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Functional skeletal muscle
constructs from transdifferentiated
human fibroblasts

Bin Xu?, Allison Siehr! & Wei Shen%3>‘

Transdifferentiation of human non-muscle cells directly into myogenic cells by forced expression of
MyoD represents one route to obtain highly desirable human myogenic cells. However, functional
properties of the tissue constructs derived from these transdifferentiated cells have been rarely
studied. Here, we report that three-dimensional (3D) tissue constructs engineered with iMyoD-hTERT-
NHDFs, normal human dermal fibroblasts transduced with genes encoding human telomerase reverse
transcriptase and doxycycline-inducible MyoD, generate detectable contractile forces in response to
electrical stimuli upon MyoD expression. Withdrawal of doxycycline in the middle of 3D culture results
in 3.05 and 2.28 times increases in twitch and tetanic forces, respectively, suggesting that temporally-
controlled MyoD expression benefits functional myogenic differentiation of transdifferentiated
myoblast-like cells. Treatment with CHIR99021, a Wnt activator, and DAPT, a Notch inhibitor, leads to
further enhanced contractile forces. The ability of these abundant and potentially patient-specific and
disease-specific cells to develop into functional skeletal muscle constructs makes them highly valuable
for many applications, such as disease modeling.

Even though normal skeletal muscle has self-regenerative ability, it has remained a major challenge to treat
genetic muscle diseases and volumetric muscle loss'. Using human myogenic cells to develop cell-based thera-
pies to repair or restore diseased or lost muscle tissue represents an important strategy to address this challenge.
Human myogenic cells are also highly desirable for creating muscle tissue models or disease models, which can
be used for fundamental studies of muscle physiology and pathology and for drug screening and validation. Many
studies have used animal myogenic cells, such as the C2C12 cell line and myoblasts isolated from animal models
of muscular dystrophy, to create muscle tissue models or disease models. These studies have made significant
contributions to the research area, but striking interspecies differences make animal cells unable to provide reli-
able models for many human genetic diseases®™>.

Despite their importance, studies using human myogenic cells have been hampered by insufficient cell quan-
tity. Traditionally, human myogenic cells have been obtained from muscle biopsies, which have limited avail-
ability, and the cells have poor expansion capacity®. Generation of immortalized human myoblasts is technically
challenging. Transduction of human myoblasts with human telomerase reverse transcriptase (hTERT) is not
sufficient to immortalize these cells’. Even though overexpression of cyclin-dependent kinase 4 (CDK4) or cyclin
D1 with hTERT could result in myoblasts capable of extensive proliferation, these cells have compromised myo-
genic differentiation potential”®. Recent advances in deriving myogenic cells from induced human pluripotent
stem cells (hiPSCs) may provide opportunities to address the limited availability of human myogenic cells*~2.
Alternatively, transdifferentiation, which is direct conversion of one somatic cell type to another without going
through the pluripotent state'*, may offer another approach to obtaining human myogenic cells. In both methods,
somatic cells are used as the starting cells, making it possible to obtain abundant, patient-specific, and disease-
specific human myogenic cells for therapeutic or disease modeling purposes.

Direct conversion of fibroblasts into myogenic cells by forced expression of the transcription factor MyoD
was first demonstrated about three decades ago', representing the earliest example of transdifferentiation. Since
then, it has been shown that MyoD-induced transdifferentiation can convert many other cell types into myogenic
cells’, though fibroblasts remain the most commonly used starting cell source. Human myogenic cells obtained
through transdifferentiation have several advantages over those derived from hiPSCs: direct conversion of one
somatic cell type to the target lineage is substantially quicker than reprograming the starting cell type to hiPSCs
and then further guiding differentiation toward the target lineage; transdifferentiated cells avoid the risk of
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teratoma formation associated with pluripotent stem cells'®. However, the efficiency of myogenic transdiffer-
entiation needs to be improved, and literature information on functional evaluation, such as contractile force
generation, of these cells is scarce.

In this study, we established a cell line through viral transduction of primary normal human dermal fibroblasts
(NHDFs) with genes encoding hTERT and doxycycline (DOX) inducible MyoD (iMyoD). The hTERT gene was
introduced into the cells to enhance their expansion capacity. NHDFs were chosen because they can be obtained
through a minimally invasive procedure. We examined the abilities of these cells to proliferate and to transdif-
ferentiate into myogenic cells upon DOX-induced MyoD expression. We investigated the roles of two small mol-
ecules CHIR99021 (a Wnt signaling activator) and DAPT (a Notch signaling inhibitor) in enhancing functional
myogenic differentiation of these iMyoD-converted fibroblasts. We further engineered three-dimensional (3D)
tissue constructs with these cells and examined their ability to generate contractile forces in response to electrical
stimuli. The effects of temporal modulation of MyoD expression and treatment with CHIR99021 and DAPT on
contractile force generation of these 3D constructs were also investigated.

Results and discussion

Generate iMyoD-hTERT-NHDFs and primary iMyoD-NHDFs. We set out to generate iMyoD-
NHDFs by lentivirally transducing primary NHDFs with a Tet-On VP64-MyoD (iMyoD) vector as previously
reported (Fig. 1A)". This vector allows constitutive co-expression of a puromycin resistance gene for selection of
transduced cells and a reverse tetracycline transactivator for doxycycline (DOX) inducible expression of MyoD
and a red fluorescent reporter DsRed; the transcriptional activator VP64 fused to MyoD enhances chromatin
remodeling and benefits transdifferentiation'’. To address the limited proliferative capacity of primary iMyoD-
NHDFs, we further generated an immortalized iMyoD-hTERT-NHDF cell line (Fig. 1A). An immortalized
NHDEF cell line (h\TERT-NHDFs) was generated by transducing primary NHDFs with a vector encoding hTERT
to overcome the Hayflick limit in primary cell expansion'®, then the hTERT-NHDFs were transduced with the
iMyoD vector to obtain iMyoD-hTERT-NHDFs. The presence of the transduced genes in the genomic DNA
of these cells was confirmed by PCR analysis (Figure S1). To confirm the robustness of the transdifferentiation
method, primary NHDFs from two donors were used, and the conclusions in this paper are supported by the cell
lines derived from both primary NHDFs.

Before DOX induction, both iMyoD-hTERT-NHDFs and primary iMyoD-NHDFs displayed normal fibroblast
morphology. To test their proliferation capacity, the cells were seeded in 48-well plates (2 x 10* cells in each well)
and cultured in an NHDF culture medium, and the population doubling as a function of time was measured. The
iMyoD-hTERT-NHDFs exhibited prolonged and stable proliferation capacity, with an almost unchanged growth
rate even when the population doubling value was greater than 60 (Fig. 1B). In contrast, primary iMyoD-NHDFs
showed gradually reduced growth rates, and the growth became very slow when the population doubling value
reached approximately 30 (Fig. 1B). These results confirm that hTERT transduction allows the cells to overcome
their expansion limit, providing an abundant source of human myogenic cells.

The myogenic differentiation efficiency upon DOX induction is low. When iMyoD-hTERT-
NHDFs and primary iMyoD-NHDFs were seeded at approximately 20% confluency and cultured in the NHDF
culture medium supplemented with DOX for 3 days, both cell types exhibited similar myogenic differentiation
tendency, as indicated by elongated cell morphology and positive immunofluorescence staining with the MF20
antibody for total myosin heavy chains (total MHC), a characteristic marker for skeletal muscle (Fig. 1C). How-
ever, even after 7-day DOX induction, the myotubes were still short and the myogenic index (defined as the
ratio of the nuclei number in the MF20* cells containing three or more nuclei to the total number of nuclei)*’
was low (Figure S2A), indicative of retarded myogenic differentiation. Cells at this stage were proliferative and
could be passaged or cryopreserved with their proliferative and myogenic capacities retained. These results sug-
gest that DOX-induced MyoD expression can guide iMyoD-hTERT-NHDFs and primary iMyoD-NHDFs to
become myoblast-like cells, but it is insufficient to efficiently drive terminal myogenic differentiation of these
myoblast-like cells.

It is known that normal myogenesis involves myogenic lineage commitment and terminal differentiation®, so
we reasoned that conversion of iMyoD-hTERT-NHDFs or primary iMyoD-NHDFs to muscle cells could also be
divided into these two stages. We expected that a two-stage cell culture regimen, in which the first stage allows
myogenic lineage commitment driven by MyoD expression and the second stage promotes terminal myogenic
differentiation of the transdifferentiated MyoD* myoblast-like cells, would benefit the overall efficiency of myo-
genic differentiation. It had been reported that terminal differentiation of myogenic cells requires a low serum
condition and high cell density*'. Therefore, we expected that the efficiency of terminal myogenic differentiation
would be improved in the second stage by replacing the serum-rich NHDF medium (containing 20% FBS) with
the low-serum KOSR medium, which had been used in myogenic differentiation of hPSC-derived progenitor
cells”'2. The iMyoD-hTERT-NHDFs were cultured using a 2-week culture regimen (the DOX condition in
Fig. 2A) in which the cells were cultured in DOX-containing NHDF medium during the first 10 days to allow
lineage commitment and cell expansion and then cultured in DOX-containing KOSR medium in the last 4 days
to promote terminal differentiation. However, not much improvement in myogenic differentiation was observed
(Fig. 2B) as compared with the cells cultured in DOX-containing NHDF medium for 7 days (Figure S2A).

CHIR99021 treatment promotes myogenic differentiation of transdifferentiated myoblast-like
cells. Tt has been reported that the small molecule CHIR99021 (abbreviated as CHIR), a GSK-3f inhibitor
that activates the canonical Wnt signaling pathway, enhances myogenic differentiation of iMyoD-converted
primary human and mouse fibroblasts’>**. To examine whether CHIR could promote myogenic differentia-
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Figure 1. Generation of primary iMyoD-NHDFs and iMyoD-hTERT-NHDFs and their myogenic
transdifferentiation via induced MyoD expression. (A) Illustration of the procedures to generate these cells
through viral transductions and to induce MyoD expression with DOX. (B) The extensive expansion capacity
of iMyoD-hTERT-NHDFs endowed by hTERT as indicated by an almost unchanged growth rate at high
population doubling values. (C) Representative images showing that both cell types expressed the DsRed
reporter for iMyoD (red) and cells positive for total MHC (green) were present after 3-day DOX induction. The
total MHC was stained with the MF20 antibody, and nuclei were stained with Hoechst 33342 (blue).

tion of iMyoD-converted immortalized human fibroblasts, iMyoD-hTERT-NHDFs were expanded for 7 days in
DOX-containing NHDF medium, re-plated at a density of 6 x 10* cells/cm?, cultured in DOX-containing NHDF
medium supplemented with 5 uM CHIR for 3 days, and then cultured in DOX-containing KOSR medium
supplemented with CHIR for 4 days (the DOX+ CHIR condition in Fig. 2A). These cells showed substantially
enhanced myogenic differentiation as compared with those cultured in the DOX condition: the myogenic index
increased over ninefold from 7.8 +2.3 to 72.7 + 1.0%; the myotube width and length increased from 8.3+4.5 to
25.9413.0 um and from 280.5+134.0 to 653.5+383.0 um, respectively (Fig. 2B-E). Even though the measure-
ment of myotube length involves manually drawing a line along a myotube in Image] and therefore human
bias cannot be completely eliminated, the increase in myotube length upon addition of CHIR was significant
as shown in Fig. 2B. In the CHIR-containing conditions, many myotubes extended beyond the imaging frame,
and the myotube lengths for these conditions are actually underestimated here. In the absence of MyoD expres-
sion, CHIR alone could not drive myogenic differentiation, as a control cultured for 7 days in DOX-free NHDF
medium supplemented with CHIR did not form any MF20* myotubes (Figure S2B). These results suggest that
CHIR alone could not myogenically convert iMyoD-hTERT-NHDFs, but it could enhance myogenic differentia-
tion of MyoD-converted, myoblast-like cells to form multinucleated myotubes.
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Figure 2. Effects of CHIR99021 and DAPT on myogenic differentiation of iMyoD-hTERT-NHDFs in 2D
culture. (A) Ilustration of cell culture regimens. (B) Cell morphology after 2 weeks of culture as revealed by
immunofluorescent staining for total MHC (green) and counterstaining for nuclei (blue). (C-E) Quantification
of myogenic index, myotube width, and myotube length. The experiments were conducted in triplicate with

3 independent samples. Data are presented as mean + SEM. Statistical analysis was performed by one-way
ANOVA with Tukey’s test. **p <0.01, ***p <0.001.

Myogenic differentiation of transdifferentiated myoblast-like cells is substantially enhanced
by CHIR99021 and DAPT co-treatment. We hypothesized that another small molecule DAPT, a
y-secretase inhibitor that reduces Notch activity, could contribute to myogenic differentiation of transdifferenti-
ated myoblast-like cells and co-treatment with CHIR and DAPT, in conjunction with MyoD expression, would
further enhance myogenic differentiation. This hypothesis was formulated based on the literature showing that
DAPT can effectively enhance the terminal differentiation of myoblasts in vivo and in vitro**** and that CHIR
and DAPT together can enhance the efficiency of deriving myogenic progenitors from hiPSCs?. To the best of
our knowledge, the use of DAPT to support myogenic differentiation of transdifferentiated, myoblast-like cells
has never been reported.

To test this hypothesis, iMyoD-hTERT-NHDFs were expanded for 7 days in DOX-containing NHDF medium
and re-plated at a density of 6 x 10* cells/cm?. The cells were then cultured in DOX-containing NHDF medium
for 3 days and in DOX-containing KOSR medium for 4 days sequentially, with both media supplemented with
DAPT (the DOX + DAPT condition in Fig. 2A) or with CHIR and DAPT (the DOX + CHIR + DAPT condition
in Fig. 2A). The myogenic index in the DOX + DAPT condition was 11.75 +1.0%, slightly greater than, but
not statistically different from, that in the DOX condition (p=0.1735) (Fig. 2B,C). The myogenic index in the
DOX + CHIR + DAPT condition was 73.4 +2.7%, substantially greater than that in the DOX + DAPT condition
(increased over sixfold), but similar to that in the DOX + CHIR condition (Fig. 2B,C). These results revealed that
addition of DAPT in culture media did not enhance the myogenic index; in contrast, the presence of CHIR in the
DOX + CHIR and DOX + CHIR + DAPT conditions led to approximately ninefold and sixfold increases in the
myogenic index when compared with the DOX and DOX + DAPT conditions, respectively. Since the myogenic
index is a morphological marker for the commitment for terminal myogenic differentiation?, these results sug-
gest that CHIR, but not DAPT, is a potent promoter for the commitment for terminal myogenic differentiation
of these transdifferentiated myoblast-like cells.

The myotube width and length in the DOX + DAPT condition were 19.6+ 1.3 pm and 345.7 +17.5 um,
respectively, significantly greater than those in the DOX condition (width 8.3 +4.5 um; length 280.5 + 134.0 um)
(Fig. 2B,D,E). The myotube width and length in the DOX + CHIR + DAPT condition were 44.5+3.9 um
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and 940.5+47.41 pm, respectively, substantially greater than those in the DOX + CHIR condition (width
25.9+13.0 pm; length 653.5+383.0 um) (Fig. 2B,D,E). The increases in myotube width and length in the pres-
ence of DAPT suggest that it promotes terminal myogenic differentiation by driving committed cells to enter a
more advanced differentiation stage as it does in normal myogenesis. Notably, the morphology of the wide and
long myotubes in the DOX + CHIR + DAPT condition resembles that of primary human skeletal myotubes®.

The DOX + CHIR + DAPT condition illustrated in Fig. 2A was used to verify myogenic transdifferentiation
capacity of iMyoD-hTERT-NHDFs after extensive expansion. The iMyoD-hTERT-NHDFs expanded by 15 suc-
cessive passages after establishment of the cell line were used in the experiment. Multinucleated, MF20* myotubes
with wide, long, and fused morphology were observed (Figure S3), similar to those transdifferentiated from
iMyoD-hTERT-NHDFs at low passage numbers (Fig. 2B). These results suggest that the extensive expansion
capacity of iMyoD-hTERT-NHDFs endowed by hTERT does not sacrifice their myogenic transdifferentiation
potential. Preservation of the myogenic transdifferentiation potential at high passage numbers makes iMyoD-
hTERT-NHDFs an unlimited source of human myogenic cells for a variety of applications, such as disease
modeling®.

CHIR99021 and DAPT have different roles in enhancing myogenic differentiation of transdif-
ferentiated myoblast-like cells. To further examine the roles of CHIR and DAPT during myogenic dif-
ferentiation of transdifferentiated myoblast-like cells, iMyoD-hTERT-NHDFs were cultured using the 4 culture
regimens illustrated in Fig. 2A and expressions of characteristic genes for skeletal muscle were characterized
using quantitative RT-PCR (Fig. 3A). These genes included myogenic regulatory factor myogenin (MYOG),
muscle fusion regulator myomaker (MYMK), muscle structural proteins (including a-actinin (ACTN2), dystro-
phin (DMD), and laminin-binding protein dystroglycan (DAG1)), as well as contractile and regulatory proteins
(including myosin heavy chain (MHC) isoforms (MYH3, 7, 8) and troponin I (TNNI1)).

Expression of MYOG was tremendously upregulated in the CHIR-containing conditions (DOX + CHIR and
DOX + CHIR + DAPT) as compared with that in the CHIR-free conditions (DOX and DOX + DAPT). The pres-
ence of CHIR also upregulated MYH3 (embryonic myosin heavy chain) and MYMK, two downstream targets of
MYOG™!. The upregulation of the fusion regulator MYMK in the CHIR-containing conditions was consistent
with the better fused cell morphology as shown in Fig. 2B and with the increased myotube width and length
as shown in Fig. 2D,E, as it is known that MYMK upregulation contributes to the formation of long and wide
myotubes™. Since MYOG expression is a marker for the commitment for terminal myogenic differentiation of
myoblasts®*, these results suggest that CHIR promotes the commitment of transdifferentiated myoblast-like
cells for terminal myogenic differentiation, consistent with the results of the myogenic index characterization
as shown in Fig. 2C.

Addition of DAPT in the culture regimens did not increase the gene expression of MYOG or MYH3, sug-
gesting that DAPT does not promote transdifferentiated myoblast-like cells to commit to terminal myogenic
differentiation, consistent with the results of the myogenic index characterization as shown in Fig. 2C. However,
DAPT upregulated many muscle-specific markers expressed later in terminal myogenic differentiation. Cells
cultured in the DOX + CHIR + DAPT condition exhibited substantially elevated gene expressions of MYH?7 (adult
slow myosin heavy chain) and MYHS (neonatal myosin heavy chain), two contractile proteins indicating more
advanced differentiation statuses than embryonic MYH3. These cells also showed significantly upregulated gene
expression of DAGI and slightly increased gene expressions of DMD and ACTN2 as compared with those cul-
tured in the DOX + CHIR condition (DAG1, DMD, and ACTN2 encode proteins associated with the contractile
machinery in muscle). These results suggest that DAPT upregulates the proteins forming or associating with
the contractile machinery, a sign of the cells entering a more advanced stage of terminal myogenic differentia-
tion. Therefore, the gene expression analysis also suggests that DAPT contributes to myogenic differentiation of
transdifferentiated myoblast-like cells by driving the cells already committed to terminal differentiation to further
differentiate and mature, consistent with the results of the myotube morphology characterization as shown in
Fig. 2D,E. The detectable expression of TNNI1 further confirmed the conversion of the fibroblasts to muscle cells.

To further confirm the roles of DAPT and CHIR in modulating myogenic differentiation of transdifferentiated
myoblast-like cells, we assessed their effects on primary iMyoD-NHDFs cultured using the culture regimens
illustrated in Fig. 2A. Quantitative PCR analysis of MYH3, MYH7, MYHS8, and MYMK gene expressions for the
cells cultured in the DOX, DOX + DAPT, DOX + CHIR, and DOX + CHIR + DAPT conditions revealed similar
trends to those for iMyoD-hTERT-NHDFs (Figure S4).

The roles of CHIR and DAPT in myogenic differentiation of transdifferentiated myoblast-like cells were
further analyzed by western blot. Both CHIR and DAPT significantly elevated protein expression of total MYH,
as shown by the much higher expression levels in the DOX + DAPT, DOX + CHIR, and DOX + CHIR + DAPT
conditions than that in the DOX condition (Fig. 3B, the multiple bands were attributed to MYH isoforms
simultaneously blotted by the antibody MF20*). The substantially higher expression of total MYH in the
DOX + CHIR + DAPT condition as compared with those in the DOX + DAPT and DOX + CHIR conditions
suggests that CHIR and DAPT enhance myogenic differentiation of transdifferentiated myoblast-like cells syn-
ergistically. Blotting for neonatal MYH revealed negligible protein expression in the DAPT-free conditions and
substantially enhanced protein expression when DAPT was added (Fig. 3B), suggesting that DAPT, but not CHIR,
promotes muscle maturation of these cells. The western blot results are consistent with the gene expression data
shown in Fig. 3A. Notably, the cells cultured in the DOX + CHIR + DAPT condition displayed the most intense
bands for both total MYH and neonatal MYH, further confirming that co-treatment with CHIR and DAPT can
significantly enhance the efficiency of myogenic differentiation of transdifferentiated myoblast-like cells.

It is known that CHIR activates the canonical Wnt signaling and DAPT inhibits Notch 1 signaling, so the
modulations of myogenic differentiation of transdifferentiated myoblast-like cells by these two small molecules

Scientific Reports |

(2020) 10:22047 | https://doi.org/10.1038/s41598-020-78987-8 nature research



www.nature.com/scientificreports/

Relative Expression

Relative Expression

Relative Expression

Total MHC

Neonatal MHC

Actin

MYHS8
[ ]
4 2
g &
u '®
: :
& 12
DMD
c 0.0020
9 5
* 2 T
3 @ 0.0015
14 [
3 s
] X 0.0010
: 2
s 2 0.0005 T
- ©
S °©
© © 0.0000
+ A& &
000‘??‘(,‘2‘ 0\8
x x
o'\-oo'\' Q}Q.
x
3
L
N.S.
o 00008y — S &
o 7]
@ 0.0006 [ 8
: g
£ 0.0004 T i
w [
o 2
2 0.0002 g
: g
& 0.0000
+ & & &
QOQVg (}b o?g
Ry
&f 00‘0‘8
&

F & & S
P K XOQ XOYS
S Sk Nz
QO Q @2»

Figure 3. Gene expression and western blot analyses for iMyoD-hTERT-NHDFs cultured using the culture
regimens illustrated in Fig. 2A. (A) Relative gene expression analysis for myogenic markers. The expression
levels were normalized to a housekeeping gene B-actin. The experiments were conducted in triplicate with
3 independent samples. Data are presented as mean + SEM. Statistical analysis was performed by one-way
ANOVA with Tukey’s test. *p <0.05, **p <0.01. (B) Western blot analysis of total MHC and neonatal MHC.
Actin was used as a housekeeping protein. Full-length blots are presented in Figure S5.
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Figure 4. Contractile force generation by 3D tissue constructs engineered with iMyoD-hTERT-NHDFs. (A)
Ilustration of cell culture regimens. (B) Representative contractile force patterns generated by the constructs
cultured using the two regimens illustrated in (A). (C) Temporally controlled, rather than prolonged, MyoD
expression benefited as revealed from the comparison of the contractile forces. Forces were normalized to the
condition in which DOX was withdrawn in the second week of 3D culture. The experiments were conducted in
triplicate with 3 independent samples. Data are presented as mean + SEM. Statistical analysis was performed by
t-test. **p<0.001.

most likely relates to Wnt and Notch signaling pathways. It has been reported that orchestration of Notch and
Wht signaling is required for normal myogenesis*>?’. Activation of the canonical Wnt signaling upregulates myo-
genic regulatory factors, including MYOG, to promote the commitment for terminal myogenic differentiation®,
and inhibition of Notch signaling further drives the differentiation and maturation of the committed cells**?>%.
Our results show that co-treatment with the Wnt activator CHIR and the Notch inhibitor DAPT significantly
enhanced myogenic differentiation of these cells. Furthermore, CHIR primarily enhanced the commitment for
terminal myogenic differentiation, while DAPT mainly contributed to promoting further differentiation and
maturation of the committed cells. Therefore, the roles of Wnt and Notch modulations in myogenic differentia-
tion of transdifferentiated myoblast-like cells are similar to those in normal myogenesis.

Temporally controlled MyoD expression benefits force generation of tissue constructs derived
from transdifferentiated myoblast-like cells. Contractile force generation in response to electrical
stimulation is an essential function of skeletal muscle. We used a tissue engineering approach to create 3D
constructs with iMyoD-hTERT-NHDFs and assessed their contractile force generation in response to exter-
nal electrical stimulation. The iMyoD-hTERT-NHDFs were first cultured in DOX-containing NHDF medium
two-dimensionally (2D) for 7 days, trypsinized, encapsulated in a hydrogel composed of fibrin and Matrigel,
and cast in a homemade culture device as we reported previously*’. The 3D constructs were further cultured in
DOX-containing NHDF medium for 3 days, followed by culture in DOX-containing KOSR medium for 4 days
(Fig. 4A). Functional examination at this time point showed no detectable contractile forces (7 days of 3D cul-
ture and the first time point to evaluate force generation as illustrated in Fig. 4A, corresponding to the time point
at which phenotypes were examined for 2D culture as illustrated in Fig. 2A). When we extended the culture in
DOX-containing KOSR medium for an additional 7 days, contractile forces were detected, indicating that the
myogenic cells transdifferentiated from human fibroblasts via forced MyoD expression can develop into func-
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tional skeletal muscle constructs. The force patterns generated by these constructs were similar to those gener-
ated by the 3D constructs engineered with hPSC-derived myogenic progenitors (Fig. 4B)*.

We reasoned that termination of MyoD expression in the middle of myogenic differentiation would pro-
mote these 3D constructs to enter a functionally more advanced stage and generate greater contractile forces.
This hypothesis was based on the fact that MyoD, an early regulatory factor for myogenic lineage commitment
and for the onset of terminal myogenic differentiation, diminishes with myotube maturation during muscle
development®. To test this hypothesis, we withdrew DOX from the KOSR medium during the second week of
3D culture (Fig. 4A). This change resulted in increases of 3.05 and 2.28 times in the twitch (at 0.5 Hz) and tetanic
(at 20 Hz) forces, respectively (Fig. 4B,C). These results suggest that the role of MyoD in myogenic differentiation
of transdifferentiated myoblast-like cells is similar to that in normal myogenesis: its expression is essential for
myogenic lineage commitment of iMyoD-hTERT-NHDFs and the onset of terminal myogenic differentiation
of the committed myoblast-like cells, but prolonged MyoD expression hampers the progression of the terminal
differentiation toward cells having contractile properties.

CHIR99021 and DAPT co-treatment enhances force generation of tissue constructs derived
from transdifferentiated myoblast-like cells. We further reasoned that treatment with CHIR and
DAPT would enhance the contractile function of the muscle constructs derived from transdifferentiated myo-
blast-like cells. To test this hypothesis, the culture regimen was modified: 3D culture was conducted in media
supplemented with DOX, CHIR, and DAPT for 1 week (3 days in NHDF medium and 4 days in KOSR medium),
followed by culture in the KOSR medium with no supplements for an additional week (the DOX + CHIR + DAPT
condition in Fig. 5A). Enhancement in contractile force generation was observed: the twitch force (0.5 Hz) and
the tetanic force (20 Hz) increased from 0.071+0.002 mN to 0.080+0.003 mN and from 0.374+0.012 mN to
0.519+0.034 mN, respectively, as compared with the control in which CHIR and DAPT were not added (the
DOX condition in Fig. 5A) (Fig. 5B,C). Our study not only demonstrates that myogenic cells transdifferentiated
from human fibroblasts via forced MyoD expression can develop into tissue constructs generating contractile
forces in response to external electrical stimulation, but it also shows that contractile force generation of these
constructs is enhanced by small-molecule regulators for Wnt and Notch pathways.

We further conducted immunohistochemical (IHC) analysis for the 3D constructs cultured in the two condi-
tions illustrated in Fig. 5A. Longitudinally sectioned tissue slices stained for sarcomeric a-actinin revealed aligned
myotubes in both conditions (Fig. 5D). High-magnification images showed that striated myotubes developed
in both conditions, suggesting that the fibroblasts transdifferentiated into muscle cells (Fig. 5D). However, the
occurrence of striated cells in these samples is not as high as that in 3D constructs engineered with primary
human myoblasts*'; and some striated patterns appear underdeveloped.

In our previous study on tissue constructs engineered with hESC-derived myogenic progenitors using the
same 3D culture devices (cell seeding density at 7.5 million cells/ml), we observed twitch and tetanic forces of
0.051+£0.016 mN (0.5 Hz) and 0.205 +0.093 mN (20 Hz), respectively, at 14 days of differentiation in the KOSR
medium®. Considering the higher cell seeding density in the current study (10 million cells/ml), the contrac-
tile forces generated by the transdifferentiated cells are similar to those generated by hESC-derived cells in the
KOSR medium. However, we were able to enhance the forces generated by hESC-derived tissue constructs to
0.374£0.089 mN (twitch at 0.5 Hz) and 0.748 +0.277 mN (tetanic at 20 Hz) at 14 days of differentiation by opti-
mizing the differentiation medium, and these values are higher than what we observed for the transdifferentiated
cells. Furthermore, the forces generated by tissue constructs engineered with primary human skeletal myoblasts
(Gibco HSkM) using the same 3D culture devices (cell seeding density at 5 million cells/ml) are approximately
0.74 mN (twitch at 0.5 Hz) and 1.43 mN (tetanic at 20 Hz) (Figure S6) at 5 days of differentiation in the KOSR
medium, suggesting that HSkM-derived tissue constructs can generate much higher forces than those derived
from the transdifferentiated cells. These results suggest that the transdifferentiated cells differ from true muscle
cells, and the method presented here has limitations and needs further improvement. Since transdifferentiated
myogenic cells have several advantages over primary myoblasts or hPSC-derived myogenic cells as described in
the Introduction, future studies are needed to characterize and understand the molecular, structural, and func-
tional differences between the tissue constructs engineered with these transdifferentiated cells and those with
primary myoblasts. Such studies are important because they could provide insights to improve the properties
of the transdifferentiated cells and render them valuable for fundamental studies and therapy development for
muscular diseases.

Conclusion

We established the iMyoD-hTERT-NHDF cell line that could proliferate extensively and transdifferentiate into
m cells upon DOX-induced MyoD expression. During myogenic differentiation of these transdifferentiated
myoblast-like cells, CHIR99021, a Wnt signaling activator, promoted the commitment for terminal myogenic
differentiation and DAPT, a Notch signaling inhibitor, enhanced terminal differentiation and maturation of
the committed cells. Co-treatment with CHIR99021 and DAPT substantially enhanced the overall efficiency
of myogenic differentiation of iMyoD-converted fibroblasts. The 3D tissue constructs engineered with iMyoD-
hTERT-NHDFs generated detectable contractile forces in response to electrical stimuli after 2 weeks of 3D
culture with DOX, and withdrawal of DOX in the second week of 3D culture resulted in significant increases
in contractile forces, suggesting that temporally-controlled rather than prolonged MyoD expression benefits
functional myogenic differentiation of these cells. These 3D constructs exhibited further enhanced contractile
forces when treated with CHIR99021 and DAPT. The ability of these abundant and potentially patient-specific
and disease-specific cells to develop into functional skeletal muscle constructs makes them highly valuable for
many applications, such as disease modeling.

Scientific Reports |

(2020) 10:22047 | https://doi.org/10.1038/s41598-020-78987-8 nature research



www.nature.com/scientificreports/

Contractile Force

A and

DOX+CHIR+DAPT: +DOX

i | | IHC Analyses
7 days ' 3days 4 days ¢ 7 days K
ol | . \4
messs NHDF medium === = KOSR medium me=p-
2D culture I ' 3D culture |
DOX: +DOX | +DOX | !

I
1
+DOX,CHIR, and DAPT

B C #DOX

m DOX+ CHIR + DAPT
*k

0.8 - 06 -
= 0.6
0.4

Force (mN

0.2

Time (s)
=—(05Hz ==1Hz —2Hz 5Hz

==10Hz =—=20Hz —40Hz

DOX+ CHIR + DAPT

Figure 5. Effects of CHIR99021 and DAPT on 3D tissue constructs engineered with iMyoD-hTERT-NHDFs.
(A) Ilustration of cell culture regimens. (B) Representative contractile force patterns generated by the constructs
cultured in the DOX + CHIR + DAPT condition illustrated in (A). (C) Treatment with CHIR99021 and DAPT
enhanced functional myogenic differentiation as revealed from the comparison of the contractile forces. The
experiments were conducted in triplicate with 3 independent samples. Data are presented as mean + SEM.
Statistical analysis was performed by t-test. *p <0.05, **p<0.01. (D) Longitudinal cryosections of 3D constructs
stained with an anti-sarcomeric a-actinin antibody (green) and counterstained with the Hoechst 33342 nuclear
marker (blue), revealing myotube alignment (from low-magnification images) and the striated structure (from
high-magnification images) for both conditions.

Materials and methods

Cell culture. Primary normal human dermal fibroblasts (NHDFs) (Gibco) were cultured in an NHDF
medium composed of high glucose DMEM (Life Technologies), 20% FBS (Atlantic bioscience), 2 mM glutamax
(Life Technologies), and 1% penicillin/streptomycin (Life Technologies). To confirm the robustness of the trans-
differentiation method, NHDFs from two donors were used (lot numbers: 1998537 and 1165554). All NHDFs
were subcultured upon 100% confluency with a 1:5 splitting ratio. For primary NHDFs, P3 to P9 were used. The
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Lenti-X HEK293T cell line (Takara Bio USA) was maintained in a medium composed of high glucose DMEM,
10% FBS, 2 mM glutamax, and 1% penicillin/streptomycin.

Virus production. Lenti-X HEK293T cells were used to produce both retroviral and lentiviral vectors. Cells
were seeded at 70-80% confluency in a T25 flask and allowed to grow overnight, and the medium was replaced
with fresh medium 4 h before transfection. The cells were transfected with plasmids encoding the vector com-
ponents by using the Xfect transfection reagent (Takara Bio USA) according to the manufacturer’s instruction.
To produce the retroviral vector encoding hTERT, cells were co-transfected with 5 pg of the retroviral transfer
plasmid pBABE-neo-hTERT (Addgene plasmid #1774)*, 4 pg of the packing plasmid pUMVC (Addgene plas-
mid #8449)%, and 0.5 pg of the envelop plasmid pCMV-VSV-G (Addgene plasmid #8454)%. To produce the
lentiviral vector encoding iMyoD, cells were co-transfected with 5.6 pg of the lentiviral transfer plasmid LV-
TRE-VP64 human MyoD-T2A-dsRedExpress2 (Addgene plasmid #60629)", 2.7 pg of the packaging plasmid
psPAX2 (Addgene plasmid #12260, a gift from Didier Trono), and 1.7 ug of the envelope plasmid pCMV-VSV-
G. The medium was replaced with 4 ml of fresh medium every day, and the virus-containing media collected
between 48 and 96 h after transfection were pooled and allowed to pass through a 0.45 pum sterile filter (Fisher).

Generation of hTERT-iMyoD-NHDFs and primary iMyoD-NHDFs by viral transduction. To
generate hTERT-iMyoD-NHDFs, primary NHDFs were transduced with the retroviral vector encoding hTERT
and the lentiviral vector encoding iMyoD sequentially. In brief, primary NHDFs (passage 6) were seeded in
a 6-well plate at 20 ~30% confluency and allowed to attach for 12 h, followed by replacing the medium with
1.5 ml of the medium containing hTERT retroviral vector particles and supplemented with 4 pg/ml Polybrene
(Sigma-Aldrich). The medium was replaced every day with 1.5 ml of the same virus-containing medium for two
additional days. The cells were then re-plated at 20 ~ 30% confluency and treated with 500 ug/ml G418 (Teknova)
for 7 days to select transduced cells. The resulting hTERT-NHDFs were further transduced with the lentiviral
vector encoding iMyoD in the same manner and treated with 500 ng/ml puromycin (Santa Cruz) for 5 days to
select h\TERT-iMyoD-NHDFs. To generate primary iMyoD-NHDFs, primary NHDFs were transduced with the
lentiviral vector encoding iMyoD in the same manner and treated with 500 ng/ml puromycin for 5 days to select
iMyoD-NHDFs.

The hTERT-iMyoD-NHDFs were cultured in NHDF medium containing 100 pg/ml G418 and 100 ng/ml
puromycin unless stated otherwise. The iMyoD-NHDF were cultured in NHDF medium containing 100 ng/ml
puromycin unless stated otherwise. Both cell types were subcultured upon 100% confluency with a 1:5 splitting
ratio.

Measurement of population doublings. The expansion capacity of hTERT-iMyoD-NHDFs and pri-
mary iMyoD-NHDFs was examined by measuring the population doubling as a function of time®. The starting
cells were at passage 9 for both cell types. The cells were expanded in the NHDF medium (without puromycin or
G418) and passaged successively for at least 20 rounds. In each round, cells were seeded in 48-well plates (2 x 10*
cells in each well), cultured for 3 ~ 6 days, and trypsinized for cell counting and re-plating. The experiments were
conducted in triplicate. Population doublings were calculated as follows:

n N,
PDLn = Zlogz m
i=1

where PDL, is the population doubling at the nth round, and N; is the cell number in one well at the end of the
ith round (average of triplicates).

Myogenic differentiation in 2D cultures. The culture regimens to drive myogenic differentiation
of hTERT-iMyoD-NHDFs or iMyoD-NHDFs in 2D cultures are illustrated in Fig. 2A. Doxycycline (Sigma-
Aldrich) was added in culture media at 3 pg/ml throughout the whole culture period in each regimen. This con-
centration was chosen because the dose-response relationship between the Dox concentration and myogenic
differentiation was examined in a previous study, and 3 pg/ml was determined to be the optimal concentration'’.
Cells were seeded at 20% confluency and cultured in the NHDF medium for 7 days, trypsinized, re-plated at a
density of 6 x 10* cells/cm?, cultured in the NHDF medium for 3 days, and then cultured in the KOSR medium
(Knockout DMEM (Invitrogen) supplemented with 20% knockout serum replacement (Invitrogen), 1% MEM
non-essential amino acids solution (Invitrogen), 1% glutamax (Invitrogen), and 50 U/ml penicillin/streptomycin
(Invitrogen))* for 4 days. The differences between the culture regimens are the supplements (5 uM CHIR99021
(Sigma-Aldrich) and/or 10 uM DAPT (Tocris)) in the NHDF and KOSR media after cell re-plating: no supple-
ment for the DOX condition; CHIR99021 for the DOX + CHIR condition; DAPT for the DOX + DAPT condi-
tion; both CHIR99021 and DAPT for the DOX + CHIR + DAPT condition. All the media contained 100 pg/ml
G418 and 100 ng/ml puromycin.

Myogenic differentiation in 3D cultures. The culture regimens to drive myogenic differentiation of
hTERT-iMyoD-NHDFs in 3D tissue constructs are illustrated in Figs. 4A and 5A. Cells were seeded at 20% con-
fluency and expanded in DOX-containing NHDF medium for 7 days in 2D culture, trypsinized, encapsulated in
a hydrogel, and cast in a homemade culture device to generate 3D tissue constructs as we previously reported*.
Each construct was generated from 195 pl of a hydrogel precursor containing the cells at a density of 10 million/
ml, 6 mg/ml fibrinogen (Sigma-Aldrich), 10% (v/v) growth factor reduced Matrigel (R&D), and 1-unit bovine
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thrombin (Sigma-Aldrich). The hydrogel precursor was allowed to gel at 37 °C for 1 h, and the resulting 3D
construct was cultured for 2 weeks. During the first week, the construct was cultured in the NHDF medium for
3 days and then in the KOSR medium for 4 days, with both media supplemented with 3 pg/ml DOX. During
the second week, the KOSR medium with or without DOX was used for the two culture regimens illustrated
in Fig. 4A, and the KOSR medium without DOX was used for both culture regimens illustrated in Fig. 5A. To
examine the effects of CHIR and DAPT, 5 uM CHIR and 10 uM DAPT were added in the NHDF and the KOSR
media during the first week of 3D culture for the DOX + CHIR + DAPT condition illustrated in Fig. 5A. All the
3D culture media contained 100 pg/ml G418 and 100 ng/ml puromycin and were supplemented with 2 mg/ml
e-aminocaproic acid (Sigma-Aldrich) to minimize scaffold degradation. Medium change was conducted every
4 days by replacing 25% of the old medium with the fresh medium.

PCR analysis to verify viral transduction. To verify the genes encoding hTERT or MyoD were inte-
grated into the genome of the transduced cells, their genomic DNA was extracted using the following proce-
dures. A total of 0.1 million virally transduced NHDFs selected through antibiotic treatment were suspended
in 200 pl of PBS containing 200 ug/ml RNase A (Emdmillipore) and 16 units of proteinase K (NEB) and lysed
by adding 10 pl of 10% SDS. The cell lysate was mixed with 200 pl of binding buffer (4 M Guanidine HCI, 0.5 M
potassium acetate, pH 4.2) and incubated at 70 °C for 10 min, followed by addition of 200 pl of ethanol. The
mixture was loaded on a miniprep spin column (epoch bioscience), which was then washed with 500 pl of wash
buffer I (5 M guanidine HCI, 20 mM Tris-HCI in 38% ethanol, pH 6.6) once and with 500 pl of wash buffer II
(20 mM NaCl, 2 mM Tris-HCl in 80% ethanol, pH 7.5) twice. The genomic DNA was eluted with 30 pl of elution
buffer (10 mM Tris-HCI, pH 8.5), and the DNA concentration and purity were determined on a spectrophotom-
eter (BioTek Cytation 3).

Real-time PCR followed by melting curve analysis of the PCR product was conducted on a LightCycler 96
System (Roche) as previously reported*’ to verify the presence of the genes of interest in the extracted genomic
DNA. The forward and reverse PCR primers for detection of the truncated GAG domain in the pBABE-neo-
hTERT plasmid, the RRE domain in the LV-TRE-VP64 human MyoD-T2A-dsRedExpress2 plasmid, and human
albumin (ALB, as a reference) are shown in Table S1. For each PCR reaction, a 10 pl reaction mixture containing
1.25 ng of the extracted genomic DNA, 200 nM forward primer, 200 nM reserved primer, and 1x LightCycler 480
SYBR Green I Master (Roche) was prepared. Each sample was pre-denatured at 95 °C for 10 min followed by 45
rounds of a 3-step temperature cycle (denaturation at 95 °C for 10 s, annealing at 54 °C for 15 s, and extension
at 75 °C for 15 s). After all the 45 rounds were completed, melting curve analysis was conducted, and the pres-
ence of a gene of interest was suggested by a single sharp peak in the derivative melting curve plot indicative of
specific PCR amplification. The melting temperature revealed from this plot was compared with the predicted
melting temperature* to further confirm the presence of the gene.

Quantitative RT-PCR. qRT-PCR was performed to quantify the expression levels of muscle-specific genes
as previously reported®. Briefly, the standard TRIzol-chloroform method was used to extract total RNA, and
the RNA concentration and purity were determined on a BioTek Cytation 3 spectrophotometer. The RNA was
treated with RQ1 DNase (Promega) and reversely transcribed into cDNA by using the Maxima First Strand
cDNA Synthesis Kit (Thermofisher). RT-PCR was performed in a LightCycler 96 System (Roche) with 10 pl of
reaction mixture containing 5 ng of cDNA, 200 nM forward primer, 200 nM reserved primer, and 1 x Light-
Cycler 480 SYBR Green I Master (Roche). The thermal cycling conditions were the same as those previously
mentioned (for PCR analysis to verify viral transduction). The fluorescent signal of SYBR green I was recorded
after each extension step. After all the 45 thermocycles were completed, a melting curve of the PCR product was
recorded to confirm the specificity of each PCR reaction. Relative gene expression normalized to the housekeep-
ing gene B-actin (ACTB) was calculated using a standard ACT method. The primers are listed in Table S2.

Immunocytochemistry and immunohistochemistry. Samples cultured in 2D were fixed with 4%
paraformaldehyde (Sigma-Aldrich) for 15 min, permeabilized with 0.5% Triton X-100 for 10 min, blocked with
5% bovine serum albumin for 30 min, stained with an anti-total MHC antibody (MF20, Developmental Studies
Hybridoma Bank (DSHB), 1:300 dilution) at 4 °C overnight, and then co-stained with goat anti-mouse Alex-
aFluor488 (Invitrogen 1:400 dilution) and the Hoechst 33,342 nuclear marker (Invitrogen 10 pg/ml) for 1 h. Each
sample was washed with PBS three times (30-min incubation each time). All the procedures were conducted at
room temperature unless stated otherwise. The samples were imaged on a Zeiss Axio Observer inverted micro-
scope with a 5 x objective. The myogenic index was quantified by calculating the ratio of the number of nuclei in
MF20* myotubes containing at least three nuclei to the total number of nuclei in an image'>?”. To measure the
length of a myotube, a line between the two endpoints of the myotube was manually drawn along the myotube
in Image], and the length of the line segment was measured by Image]. To measure the width of a myotube, a
straight line was drawn in the direction perpendicular to the local cell alignment direction, and this line crossed
with the myotube surface at two points; the distance between these two crossing points was measured by Image]
as the myotube width. For myotubes having non-uniform widths, the widths at multiple locations of each myo-
tube representing the non-uniformity were measured. All the experiments were conducted in triplicate with
3 independent samples. For each sample, 3 non-overlapping images were acquired; for each image, at least 6
representative myotubes were analyzed.

Immunohistochemical analysis of 3D tissue constructs was conducted using our previously published
method*. The samples were fixed with 4% paraformaldehyde. The fixed samples were treated in infiltration
solution I (30% w/v sucrose and 5% w/v dimethyl sulfoxide) at 4 °C overnight, followed by in infiltration solu-
tion IT (50% infiltration solution I and 50% TissueTek OCT embedding medium) at 4 °C overnight. Each sample
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was then embedded in OCT compound and frozen in liquid nitrogen, followed by cryosectioning longitudinally
into 40 pm slices. The sections were washed with PBS for 10 min to remove excess OCT, permeabilized with
0.5% Triton X-100 for 40 min, blocked with 5% bovine serum albumin for 1 h, stained with an anti-sarcomeric
a-actinin antibody (Sigma-Aldrich, 1:300 dilution) at 4 °C overnight, and then co-stained with goat anti-mouse
AlexaFluor488 and the Hoechst 33342 nuclear marker for 2 h. Stained sections were mounted using Fluoro-
mount-G (Southern Biotech) and imaged using a Zeiss LSM 700 confocal laser scanning microscope with a 10x
or 63x objective. With the 63x objective, a Z-stack of 20 images and 0.5 um Z-spacing was acquired, and the
maximum intensity projection of the Z-stack is presented for each sample.

Western blot.  Cells were lysed in cold RIPA buffer (Thermoscientific) containing a protease inhibitor cock-
tail (Takara Bio)*. The total protein concentration in each lysate was determined using the BCA protein assay
(Thermoscientific) according to the manufacture’s instruction. Each cell lysate (containing 40 pg of total protein)
was subjected to SDS-PAGE in a 4-15% Mini-PROTEAN TGX gel (Bio-Rad) and the separated proteins were
transferred to a PVDF membrane (MilliporeSigma). The membrane was blocked with the Odyssey blocking
buffer (LI-COR) for 1 h, and then incubated with a primary antibody overnight at 4 °C*. The primary antibodies
were anti-total MHC (MF20, 1:200 dilution), anti-neonatal MHC (N3.36, 1:200 dilution), and anti-actin (JLA20,
1:200 dilution), all obtained from DSHB. The membrane was washed with Tris Buffered Saline (TBS, Bio-Rad)
for 30 min, and then incubated with a secondary antibody IRDye anti-mouse 680RD (LI-COR, 1:10,000 dilu-
tion) for 40 min. After washing with TBS for 30 min, blots on the membrane were visualized in a ChemiDoc
Imaging System (Bio-Rad). All the antibodies were diluted in a mixture of Odyssey blocking buffer and TBS
(1:1 volume ratio). All TBS contained 0.05% Tween 20 (Fisher). All the procedures were performed at room
temperature unless stated otherwise.

Measurements of contractile forces generated by 3D tissue constructs. Contractile forces gener-
ated by 3D tissue constructs in response to electrical stimuli were measured using a custom-built apparatus as
previously reported**”*, Briefly, a construct was mounted on two pins in a chamber, with one pin fixed and
the other adjustable and coupled to a force transducer (Harvard Apparatus, 60-2994 model). The construct was
stretched by 20% of its initial length before each set of measurements. Samples were stimulated at 0.5, 1, 2, 5, 10,
20, and 40 Hz for 6 s (10 ms pulse width; 24 V) with a cardiac stimulator (Astro-Med Inc., S88 x Model), and the
forces were recorded in LabView. The data were analyzed with a custom code in MATLAB. The maximum values
in each twitch peak or tetanic plateau were used for quantitative analysis. Measurements of twitch forces (0.5 Hz)
and tetanic forces (20 Hz) were repeated three times for each construct, and the experiments were performed
in triplicate with 3 independent samples. Therefore, 27 twitch peaks and 9 tetanic force plateaus were used for
quantitative analysis for each condition.

Statistics. Data are presented as mean + standard error of the mean. Statistical analyses were conducted by
two-tailed Student’s t-tests or one-way ANOVA with Tukey’s test in GraphPad Prism 7.

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials. Additional data related to this paper may be requested from the authors.
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