear regression fits for the RC data points and the R values of the fits represent Pearson correlation. Each black dot indicated
one of the eleven MSCs. D) Pearson’s correlation coefficients for pairs of thirty input x indices and output y values (RC,,, as the output y). Gray
pentagrams represent the selected optimal four indices combination for the selected equation (Eq.) model. Among numerous four input x combina-
tions, the selected indices, including nucleus roundness, nucleus/cytoplasm ratio, SSC-H, and ERK1/2, are mainly cell appearance-associated indices.
E) Excluding the NU/CY ratio from the selected Eq. model leads to an increased deviation between RCpq and RC,,, values. The comparison of actual
RC values versus predicted RC values was calculated using the selected Eq. model that fitted with (selected Eq.) or without NU/CY ratio (selected
Eq. without NU/CY ratio). F) Excluding the NU/CY ratio from the selected Eq. model leads to the decrease of R values of the fit representing Pearson
correlation. Each black dot indicated one of the eleven MSCs. G) A 5D graph represents the selected Eq. model using four Eq. indices to predict RC
values. SSC-H, bubbles; nucleus roundness, Y-axis; NU/CY ratio, X-axis; p/t ERK1/2, Z-axis. The size of the bubbles represents the value of SSC-H. The

color scale showed the value range of RCy 4.

added from four to five, suggesting that the increased predictive
cost could not markedly increase the efficacy of the predictive
model in this case (Figure 2C). These data indicated that the
selected Eq. model fitted by four input x indices was optimal.
Among numerous four input x sets, the optimal four indices
combination for the selected Eq. model included nucleus
roundness, nucleus/cytoplasm ratio, SSC-H, and ERK1/2
(Figure 2D; Figure S3, Supporting Information). Notably, three
of the four selected indices except ERK1/2 are cell appearance-
associated features rather than surface markers or molecular
signals (Figure 2D).
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Pearson’s correlation coefficients for pairs of thirty input x
indices and output y were showed to represent the degree of
correlation (Figure 2D). Interestingly, NU/CY ratio, as one of
four selected Eq. indices, showed a very low correlation with
RC,y, value (R = 0.0298). When the Eq. model was fitted by
the other three indices excluding NU/CY ratio, the deviation
between RCq and RC,, values was larger than it between
RCpeq Obtained by the selected Eq. model and RC,, values
(Figure 2E). Pearson’s correlation coefficients also decreased
from 0.979 to 0.939 (Figure 2F). The above results obviously illus-
trated that although the low correlation of nucleus/cytoplasm

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

ratio index with RC,, values was calculated, it was expected
to have a non-negligible contribution to the accuracy of the
selected Eq. model.

Overall, we developed a data-based multiple linear regression
model that excavated four indices, including nucleus round-
ness, nucleus/cytoplasm ratio, side-scatter height, and ERK1/2,
which were indispensable, balanced, and compensated for each
other to predict the RC of MSCs in vitro. Our selected optimal
combination is listed as Eq. below

Y = qIN+¢2N/C+q3S

+q4E(ql:134E-01,g2:5.68E-01,q3:1.17E—07,q4 : 6 36E — 02)
(1)

The selected Eq. was demonstrated using a 5D graph
(Figure 2G).

2.3. Experimental Validation of the Predictive Model
via MSC Screening

To validate our predictive model of the RC value assessment,
screening experiments of the selected four indices combi-
nation by predicting the RC of newly enrolled MSCs were
conducted (Figure 3A). Three different types of MSCs from
different donors or tissues were cultured and named Cell
A, Cell B, and Cell C (see Table S1, Supporting Information,
for details). To calculate the RC,, values, the alizarin red
assay and western blot analysis of ALP and Runx2 in Cell A,
B, and C were performed under osteogenic inductive condi-
tions. The results suggested that the osteogenic ability of Cell
B was greater than Cell A and C (Figure 3C). According to our
selected Eq., the ranking of the RCprep values of Cell A, B, and
C exhibited consistent with the actual ranking of RC,;, values,
although the predicted values are a little smaller than the
actual (Figure 3D). The RCeyqpt0-RCpeq value deviations may
be due to the different conditions between different batches
of experiments. The deviations of the RCey,-t0-RCppeq value did
not affect the ranking of the RC ., values for the same batch
of cells (Figure 3D,E).

Meanwhile, all top thirty-four-index fitted combinations con-
taining at least one index among nucleus roundness, NU/CY
ratio, SSC-H, and ERK1/2, which almost specifically related
to selected Eq. indices, except one combination of CD146,
FSC, EDU, and EZH2 (Figure S3, Supporting Information).
Then we named the model fitted by CD146, FSC, EDU, and
EZH2 as Model 2 and it was also verified by Cell A, B, and C
screens (Figure 3B). We found that the predicted ranking of
Cell A and C was a little discrepancy compared with the actual
result (Figure 3D). Furthermore, the linear correlation analysis
showed that Pearson’s correlation coefficients between RCe,
versus RCp,.q obtained by our predictive model and Model 2
greatly decreased from 0.995 to 0.673 when the Model 2 without
any selected Eq. indices was used (Figure 3E). From another
perspective, the result suggested the importance of cell appear-
ance indices for the predictive Eq. model.

As reviewed in the source information, Cell A was P3
UCMSCs derived from Donor Y and Cell B was P11 UCMSCs
derived from Donor S (Table S1, Supporting Information).

prep
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Rather unexpectedly, Cell B with higher passage numbers (P11)
marked higher osteogenic differentiation capability rather than
Cell A with lower passage numbers (P3) (Figure 3C,D; Table S1,
Supporting Information). These results indicate that stem
cell donor conditions play an important role in the processes
of self-renewal and differentiation. Therefore, a new type
of UCMSC derived from a new donor, named Donor A, was
enrolled to experimentally validate the accuracy of our selected
Eq. model. UCMSCs derived from Donor A, S, and Y at the
same passage numbers (P7) were used for the prediction, with
donor source as the only variable. Then four selected indices
were screened and substituted into the selected Eq. (Figure 3F).
The result showed that the RC,.q value of Donor S was
higher than Donor A/Y, and the predictive ranking matched
perfectly with the actual ranking according to the results of
the alizarin red assay and western blot (Figure 3G,H). The
Pearson’s correlation coefficient was 0.947 (Figure 3I). These
results suggested that this appearance data-driven model can
accurately predict the RC of MSCs rather than simply using the
passage number.

2.4. Predicting the RC Outcomes of MSCs Treated by Chemical
Inhibitors

It is well-known that Wnt/f-catenin signaling pathway is
critically involved in regulating cell stemness and osteogenic
ability.”! It is worthy to explore whether the actual RC values
were affected by inhibition of Wnt/S-catenin signaling pathway
in vitro, and whether our prediction accuracy and sensi-
tivity would be affected as well. We confirmed that treatment
by XAV939, a specific inhibitor of Wnt/B-catenin signaling
pathway, decreased the expression of S-catenin in Cell A, B,
and C (Figure S2B, Supporting Information).l®) Most previous
studies reported that the inhibition of Wnt/f-catenin resulted
in a negatively regulated osteogenic differentiation. However,
we could not ignore the different cell states that may respond
inconsistently to the signaling pathway.”] In our study, Cell A,
B, and C were treated with increasing concentrations of XAV939
(1 X107, 5 x 1075, and 10 x 107° m) for 24 h and then tested
the four selected Eq. indices to calculate the RCq values. As
Wnt/[-catenin signaling pathway was inhibited, nucleus round-
ness and nucleus/cytoplasm ratio of Cell A/B/C decreased with
increasing concentration of XAV939 (Figure 4A). The SSC-H
of Cell A and Cell B decreased and Cell C increased with an
increased inhibitor concentration (Figure 4A). We also found
that ERK1/2 expression in Cell A and Cell C increased in a
XAV939 dose-dependent manner, but ERK1/2 expression in
Cell B decreased at first and then increased with increasing
doses of XAV939 (Figure 4A). Substituting the corresponding
values, the RC,.q values of Cell A and Cell B decreased and
of Cell C showed no apparent decrease, even a slight increase
with XAV939 concentration increasing (Figure 4C). The gen-
eral changing trends of the RC,, values of Cell A/B/C were
consistent with the RC,q values, except that Cell C death was
observed at high concentration of 10 x 107® M XAV939 under
prolonged osteoinductive culture (Figure 4B,C). The Pearson’s
correlation coefficients of Cell A/B/C were 0.979, 0.984, and
0.986, respectively (Figure 4D). These data indicate that even
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Figure 3. Experimental validation of the predictive model by predicting RC of newly enrolled MSCs. A) Experimental screening of the four selected
Eg. indices in newly enrolled MSCs from different stages and tissues. Three different MSCs named Cell A, B, and C were enrolled in (A) to (E). Detailed
information about these cells was provided in Table S1 of the Supporting Information. B) A model fitted by CD146, FSC, EDU, and EZH2 was named
as Model 2 and also verified by Cell A, B, and C screens. These four indices, including CD146, FSC-H, EdU*, and EZH2, did not contain any index
related to selected Eq. indices. See Figure S3 for details. C) Actual RC of newly enrolled MSCs were detected by alizarin red staining and western blot.
D) Validation of the predictive model by predicting RC of newly enrolled MSCs. The accuracy of two models using four selected Eq. indices (RCyyeq)
or four Model 2 indices (Model 2 RC,,q) is validated by predicting the RC of newly enrolled MSCs. E) Linear correlation of RC,, versus RCpeq values
obtained by selected Eq. model or Model 2 in newly enrolled MSCs. Red lines represent linear regression fits for the RC data points. R values of the fit
represent Pearson correlation. F) Experimental screening of the four selected Eq. indices in newly enrolled MSCs derived from umbilical cord (UCMSCs)
of three different donors. Three different UCMSCs at the same passage named Donor A, S, and Y were enrolled in (F) to (H). Detailed information
about these cells was provided in Table S1 of the Supporting Information. G) Actual RC values of three different UCMSCs at the same passage were
detected by alizarin red staining and western blot. H) Validation of the prediction model by predicting the RC of three UCMSCs from different donors.
The accuracy of the prediction model using four selected Eq. indices is validated by comparing of the predicted RC value and actual RC value. ) Linear
correlation of RCey, versus RCpeq values in three UCMSCs from different donors. Red lines represent linear regression fits for the RC data points. R
values of the fit represent Pearson correlation. Each black dot indicated Cell A, B, and C in panel (E) and Donor A/S/Y in the panel (l). Scale bars: 100 um
(A=F). RC,q represents predicted RC value, RC,,, represents actual RC value. For all violin plots presented, each dot represented one replicate (n > 3).

variation of RC caused by the inconsistent drug-response of dif-
ferent types of MSCs can also be accurately predicted by this
appearance data-driven model.

ERK1/2 was the only molecular signal Eq. index. To investi-
gate the intrinsic associations among the ERK pathway and the
other three selected Eq. indices, we tested the change of nucleus
roundness, NU/CY ratio, and SSC of Cell A, B, and C by inhib-
iting ERK pathway with increasing concentrations of PD98059
(10 x 1076, 20 x 1075, and 25 x 10~° m).l% Overall, the nucleus
roundness of all three cells decreased with increasing PD98059
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concentrations, except for Cell A treated with 25 x 107® m
inhibitor (Figure 4E). NU/CY ratio and SSC analysis showed
that Cell A and Cell B presented a trend to decrease and Cell C
mainly presented an increasing trend (Figure 4E). In addition,
western blot analysis showed that ERK1/2 protein expression
decreased in a concentration-dependent manner (Figure 4E).
Collectively, based on the results of the Eq. indices, we pre-
dicted that RC,,,, values of Cell A and B became smaller as the
concentrations increased, but the RC,.,, values became bigger
in Cell C (Figure 4G). To obtain RC,, values, Cell A, B, and
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Figure 4. Predicting the RC of MSCs treated by different concentrations and types of chemical inhibitors. A,E) Experimental screening of the four
selected Eq. indices in three different MSCs treated by increased dosages of XAV939 or PD98059. Three different MSCs named Cell A, B, and C were
treated by Wnt/[-catenin pathway inhibitor XAV939 at dosages of 0 x 1075, 1 x 1075, 5 x 1075, and 10 x 107® m (A-D) or MEK/ERK pathway inhibitor
PD98059 at dosages of 0 x 1076, 10 x 107, 20 x 1076, and 25 x 10® m (E-H). Detailed information about these cells was provided in Table S1 of the
Supporting Information. Scale bars: 100 um. B,F) Actual RC of three different MSCs treated by increased dosages of XAV939 or PD98059 were detected
by alizarin red staining and western blot. The RC values of Cell C treated by 10 X 107® m XAV939 (B) or MSCs treated by 25 x 107 m of PD98059 (F)
were excluded because of cell death under osteoinductive conditions. C,G) Validation of the prediction model by predicting RC of three different MSCs
treated by increased dosages of XAV939 or PD98059. The accuracy of the prediction model using four selected Eq. indices is validated by comparing the
predicted RC value and actual RC value. D,H) Linear correlation of RCey, versus RCpq values in three different MSCs treated with increased dosages
of XAV939 or PD98059. Red lines represent linear regression fits for the RC data points. R values of the fit represent Pearson correlation. Each black
dot indicated a group of MSCs treated by specific concentration of XAV939 or PD98059. RC.q represents predicted RC value, RC,,, represents actual
RC value. Data are presented as mean = SD in (A) and (E).

accurately captured the changing tendency of MSC life running
state and predicted RC when applied to the complexity of MSC
vital statuses.

C were cultured for 12 days under the osteogenic inductive
conditions, which were treated with PD98059 every two days
and the RC,,, values were calculated by the alizarin red assay
and western blot (Figure 4F). Although the majority of cells in
high concentration of 25 x 10° M PD98059 treated groups died

after 2 days for osteogenic induction. As expected, we found
that the RC changing trends were consistent between RC,,, and
RC,yeq values in other groups of cells (Figure 4G). The Pear-
son’s correlation coefficients of Cell A/B/C were 0.999, 0.994,
and 0.962, respectively (Figure 4H).

Collectively, multidirection experimental validation showed
that all Pearson R values between RCjeq and RC,;, were greater
than 0.9, even reaching 0.999. It confirmed that our model
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2.5. Cell Appearance-Based Indices Combination May Serve
as Major Indicators to Visualize Transcriptional States of MSCs

Among the four selected Eq. indices, including nucleus round-
ness, nucleus/cytoplasm ratio, SSC-H, and ERK1/2, none
of them can solely serve as a sufficiently predictive index for
MSC-RC. However, the SSC-H values showed consistent
trends with RCg, values in all the validation experiments
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Figure 5. RNA-sequencing of three UCMSCs from different donors. A) Venn diagram of unique and shared gene numbers among preselected groups of
MSCs. Three preselected UCMSCs from different donors named Donor A, S, and Y were enrolled for RNA-sequencing (n = 3). The selected Eq. indices
reflecting cell appearance of Donor S were distinguishable higher than Donor A and Y (related to Figure 3F). B) Venn diagram of differentially
expressed genes (DEGs) among preselected groups of MSCs. The 818 DEGs of Donor S are common to both Donor A and Y cell populations. Q-value
< 0.05 and |log,FC| > 1 were set as the cut-off criteria. C) Functional classification of DEGs based on KEGG classification. D) Gene set enrichment
analysis (GSEA) based on the KEGG database for gene expression comparisons of Donor S with Donor A or Y, respectively. Significantly enriched path-
ways with NOM p-value < 0.05 and FDR g-value > 0.25 were selected. Venn diagram showing the overlap of 27 KEGG pathways and their corresponding
KEGG classification. E) GSEA showing four common KEGG pathways signature to environmental information processing. F) GSEA showing ten
common KEGG pathways signature to immune system. G) The network-based on KEGG pathways mainly signature to environmental information pro-
cessing and immune system showing latent relationships between the osteogenic differentiation-related pathways and significantly enriched pathways.
H) Heatmap showing the DEGs of stemness-associated genes related to human adult tissue stem module among Donor A, Y, and S. Q-value <0.05 and
|log,FC| =1 were set as the cut-off criteria. The gene expression data was normalized by z-score. The pie chart illustrated that 57% of DEGs related to
stemness-associated genes were Donor S upregulated. ) Dominant expression of stemness-associated genes in Donor S was confirmed by quantitative
real-time polymerase chain reaction analysis (QPCR). Among the upregulated genes of Donor S in the heatmap (H), the top 10 genes and the other 8
genes with mean transcript per million (TPM) of Donor S larger than 30 are selected and subjected to qPCR analysis. Data are presented as mean £ SD.

(Figures 3A,D,F,H and 4A,C,E,G). Moreover, the MSC popu-
lation valued higher SSC-H was most significantly correlated
with higher osteogenic differentiation capability (R = 0.89952)
(Figure 2D). These results inspired us to mine the underlined
genetic information relevant to SSC-H. Thus, we compared
the transcriptional profiles of the Donor A, Y, and S MSCs,
which showed an increasing trend of SSC-H (Figure 3F). RNA-
sequencing analysis showed that the distinct genes between
Donor A, S, and Y were 222, 389, and 268, respectively. Donor
S contained more than 100 distinct genes than the other two
cell populations, implying Donor S with more abundant

gene expression (Figure 5A). In addition, a total of 818 genes
were differentially expressed genes (DEGs) in Donor S com-
pared to the other two cell populations. Q-value < 0.05 and
[log,FC| = 1 were set as the cut-off criteria (Figure 5B). According
to the results above, the selected Eq. indices reflecting the cell
appearance of Donor S were distinguishable from the other two
cell populations, and its RCp,.q values were also higher than
Cell A/Y, which matched with the RC,,, (Figure 3F-H). What-
ever the cell appearance and the intrinsic gene level, Donor S
cells exhibited their distinctiveness. Then, the Kyoto encyclo-
pedia of genes and genomes (KEGG) enrichment analysis of
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818 DEGs was performed. Functional classification based on
KEGG classification revealed that these DEGs were found to
be mostly involved in signal transduction, signaling molecules
and interaction, immune system, cancers, and infectious dis-
eases (Figure 5C). These results could give us some hints that
distinctive appearance profiles of MSCs from Donor S may be
due to differences in the microenvironment information pro-
cessing and immune system-associated pathways, which could
be regarded as a special kind of environmental information
capture.

Gene set enrichment analysis (GSEA) based on the KEGG
database for gene expression comparisons of Donor S with
Donor A or Y, respectively, was conducted and significantly
enriched pathways with the nominal (NOM) p-value < 0.05 and
false discovery ratio (FDR) g-value > 0.25 were selected. Venn
diagram showed the overlap of 27 KEGG pathways and their
corresponding KEGG classification (Figure 5D). Among the
27 commonly significant-enriched pathways, four environment
information processing-related pathways, including mitogen-
activated protein kinase (MAPK) signaling, Jak-STAT signaling,
cell adhesion molecules, and cytokine—cytokine receptor inter-
action, and ten immune-related pathways were upregulated in
Donor S (Figure 5EF). To investigate the latent relationship
between the Donor S upregulated pathways and osteogenic
differentiation, a correlation network was constructed based
on the significantly enriched KEGG pathway (Figure 5G). It
is well-known that Wnt signaling pathway, MAPK signaling
pathway, and Notch signaling pathway could govern MSC oste-
ogenic differentiation and play an essential role in regulating
stem cell self-renewal/proliferation.™ KEGG correlation net-
work determined that MAPK signaling pathway was a common
node connecting other pathways, followed by Jak-STAT pathway
and the immune-related pathways could affect MSC osteogenic
differentiation by activating the signaling pathways of environ-
ment information processing (Figure 5G).

Then, we focused on 553 stemness-related genes that were
previously shown to be consistently upregulated in human
adult tissue stem cells,?l and asked whether they showed the
different expression profiles of Donor S and A/Y. The heatmap
showed 76 DEGs with the cut-off criteria of g-value < 0.05 and
[log,FC| > 1 and 57% of genes were significantly upregulated in
Donor S, supporting the stemness of Donor S superior to Donor
Y/A (Figure 5H; Table S3, Supporting Information). Among the
upregulated genes of Donor S in the heatmap, the top 10 genes
and the other 8 genes with mean transcript per million larger
than 30 in Donor S were selected and subjected to quantitative
real-time polymerase chain reaction (QPCR) analysis. The result
confirmed that Donor S showed dominant upregulated mRNA
expressions of these stemness-associated genes (Figure 5I). In
summary, these data indicate that cell appearance-based indices
may serve as major indicators to visualize the transcriptional
states of MSCs and reflect MSC stemness.

3. Discussion

The capacity to produce therapeutically relevant, high-
quality, and -quantities of MSCs by in vitro expanded culture
is a common prerequisite for stem cell-based therapies.!'’!
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Outcomes of clinical trials are influenced by MSC heteroge-
neity, which is a multilevel issue of interdonor variations, inter-
tissue differences, and various cell sub-populations." Among
the factors (donor variance, tissues from different sources, and
different cell passage numbers) that led to MSC heterogeneity,
our results cannot support us enough to explain the only key
factor to mainly affect the regenerative capacity and stemness
of MSCs. Nevertheless, our findings suggested that within the
same tissue resource of MSCs, donor factors may be a more
important determinant of the quality of stem cells than cell pas-
saging numbers. In addition, the RC values decreased with the
passage increasing for MSCs derived from the same donor and
tissue sources. More importantly, our appearance data-driven
model could predict RC ranking of different types of MSCs in
each batch without considering the above factors. In addition,
different protocols used by researchers for cryopreservation,
expansion, and administration induce another level of MSC
heterogeneity.3] In this study, we enrolled different types of
MSCs commonly used in clinical therapy to provide a reference
for clinical application. We noticed that the selected indexes
combinations, including nucleus roundness, nucleus/cyto-
plasm ratio, SSC-H, and ERK1/2 are common cellular param-
eters not only for MSCs. Further in-depth studies and inclusion
of more stem cell data may extend this model to the evaluation
of other stem cells, such as neural stem cells or induced pluri-
potent stem cells.

There are multiple approaches to determine the most impor-
tant variables for predicting the RC of MSCs. The LASSO
regression and principal component regression are useful in
standard machine-learning and biomedical informatics. Usu-
ally, LASSO is applied to high-dimensional problems with a
large number of parameters, for example, in the case of taking
20 out of 100.! For principal component regression analysis,
the sample size is required to be much larger than the index
size.'%] In this study, when x, > 6, the offset values in LASSO
regression began to increase, suggesting that the model with
x, 2 6 easily falls into overfitting (Figure S4A, Supporting
Information). From x, = 1 to 5, the offset values of each com-
bination of predictive indices in LASSO regression were larger
than those in multiple linear regression. Thus, the multiple
linear regression model was more practical due to our small
sample size (Figure S4B, Supporting Information). In addi-
tion, this model processed by exhaustive testing has considered
all of the possible combinations from x, = 1 to 5. The predic-
tive coefficients only slightly increased (from 0.979 to 0.986)
as the number of input x added from four to five. Reducing
one explanatory variable could be beneficial for cost-saving and
translational applications. Thus, the indices combination of
x, = 4 could be optimal.

Among the four selected Eq. indices, nucleus roundness,
NU/CY ratio, and SSC-H are indicators of cell appearance.
Several studies have previously demonstrated that cellular
morphology is associated with multipotential differentiation
of MSCs and immunosuppression.>*4 We explored the
combined explanatory variables from thirty diverse biological
properties to predict the explained variable (RC). An equation
was established as the mathematical model to evaluate the RC
value of MSCs by simply detecting the selected optimal indices.
Interestingly, three of four selected optimal indices were cell
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appearance-associated indices. Among these, our findings sug-
gested that SSC-H possesses the potential to serve as a single
index to predict the RC of MSCs effectively. In addition, cell
appearance-associated indices appeared with the highest fre-
quency in relatively high-performing index combinations
(roughly 50%) than cell molecular signal or surface marker
indices (Figure S3, Supporting Information). These results sug-
gested that cell appearance-associated indices seem superior
to other indices for predicting the RC of MSCs. The construc-
tion of the predictive model in this study was performed by
enrolling several different types of MSCs, which might provide
a more general reference compared to prediction approaches
based on a single type of MSC in previous studies.

Not just MSCs, the importance of morphology can best be
generalized by the adage “form follows function.” The unique
cell morphological phenotypes are always associated with dif-
ferent cell types. Cell morphological phenotypes are regulated
to some extent by intrinsic and extrinsic factors. Intrinsic fac-
tors consist of cell-derived molecular and biophysical signals.
Extrinsic factors consist of extracellular signals provided by the
cell microenvironment that are defined by a variety of factors,
including biological and chemical factors, cell-cell interactions,
metabolic and mechanical cues.'® BMMSCs actively changed
their shapes by culturing the cells on micropatterned surfaces,
3D hydrogels, or stimulated with a cytokine, and all the altera-
tions could determine the cell-fate outcome.[®1°] An in-depth
study of cellular geometry implies that mechanical forces at the
plasma membrane control the flow of spatial signals through
intracellular networks, including actin polymerization, focal
adhesion formation, and actomyosin contractility.'**2% In addi-
tion, cell morphological cues could be translated into long-
range physical forces that affect the nuclear morphology, mRNA
concentration, and YAP/TAZ localization of cells, consistent
with our results that two of four important fitting indices were
related to nuclear morphology.!°%20b21]

Considering our four selected Eq. indices, none of them
can solely be sufficiently predictive of MSC-RC. However, we
found that MSC population valued higher SSC-H was most
significantly correlated with higher osteogenic differentiation
(R = 0.89952). Interestingly, the predictive indices nucleus
roundness, SSC-H, and ERK1/2 identified by multiple
linear regression model were also found by LASSO regres-
sion analysis (Figure S4C, Supporting Information). Among
which SSC-H is the most frequently appeared index. These
results suggested that SSC-H might play a critical role in pre-
dicting the RC of MSCs. SSC-H is a light scattering method
to measure the cell refractive index that depends on the cell
granularity or internal complexity associated with cytoplasmic
membrane wrinkling, the number, and shape of vesicles and
mitochondria, development of the endoplasmic reticulum, and
the nucleus structure. A previous study has reported that SSC
signal measured by flow cytometry could reflect the heteroge-
neity of undifferentiated pluripotent stem cells, as suggested by
the mitochondrial content, and predict clonogenic self-renewal
capacity.??l Previous studies indicated that different stem cell
states showed distinct mitochondrial and metabolic profiles,
indicating that mitochondrion are essential regulators of stem
cell activation and fate decisions.?® Intriguingly, we found that
the SSC-H values showed consistent trends with RC, values
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in all the validation experiments. SSC-H indicates a sustainably
ordered state of cells and could be used to predict the potential
against disorder. MSCs valued with high SSC-H may indicate
more abundant protein with conformationally correct and sta-
bility and SSC-H monitoring might provide a simple but robust
method to estimate the RC of MSCs.

As one of four predictive parameters, ERK1/2 is not directly
linked to cell appearance. ERK1/2 is a serine/threonine pro-
tein kinase belonging to the MAPK family. It is well-known
that ERK pathway is essential for osteogenic differentiation of
MSCs, and it could be activated via mechanotransduction.?
A previous study has revealed that ERK is an important endo-
cytic signaling activated by plasma membrane tension gate to
regulate the pluripotent cell fate.l?l In consideration of our
RNA-sequencing data, the KEGG correlation network revealed
that MAPK-ERK signaling pathway was a key node connecting
other signaling pathways. According to previous studies,
MAPK-ERK signaling is essential for lineage differentiation of
osteogenic cells; however, the detailed role of ERK signaling
in osteogenic cell differentiation is still controversial.?®! This
linkage of the immune-related pathways could activate the
key pathways governing osteogenic differentiation and cell
stemness. Meanwhile, the disordered process could be reflected
by cell appearance.”’] In addition, Donor S with a greater RC
value might be attributed to the more enriched signal pathways
for integrating environmental cues into changes in cell sign-
aling according to GSEA.

This study established a quantitative relationship between
cellular morphological cues and biologically RC. The innova-
tion of our study is not limited to the individual cell or even
the sole tissue-derived BMMSCs but considers the cell het-
erogeneity to establish an accurate and interpretable model to
predict RC. Unexpectedly, the validation experiments showed
that RC,,, values were greater than predicted values but con-
sistent with the ranking. The RC,-t0-RCpeq value deviations
may be due to the different experimental conditions between
different batches of experiments, especially prolonged western
blot exposure time may lead to the high value of RC,,, during
validating. In addition, different cell states induced by single
or continuous administration of chemical inhibitors may
make it difficult to predict the RC values accurately. A more
accurate and simplified model by including more stem cell
data, reducing predictive index number, or optimizing the
experimental methods for testing indices needs to be further
explored to facilitate clinical application. In this study, at least
the consistency between the actual and predicted dynamical
trends of RC values demonstrated the sensitivity and applica-
bility of our selected Eq.

4, Conclusion

In our study, we established a data-based multiple linear regres-
sion model that excavates four indices, including nucleus
roundness, NU/CY ratio, SSC-H, and ERK1/2 to predict the
RC of MSCs in vitro. The predictable result could advance
the application of MSCs in basic and translational studies, and
the model may provide a promising evaluation approach to
characterize the other potencies of MSCs.
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5. Experimental Section

Ethical Approval: Ethics approval for collection and use of human
MSCs from umbilical cord, gingiva, skin, and dental pulp was approved
by the Medical Ethics Committee of Hospital of Stomatology, Sun
Yat-sen University (project ID: KQEC-2021-48-01). Informed consent was
obtained from all donors and the material collection was without extra
risk for them.

Umbilical Cord (UC)-Derived MSC Isolation and Culture: Four human
umbilical cord tissues from pregnant women after baby delivery
undergoing surgical resection at the Sixth Affiliated Hospital, Sun
Yat-sen University, and Guangdong Provincial People Hospital. The UCs
were washed three times with ethanol 70% and then three times with
PBS to sterilize and remove blood. The UC was cut into small pieces,
the blood vessels were removed and transferred into a 50 mL tube
following by incubation with collagenase type | (3 mg mL™, Worthington
Biochemical Corporation, Lakewood, America) and dispase (4 mg mL™,
Roche Diagnostics GmbH, Mannheim, Germany) for 1 h at 37 °C with
shaking. After digestion, the solution was diluted in PBS and centrifuge
at 1500 x rpm/5 min at 4 °C to collect cell pellets. The cell pellet was
resuspended in the o-MEM culture medium (Gibco, Thermo Fisher
Scientific, Waltham, America) containing 15% fetal bovine serum (Gibco,
Thermo Fisher Scientific, Waltham, America), L-glutamine (2 x 107 ™,
Gibco, Thermo Fisher Scientific, Waltham, America), penicillin and
streptomycin (100 U mL™, Invitrogen, Waltham, America), and L-ascorbic
acid phosphate (10 x 10 m, Wako, Tokyo, Japan) and transferred
into cell culture dishes and incubated at 37 °C and 5% CO, for cell
expansion. Culture medium was replaced by every 3 days. When the cells
reached 90% confluence (after 10-14 days) to establish the passage (P)
0 MSCs, cells were digested with triple (Gibco, Thermo Fisher Scientific,
Waltham, America) for the next passage. In the experiments, UCMSCs
were used at P3, P7, and P12 in vitro.

Dental Pulp-Derived MSC Isolation and Culture: Stem cells from
human exfoliated deciduous teeth (SHED) were isolated from normal
exfoliated deciduous teeth collected from four children (aged from 5-
to 10-year-old) and dental pulp stem cells (DPSCs) were obtained from
teeth extracted of one youth donor for orthodontic reason at Hospital
of Stomatology, Sun Yat-sen University. The method of cell culture was
as reported previously.?8l Briefly, dental pulp was separated from root
canals and then digested in a mixed solution of 3 mg mL™" collagenase
type | and 4 mg mL™" dispase for 1 h at 37 °C with shaking. Single-cell
suspensions were cultured at cell culture dishes with the o-MEM culture
medium mentioned above. Cells were expanded to 90% confluence and
digested with triple for passaging. P11, P12, P13 of SHED, and P12 of
DPSCs were prepared for vitro experiments.

Isolation and Culture of MSCs Derived from Human Gingiva, Skin,
Bone Marrow, and Adipose Tissues: Briefly, gingival and skin tissues were
obtained from discarded tissues at the Hospital of Stomatology, Sun
Yat-sen University. Gingival and skin tissues were treated aseptically
into pieces and incubated with 3 mg mL™' collagenase type | and
4 mg mL™ dispase for 1 h at 37 °C with shaking. Then the dissociated cell
suspension was diluted in PBS and centrifuged to get cell deposition.
The cell deposition was suspended and plated on a 10 cm cell dish with
the o+MEM culture medium mentioned above and cultured at 37 °C
in an incubator with 5% CO,. After cultured for 72 h, the nonadherent
cells were removed. The plastic-adherent cells were treated with triple
and passaged when they reached about 90% confluent density and
subcultured continuously. Gingiva-derived MSCs at P6 and P11 were
used in the vitro experiments. Skin-derived MSCs at P8 were prepared
for subsequent experiments. Additionally, two bone marrow-derived
mesenchymal stem cells (BMMSCs) and primary human adipose-
derived stem cells (ASCs) were obtained from ScienCell (San Diego, CA,
USA). BMMSC at P15 or P16 and ASCs at P10 were maintained for the
study under the recommended conditions and procedure.

Antibodies and Reagents: The antibody against EZH2 (#07-689),
active-f-Catenin (#05-665), and [-Catenin (#06-734) were purchased
from Millipore (Merck Millipore, Billerica, MA, USA). The antibodies
against Tetl (#ab191698), Oct4 (#ab19857), SOX2 (#ab93689), and
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Alkaline Phosphatase (ALP, #ab108337) were purchased from Abcam
(Cambridge, MA, USA). The antibodies against Nanog (#4903T), TAZ
(#836695), YAP (#14074S), Phospho-Smad3 (#9520S), Smad3 (#9523S),
Cleaved Notch1 (#4147S), Notchl (#3608S), Phospho-p44/42 MAPK
(Erk1/2) (#4370S), p44/42 MAPK (Erk1/2) (#4695S), Runx2 (#8486),
Phospho-mTOR (#2971S), and mTOR (#2983S), were purchased from
Cell Signaling Technology (CST, Danvers, MA, USA). The GAPDH
were purchased from Sigma (St. Louis, MO, USA). Anti-Caveolin-1
antibodies (#sc-53564) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-human-CD34, CD45, CD73, CD90, CD105,
and CD146 antibodies were purchased from BD Biosciences (San Jose,
CA, USA).

High-Content Image Analysis: The cells were seeded in 96-well black
plates (CellCarrier-96, PERKinElmer) in cell culture media. After 24 h,
the cells were washed with PBS and incubated with CellMask Deep Red
Plasma Membrane Stain (dilution 1:2000, ThermoFisher Scientific) for
15 min at 37 °C. Then the cells were washed and incubated with Hoechst
33342 (dilution 1:2000, #H3570, Thermo Fisher Scientific) to visualize
nuclei for 5 min at room temperature (RT). Finally, the cells were rinsed
with PBS, cover-slipped in PBS and examined. The entire procedure
should keep in dark. The plates with MSCs were subjected to high-
content analysis for image acquisition and data processing (objective
%20 magnification, PERKinElmer, USA). Morphological indicators
including cell area, cell roundness, nucleus area, nucleus roundness,
cytoplasm area, cytoplasm roundness, and ratio of nucleus/cytoplasm
were analyzed using Harmony 4.0 software by employing a custom-
made image analysis building block. Each morphological parameter was
quantified using an average of at least 5000 selected cells for each MSC.

Flow Cytometry: MSC-specific surface markers were evaluated and
characterized by flow cytometry. Cells were rinsed, digested by triple,
washed, and resuspended in PBS containing 0.5% bovine serum albumin
(BSA) before incubation with the fluorochrome-conjugated antibodies
against human antigens, including anti-CD34-PE, anti-CD45-PE, anti-
CD73-PE, anti-CD90-PE, anti-CD105-PE, and anti-CD146-PE for 30 min
in dark at 4 °C. After incubation, cells were rinsed with PBS containing
0.5% BSA, centrifuged at 1500 rpm for 5 min and resuspended for flow
cytometry analysis. Samples were characterized using NovoCyte Flow
Cytometer and analyzed using NovoExpress software (NovoCyte, ACEA
Biosciences, USA).

EdU Assay: EdU assay was conducted using a kFluor488-EDU Kit
(KeyGen Biotech, Jiangsu, China). 24-well plates were seeded with
cells and cultured for 24 h at 37 °C. Cells were stained by 50 x 107 m
EdU in culture media for 2 h. Then, the cells were rinsed with PBS and
fixed with 4% paraformaldehyde for 15 min at room temperature. EdU
staining was performed according to the kit instructions. After the cells
were counterstained with Hoechst 33342 (1:2000, 5 mg mL™", H3570,
ThermofFisher Scientific) for 15 min to stain the nuclei and washed with
PBS. A high-content screening system (objective X10 magnification,
PERKinElmer, USA) was used to get the images of EdU positive cells.

Western Blot: Samples were lysed with a protein extraction kit
(#78501, Thermo Fisher) supplemented with protease and phosphatase
inhibitors. After quantification by the BCA kit, equal amounts of protein
for each sample were loaded onto SDS-PAGE gels, then transferred to
polyvinylidene difluoride membranes (Millipore). Membranes were
blocked with 5% BSA in TBST for 2 h, then incubated with the following
primary antibodies at 4 °C overnight with shaking: EZH2, active-f-
Catenin, B-Catenin, Tetl, Oct4, SOX2, Alkaline Phosphatase, Nanog, TAZ,
YAP, Phospho-Smad3, Smad3, Cleaved Notch1, Notchl, Phospho-p44/42
MAPK (Erk1/2), p44/42 MAPK (Erk1/2), Runx2, Phospho-mTOR, mTOR,
Caveolin-1 or GAPDH primary antibodies. Then the membranes were
washed with TBST and incubated with the appropriate secondary
antibody at room temperature for 1 h. After washing completely, protein
bands were visualized using Supersignal West Pico Chemiluminescent
Substrate (Thermo Fisher) and evaluated with a gel imaging system
(Bio-Rad, USA). The relative density was calculated by NIH Image|
software (Media Cybernetics, USA).

Osteogenic Differentiation: Cells were seeded in 12-well plates. At
90% confluence, the culture media were replaced with osteogenic
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induction media containing 1.8 X 10 M monopotassium phosphate,
10 x 107 ™M dexamethasone, 100 U mL™" penicillin/streptomycin,
0.1 x 1073 m L-ascorbic acid phosphate, 2 x 10 M glutamine, 15% fetal
bovine serum, and o+MEM culture media. Osteogenic induction media
were replaced every 2 days. After 5 to 12 days of induction, the cultured
cells were stained with alizarin red, alkaline phosphatase, or lysed for
protein isolation to assess osteogenic gene expression.

Alizarin Red Staining: After 4 weeks of osteogenic induction, the
osteogenic differentiation was assessed by the ability of the cells to form
mineralized nodules stained by alizarin red. Briefly, the cells were washed
with PBS, fixed with 60% isopropanol for 30 min at RT, rehydrated with
ddH,0 for 5 min. Subsequently, cells were incubated with alizarin red
staining solution (dissolved 1 g alizarin red S (#A5533, Sigma) in 100 mL
ddH,0 and filtrated) for 10 min at RT. Finally, the cells were washed
with PBS to remove nonspecific binding, dried, and observed under a
ZEISS Axio Observer microscope (Carl Zeiss Microscopy, White Plains,
NY, USA).

Calculation of RC Values: The positively mineralized areas of Alizarin
Red S staining were quantified as percentages of the total area using
ImageJ software (Image) Software Inc., MD, USA). The relative density of
osteogenic lineage protein was also calculated by Image) software. The
RC values were calculated by the average value of positively mineralized
area percentages and osteogenic lineage protein levels.

Chemical Inhibitors Treatment: Cells were seeded on a culture plate
with 70-80% confluent and treated with XAV939 (13596, Cayman
Chemical) (three concentration gradient ranges: 1 x 107, 5 x 107,
10 x 107® m), and PD98059 (#S1805 Beyotime, Shanghai, China) (three
concentration gradient ranges: 10 x 107, 20 x 107, 25 x 10 w),
respectively. Chemical efficiency was evaluated by western blotting.
Treated cells were harvested and prepared for further experiments.

RNA Sequencing Analysis: UCMSCs collected from Donor A, Y, S, with
three replicates of each sample were analyzed by mRNA sequencing
(RNA-Seq, Huada Biotechnology Co., China). The BGISEQ-500 platform
was used for RNA-seq libraries. The clean reads were stored in FASYQ
format and aligned to the reference genome and reference gene with
HISAT and Bowtie2, respectively.?’) Then expression level of the gene
was calculated by RSEM (v1.2.12).B% Essentially, differential expression
analysis was performed using the DESeq2(v1.4.5) with absolute log2-
based fold change (|llog2FC|) > 1 and Q-value < 0.05.B" To take insight
into the change of phenotype, KEGG (https://www.kegg.jp/) and GSEA
(http://www.broadinstitute.org/gsea) were performed.

Quantitative Real-Time Polymerase Chain Reaction: Transcription
levels of the genes with the top ten DEGs of human adult tissue stem
cell module were determined by RT-qPCR. Briefly, MSCs from Donor
A, Y, and S groups were harvested and washed with PBS once. Total
RNA was extracted using RNA-Quick Purification Kit (ESscience Cat#
RNOO1). According to the manufacturer’s protocol, 1 ug of total RNA
was transcribed in a 20 pL reaction mixture by using the Primescript Il
RTase (Takara, Otsu, Japan) for complementary DNA (cDNA) synthesis.
Amplification of target genes was performed by gPCR using the cDNA
as a template, specific primers, and a TB Green Premix Ex Taq Il kit
(Takara, Otsu, Japan) on a LightCycler system (LightCycler, Roche
Diagnostics). The gene expression was evaluated for three biological
replicates and the relative transcription levels were calculated with 2744¢T
method. The housekeeping gene GAPDH was used to normalize the
level of messenger RNA. Sequences of gPCR primers used in this study
are shown in Table S4 of the Supporting Information.

Excavation of Key Indices: Multiple linear regression analysis method
combined with the index enumeration was used to analyze the
correlation between the RC values of eleven types of MSC and the thirty
MSC-featured biological indices. In order to expand the sample size,
eleven types of MSC were divided randomly with a split ratio of 8:3 into
eight MSCs in the training set and the remaining three in the testing set.
If the number of explanatory variables that were involved in the model
development was over half of eight in this case (n > 5), the model was
easy to fall into overfitting. Thus, the enumeration of n (n=1, 2, 3, 4, 5)
indices combination has been considered to determine the key indices
for a predictive model. All 1774436 combinations of n (n =1, 2, 3, 4, 5)
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explanatory variable were calculated. For a given index combination, the
fitting tests were obtained from 20 random combinations out of the total
165 possible combinations by repeating the following process

Different parameters can be obtained for different combinations, as
shown in Equation (2)

Xn b,

x8 b,

where y is the explained variable, representing the actual RC
values; x is the explanatory variable, representing selected indices;
by, by,..., and b, are the unknown parameters of the corresponding
explanatory variables; n represents the number of selected indices.
The multiple linear regression was performed to obtain b1, b2,..., and
b,. Second, the difference between the experimental value and the
predicted one was calculated. The predicted values can be obtained by
Equation (3)

yy’ x? x; b,
w0 =] xI° x )0 3)
!l X XN b,

yy°, yy'°, and yy" were the predicted RC values calculated by Equation (3).
Finally, the above process was repeated and the index combination with
the most minor deviation was selected. The optimal multiple linear
regression model as shown in Equation (4) can be constructed.

Y=b-|X-| +"'+wa" (4)

It is important to mention that the constant coefficients of by, by, ... b,
calculated were based on the data obtained by the instruments.

Statistical Analysis: The predictive model was developed by Octave
6.4.0 software (http://www.gnu.org/software/octave/index.html). Data
were presented as mean = SD in Figures 4A,E and 5I. For measuring
the association between variables of interest, giving information
about the magnitude of the association, or correlation, as well
as the direction of the relationship, the Pearson’s correlation
coefficient (also called Pearson’s R) was analyzed with GraphPad Prism
8.3 software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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