iIScience

¢? CellPress

OPEN ACCESS

An intermediate state in trans-differentiation with
proliferation, metabolic, and epigenetic switching

Pluripotency

iPSCs

Intermediate state

Higher glycolysis
Higher proliferation ability
Higher stemness

A

..O.... g Switch
...
®

® o

® ®
[ ] [
s Trans-differentiation path %
: ;
- et

Fibroblasts Myofibroblasts

cccccc

Zhikai Ye, Wenbo
Li, Zhenlong
Jiang, Erkang
Wang, Jin Wang

jin.wang.1@stonybrook.edu
(J.W.)

ekwang@ciac.ac.cn (E.W.)
jiangzl@ciac.ac.cn (Z.J.)

Highlights

Smads and Akt/p38MAPK
pathways play the key role
in fibroblast transition

There is a cell proliferation
capability switching
induced by TGF-B1

Metabolic
reprogramming is
required during trans-
differentiation

An intermediate state
appeared with high
pluripotency in trans-
differentiation

Ye et al., iScience 24, 103057
September 24, 2021 © 2021
The Author(s).
https://doi.org/10.1016/
jisci.2021.103057



mailto:jin.wang.1@stonybrook.edu
mailto:ekwang@ciac.ac.cn
mailto:jiangzl@ciac.ac.cn
https://doi.org/10.1016/j.isci.2021.103057
https://doi.org/10.1016/j.isci.2021.103057
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103057&domain=pdf

iIScience

An intermediate state
in trans-differentiation with proliferation,
metabolic, and epigenetic switching

Zhikai Ye,"” Wenbo Li," Zhenlong Jiang,"* Erkang Wang,"** and Jin Wang®**

SUMMARY

Although TGF-B signaling can effectively activate fibroblasts to transform to my-
ofibroblasts, the underlying mechanisms involved in the cell fate switching for
trans-differentiation have not been fully elucidated. In this study, we found the
evidence of an intermediate state in the process of trans-differentiation. In the
early stage of trans-differentiation, cells enter the intermediate state first with
multiple characteristics such as accelerating cell cycle, metabolic switching,
enhanced anti-apoptotic ability, and pluripotency, which is very similar to the
early stage of reprogramming. As the trans-differentiation continues, these char-
acteristics get switched. Therefore, trans-differentiation appears to require the
switching of cell proliferation ability, metabolic pathway, and stemness” to com-
plete the process. In this study, we can conclude that an intermediate state may
be necessary with high pluripotency in trans-differentiation from fibroblasts to
myofibroblasts. Only after passing the intermediate state, the trans-differentia-
tion is finally completed and will not easily return to the original state.

INTRODUCTION

In response to various indicators of stress or damage, including physical stress, inflammatory mediators,
growth factors, and cytokines, fibroblasts may become activated, eventually undergoing a phenotype
switching to myofibroblasts (Roche et al., 2015), which is a typical trans-differentiation process. The
TGF-B (transforming growth factor B)/Smad signaling pathway has long been known to be involved in
this process and is arguably one of the most potent inductive mechanisms: TGF-B drives fibroblasts acti-
vation via the activation of phosphorylation of Smad2 and Smad3, which are complexed with Smad4, trans-
locate to the nucleus, and form a transcriptional complex which can recruit the transcriptional co-activators
to induce transcription of target genes including a-smooth muscle actin (a-Sma) and ECM (extracellular
matrix) genes such as those encoding type | collagen (Roche et al., 2015; Ten Dijke et al., 2002). TGF-p
may also work via a parallel non-canonical signaling pathway involving the activation of MAPK (mitogen-
activated protein kinase) signaling to promote the expression of a-Sma (Zeglinski et al., 2016).

Although these results were used to explain the formation of myofibroblasts, the comprehensive mecha-
nisms governing fibroblasts to myofibroblasts trans-differentiation are not yet fully elucidated. In mesen-
chymal cells (such as fibroblasts), TGF-B can stimulate or inhibit the cell proliferation by low and high
concentrations of TGF-B, respectively (Liu et al., 2008). The role of this bidirectional effect has not been
clearly clarified in the trans-differentiation process of fibroblasts. Another issue is that the transition of
metabolic pathway from phosphorylation to glycolysis is thought to facilitate the differentiation of myofi-
broblasts (Lai et al., 2019; Sun et al., 2020). However, an experimental result showed the opposite effect that
the glycolytic pathway did not affect the switching process (Schruf et al., 2019). Whether the “stemness” of
the fibroblasts has changed during the trans-differentiation process was also ambiguous (Jopling et al.,
20711). Another important question is whether the cells go through specific path and whether there exists
a “stemness” intermediate state during the trans-differentiation process. This is crucial for its potential
application in regenerative medicine and disease modeling (Granados-Aparici et al., 2019; Lu et al.,
2013; Reid and Tursun, 2018; Ten Dijke et al., 2002; Wang et al., 2011).

In order to further explore the specific pathways and mechanisms involved in the trans-differentiation of
fibroblasts into myofibroblasts, TGF-B induction was performed for different periods in this study. Then,
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the time course analysis of the transcriptome expressions, proliferation capacity, and the metabolic re-
programming was adopted. The expression of a large number of genes in cell cycle pathways and meta-
bolic pathways showed a non-monotonic trend in the trans-differentiation process. Correspondingly, we
have also seen the switching of cell proliferation ability and metabolic pathways in the cell experiments.
Furthermore, epigenetic factors including Ctcf, Ezh2, Kdm2b, and Wdr5 showed an upregulated and
downregulated expression trend, which also suggested a switch in cell “stemness”. These results provide
the evidences of an intermediate state with high pluripotency in the early stage of trans-differentiation,
which was associated with the metabolic OGS (switch from oxidative phosphorylation to glycolysis) and
enhanced proliferation capability. Knockdown of Smad and Akt/p38MAPK signaling pathways will abro-
gate TGF-B-mediated trans-differentiation. All the data sculpted the whole trans-differentiation scenario
from fibroblasts into myofibroblasts with an intermediate state, beyond which the cells will be difficult to
come back. We believe that the evidence of the intermediate state and the formation mechanisms are
important for understanding the trans-differentiation process between other lineages.

RESULTS
Sequential induction of trans-differentiation process

TGF-B pathway can effectively induce the transformation of skin cells into muscle fibroblasts. We induced
HDFs (human dermal fibroblasts) (mesenchymal cells) with 5 ng/mL TGF-B1 for 1-7 days, respectively, and
detected the marker gene a-Sma of muscle fibroblasts. In Figure 1A, we can see that the expression of
marker gene a-Sma gradually increased with induction, and the expression level of a-Sma gradually
reached the plateau after the fifth day, indicating that the trans-differentiation process was nearly
completed. The further gPCR (quantitative real-time PCR) analysis of the expression of a-Sma, Fibronectin,
and Collal from day 7 to day 9 showed no significantly difference (Figure STA). It also suggested that the
trans-differentiation process was basically completed after the fifth day. It is generally believed that the
downstream of TGF-B mainly includes the Smad pathway and the non-canonical PI3K/Akt pathway and
MAPK pathway (Xie et al., 2015; Zhang et al., 2019). Therefore, we explored whether the Smad pathway
and the Akt/p38MAPK pathway are indispensable in the trans-differentiation. siRNA of Smad4 and of
Map2ké were added before starvation (day -1), respectively. When Smad4 or Map2ké was knocked
down by siRNA, the expression of a-Sma at day 4 or day 7 was decreased. When knocking down both of
them, the expressions of a-Sma would be significantly suppressed (Figure 1B). That is to say, siRNA-medi-
ated knockdown of Smad and Akt/p38MAPK signaling pathways significantly attenuate the expression of
a-Sma.

To further clarify whether the knockdown of Smad4 or Map2ké just delays the trans-differentiation or ab-
rogates the trans-differentiation and to exclude the possible effect of siRNA degradation, the siRNA
was added during the trans-differentiation at day -1, day 2, and day 5. Although the expressions of several
marker genes (¢-Sma, Fibronectin, and Col1a1) would still be enhanced with the increase of the induction
time after the addition of single type of siRNA (siRNA-Smad4 or siRNA-Map2ké), there were little changes
in these genes by knocking down both of the Smad4 and the Map2ké continuously. This indicates that the
trans-differentiation was effectively blocked (Figure S1B). Meanwhile, the immunofluorescence staining of
a-Sma, Fibronectin, and Coll1al also showed that knocking down both of Smad4 and Map2ké can effec-
tively inhibit the trans-differentiation process (Figures 1C and S1C). In other words, the Smad pathway
and the Akt/p38MAPK pathway can promote the trans-differentiation, respectively, and only knocking
down one of them cannot completely prevent trans-differentiation. This illustrates that both the Smad
pathway and the Akt/p38MAPK pathway together play the essential role in the trans-differentiation
process.

Time course RNA sequencing of trans-differentiation

Although we can observe that the Smad pathway and the Akt/p38MAPK pathway play a key role in the pro-
cess of trans-differentiation, the full process of trans-differentiation is still elusive. Trans-differentiation as a
way of cell fate switching is a complex process, there must be a large number of cross-talk signaling path-
ways involved. In order to clarify the specific mechanism of trans-differentiation and gain a deep under-
standing from global perspective at the gene level, time course RNA sequencing is required. For the
expressions of the marker genes, our time course RNA sequencing lasted until the seventh day. Then,
the mRNA levels of the marker genes (Fibronectin and Col1al) and the downstream genes of TGF-B
signaling pathway (Snail1, Cdh2, and Zeb1) from day 5 to day 7 showed no obvious difference, which further
suggested that the trans-differentiation process at day 7 was completed (Figure S2). Then, the expressions
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Figure 1. Knockdown of Smad and Akt/p38MAPK pathways inhibits trans-differentiation

(A) gPCR analysis of the expression of a-Sma after TGF-B1 continuously induced HDFs from day 0 to day 7. Data were
presented as mean + SD, n = 3. 0.01 < *P < 0.05, **P < 0.01 versus dayO0.

(B) gPCR analysis of the expression of a-Sma was measured at day 4 and day 7. HDFs induced by TGF-B1 after knockdown
of Smad4, Map2ké, and both of them by siRNA before starvation, respectively. Data were presented as mean &+ SD, n = 3.
**P < 0.01 versus siRNA-Nc.

(C) Immunofluorescence staining during the trans-differentiation of a-Sma at day 0, day 3, and day 7 and knockdown of
Smad4 and Map2ké (bar, 400 pm). The siRNA of Smad4 and Map2ké was added at day -1, day 2, and day 5, respectively.

of important differential genes from day 0 to day 7 were demonstrated by the heatmap (Figure 2). Although
the change trend of most differential genes was the same as expected being relatively monotonic, some
genes still showed surprising changes. After comparing the expression of differential genes in the whole
trans-differentiation process, there were some interesting behaviors appeared in the cell cycle and meta-
bolic pathway, which can also be affected by TGF-B. We can see that a large number of genes involved in
the regulation of cell cycle and glycolysis in these two pathways show a completely different expressions
trend in the early and late stages of trans-differentiation. For example, the expression of Akt1, Ras,
Ldha, Hk, and a large number of CDK genes showed a trend of upregulation and then downregulation dur-
ing the time sequence induction process. These genes are known to play an important role in promoting
cell cycle and glycolytic metabolism. On the other hand, the genes that inhibit cell proliferation, such as
Tp53, P16, and P21, showed an opposite expression trend, which was downregulated first and then
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Figure 2. Time course RNA sequencing analysis and the heatmap of related genes during trans-differentiation
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The global profile of gene expression was measured by time course RNA sequencing during trans-differentiation from day 0 to day 7. The red represents
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collected for each test.

upregulated. Therefore, by analyzing the time course transcriptomic data, we can find that there was a state
with the cell proliferation ability enhanced, glycolytic metabolism increased, and epigenetic barriers for
pluripotency reduced in the initial stage of trans-differentiation, which would then return to the normal
levels later. This behavior demonstrated a distinct particular turning point at day 3 or day 4. It showed
that there was a distinct state in the early stage of trans-differentiation, similar to the state of cells in the
early stage of reprogramming (Sun et al., 2020). On the other hand, some recent studies have suggested
that epithelial cells may have an intermediate state in the process of EMT (Jolly et al., 2015; Yang et al.,
2020). Here, we suppose that the cells may go through a clear intermediate state in the process of trans-
differentiation from fibroblasts to myofibroblasts, and the trans-differentiation would be completed after
passing through the intermediate state.

Switching of cell proliferation during trans-differentiation

In order to further confirm the reliability of the time course RNA sequencing results, we tested the growth
rates of the cells at different time points during trans-differentiation. As can be seen from Figure 3A, the
proliferation ability of the cells was gradually enhanced in the first 3 days after induction. However, the pro-
liferation ability of the cells decreased significantly with induction from day 4. Although the switching of
proliferation ability kept consistent with the results of RNA sequencing, the origin of this behavior still
needs to be explored. As previously reported, the Smad pathway may inhibit the cell cycle (Granados-
Aparicietal., 2019; Ten Dijke et al., 2002; Yeh et al., 2019). Therefore, we suggest that with the prolongation
of trans-differentiation induction time, the decrease of the cell proliferation ability may be related to the
activation of Smad pathway. In order to verify our hypothesis and to further confirm the influence of the
Smad pathway on the cell proliferation in the process of trans-differentiation, we introduced SIS3, a small
molecule which can effectively inhibit the Smad pathway. According to the gPCR results in Figure 3B, we
can see that adding SIS3 can effectively improve the expression level of Akt1. At the same time, we also
tested the cell proliferation ability. From Figure S3, it can be seen that the proliferation ability of the cells
in the experimental group with SIS3is significantly improved at 1 uM. Therefore, we inferred that the reason
why cell proliferation first increased and then decreased in the induction process is closely related to the
activation of Smad pathway. TGF-B activated the Akt/p38MAPK pathway during the initial induction period
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Figure 3. Changes in cell proliferation during trans-differentiation

(A) The cell index during cell proliferation from day 1 to day 7, respectively. The cell index was observed every 15 min for
30 hr for each group after TGF-B1-mediated fibrosis was finalized, and the cells were reseeded into E-plates.

(B) The mRNA levels of Akt1 at day 3 after treating with DMSO (blank), TGF-B1 (5 ng/mL), SIS3 (1 pM), and both of them,
respectively. Data were presented as mean + SD, n = 3. **P < 0.01 versus DMSO-treated group.

(0-3 days), which accelerated the cell cycle. At this time, the Smad pathway has not been activated effec-
tively. With the induction progresses (4-7 days), the expressions of major components such as Smad?2
and Smad4 were continuously enhanced (Figure 2), the Smad pathway was fully then activated, and cell
proliferation was gradually inhibited.

Metabolic reprogramming from fibroblasts to myofibroblasts

The switching of the cell fate is often accompanied by metabolic reprogramming (Hua et al., 2020; Lai et al.,
2019; Li et al., 2020). Furthermore, the cell proliferation requires metabolic pathways to provide energy, so
changes in the cell proliferation capacity also require changes in metabolic pathways (DeBerardinis et al.,
2008; Fritz and Fajas, 2010; Jones et al., 2005). Therefore, in order to better understand the process of trans-
differentiation from fibroblasts to myofibroblasts, we need to test the changes in metabolic pathways. First
of all, we analyzed the expressions of core genes in the metabolic pathway and found that Ldha, Hk1, Hk2,
Ptk2, Glut1, Eno1, and other genes promoting OGS (switch from oxidative phosphorylation to glycolysis)
showed an initial upregulated and then downregulated expression trend, which corresponded to the trend
of cell proliferation ability during trans-differentiation. To further elucidate the role of metabolic pathways
in trans-differentiation, glycolytic function (represented by extracellular acidification rate; ECAR) and mito-
chondrial respiration (represented by oxygen consumption rate; OCR) were determined by Seahorse anal-
ysis from day 0 to day 7 (Figures 4A and 4C). With ECAR tested, the glycolysis (induced by glucose) and
glycolytic capability (induced by oligomycin) augmented from day O to day 3 then decreased from day 3
to day 7 (Figure 4B). For OCR, the basal respiration and ATP production (induced by FCCP) decreased
from day 0 to day 4 and then augmented from day 4 to day 7 (Figure 4D). We can see that the change
of glycolysis capacity and the change of cell proliferation capacity during trans-differentiation process
form a clear correspondence. This indicates that there is across talk between these two pathways. There-
fore, we have the reason to guess that the first increase and then decrease of glycolytic capacity is also
related to the activation of the Smad pathway (Liang et al., 2020).

To verify this hypothesis, we tested the effect of TGF-B1 and SIS3 on glycolysis capacity. According to Fig-
ures S4A and S4B, we can see that the addition of TGF-B1 and SIS3 can promote the glycolysis ability of the
cells. When TGF-B1 and SIS3 were added at the same time, the expressions of genes involved in glycolysis
and glycolysis capacity were significantly enhanced (Figure S4C). Therefore, we proposed that due to the
cross talk between glycolytic metabolism pathway and cell proliferation pathway, the effect of TGF-B
pathway on the two is similar. In the initial stage of induction (0-3 days), Smad pathway was not effectively
activated, while other pathways downstream of TGF-B such as Akt/p38MAPK pathway can effectively acti-
vate the glycolytic pathway. However, with the extension of induction time and the effective activation of
Smad pathway, the glycolysis process was gradually inhibited, and the oxidative phosphorylation process
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Figure 4. Metabolic switch during trans-differentiation

(A) and (B) Glycolysis function from day O to day 7 during trans-differentiation determined by Seahorse.

(B) Switch of glycolysis and glycolysis capability.

(C) and (D) Mitochondrial respiration from day 0 to day 7 during trans-differentiation determined by Seahorse.
D)

D) Alterations in basal respiration and ATP production. Data were presented as mean + SD, n = 3. 0.01 < *P < 0.05, **P < 0.01 versus day0.

was gradually strengthened. That is to say, metabolic reprogramming is involved in the whole trans-differ-
entiation process.

At the intermediate state, cells exhibit high pluripotency

Through the analysis of cell proliferation and metabolic switching in the process of trans-differentiation, we
could find that there is a stage of enhanced cell proliferation and OGS in the initial stage of trans-differen-
tiation process, and this feature was very similar to the initial stage of the reprogramming. Therefore, to
further explore the association between the trans-differentiation and the reprogramming, we analyzed
the expressions of the genes and epigenetic factors associated with the “stemness”. We found that the ex-
pressions of Ctcf, Ezh2, Kdm2b, and Wdr5, four epigenetic factors, were significantly upregulated at the
initial stage of induction and gradually downregulated in the subsequent induction process (Figure 5A).
The increased expressions of the four epigenetic factors were reported to be effective in reducing barrier
of pluripotency (Ang et al., 2011; Onder et al., 2012; Wang et al., 2011, 2017). Correspondingly, the expres-
sion of Tp53 gene which regulated apoptosis was downregulated at the early stage of trans-differentiation.
In other words, in the switching process from fibroblasts to myofibroblasts, there is a state of accelerated
cell cycle, improved glycolysis ability, enhanced anti-apoptosis ability, and reduced pluripotency barrier.
That is to say, there is evidence of an intermediate state in the trans-differentiation process, which exhibits
characteristics similar to those of early reprogramming. Further with the induction, the characteristics of
pluripotency gradually disappeared. After the switching of “stemness”, the fibroblasts gradually passed
through the intermediate state, and the trans-differentiation was nearly completed.
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(A) The FPKM values of four epigenetic factors (Ctcf, Ezh2, Kdm2b, and Wdr5) determined by RNA sequencing from day
0 to day 7. Data were presented as mean + SD, n = 3. **P < 0.01 versus day0.

(B) Comparison of the expression of a-Sma by gPCR analysis between the cells in trans-differentiation and re-culturing for
extend 3 days without treatment of TGF-B1. The gray columns represent the expression of a-Sma with sequential
induction. The black columns represent the expression of a-Sma after TGF-B1 removal and re-culture for 3 days. The black
line represents the ratio of these two sets.

In order to further verify whether this state is truly an intermediate state on the path of trans-differentiation,
we reseeded the cells that have been induced for 1-7 days into the medium without TGF-B1 and continued
to re-culture for 3 days. Further, we performed gPCR for the a-Sma expressions of the cells before and after
re-culture. From Figure 5B, we can see that with the extension of the induction time, the expression of
a-Sma in the cells after re-culture and the original culture was getting closer and closer. Especially from
the fourth day, after 3 days of re-culture in the medium without TGF-B1, the expressions of a-Sma in the
cells were almost undiminished, indicating that the cells have passed through the intermediate state
and the cell fate has completed the switching from fibroblasts to myofibroblasts. It is suggested that the
process of trans-differentiation must go through an intermediate stage similar to the early pluripotency
state with multiple “stemness” traits. With the removal of TGF-B1, cells that stayed at the intermediate state
will go back to fibroblasts, but it does not affect the trans-differentiation once the cells pass through the
intermediate state.

DISCUSSION

Trans-differentiation from fibroblasts to myofibroblasts attracts attentions because of the important impli-
cations in wound healing, organ fibrosis, and regenerative medicine (Li and Wang, 2011; Smith, 2018; Tom-
asek et al., 2002). Although studies have demonstrated that TGF-B/Smad pathway is indispensible in vitro
and in vivo for the process of fibroblasts trans-differentiation, the concrete mechanism is still unclear (Conte
et al., 2014; Rodriguez et al., 2019). In this study, we investigated the TGF-B1-induced trans-differentiation
to clarify the possible mechanism. As known, the Smad pathway activates the expression of a-Sma and pro-
motes fibroblasts trans-differentiation (Meng et al., 2016). However, the role of the Akt/p38MAPK pathway
in the trans-differentiation has not been clearly elucidated. To further investigate the role of the Smad and
the Akt/MAPK pathway in the trans-differentiation by siRNA, we found that the trans-differentiation is
closely related to the TGF-B/Smad and the Akt/p38MAPK signaling pathways, without which the trans-dif-
ferentiation would not be continued (Figures 1B and S1B). When the siRNA of Smad4 and Map2ké was
added, respectively, we found that although the expression of a-Sma was suppressed to some extent, it
would increase with the extension of induction time. This indicates that trans-differentiation still continued.
Only by knocking down both of the Smad4 and Map2ké simultaneously, the trans-differentiation would be
abrogated. This illustrates that both the Smad pathway and the Akt/p38MAPK pathway together play an
essential role in the trans-differentiation process.

To further clarify the role of the TGF-B/Smad and Akt/p38MAPK pathways in trans-differentiation, the time
course RNA sequencing was performed to provide a global analysis of differential gene expressions. We
performed the experiments and the associated time course analysis of the transcriptome expressions for
0-7 days. We found that the gene expressions exhibit a distinct dividing line at day 3 or day 4 during the
time sequence induction process (Figure 2). After day 3 or day 4, the expression of some genes related
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to Smad pathways exhibited a significant improvement, while the expression trends of many genes related
to Akt/p38MAPK pathway were reversed. This suggests that there may be an intermediate state in the pro-
cess of trans-differentiation at day 3 or day 4. As known, Akt/p38MAPK signaling can promote cell prolif-
eration and glycolysis ability (Bolanos, 2013; Chang and Karin, 2001). So, we further analyzed the changes in
the cell proliferation capacity and metabolic reprogramming in the process of trans-differentiation to
confirm the results of RNA sequencing. During the initial induction period (0-3 days), the proliferation
and aerobic glycolysis ability were continuously increased. With the further extension of the induction
time (4-7 days), cell proliferation and aerobic glycolysis ability showed opposite trends (Figures 3A
and 4). These results further suggest the existence of intermediate states during the trans-differentiation.

Therefore, we observed an interesting process that the glycolysis ability increased first and then decreased in
this study. For the increase in the glycolysis ability during the trans-differentiation from fibroblasts to myofibro-
blasts, some previous work also confirmed the results. For example, during treatment with TGF-B1, the rapid
augmentation of glycolysis accompanied with the slow change of mitochondrial respiration indicates that
lung fibroblasts exhibit the features of aerobic glycolysis (Xie et al., 2015). Additionally, OGS is necessary for
renal fibrosis which was restrained by the inhibition of aerobic glycolysis (Ding et al., 2017). Since glycolysis is
essential in the process of trans-differentiation, a natural question to ask is why the glycolysis is gradually in-
hibited in the later stages of trans-differentiation. It has been reported that cell proliferation and metabolism
is regulated by TGF-B/Smad signaling pathway which exhibits opposite effect to Akt/p38MAPK signaling
pathway in many cell types (Ten Dijke et al., 2002). Smad4 activates P21 to inhibit cell proliferation and aerobic
glycolysis ability (Hinz and Jucker, 2019; Pardali et al., 2005). Combined with the results of RNA sequencing (Fig-
ure 2), we reason that the Smad pathway inhibits the function of the Akt/p38MAPK pathway progressively, which
results the inhibition of the glycolysis and cell proliferation. TGF-B rapidly activates the Akt/p38MAPK pathway
duringthe early stage (0-3 days), which promotes the cell cycle and OGS. At this time, the Smad pathway has not
been activated effectively. As the induction progresses (4-7 days), the expressions of the major components
such as Smad2 and Smad4 are continuously enhanced; the Smad pathway is then fully activated. Consequen-
tially, the cell proliferation and aerobic glycolysis ability are gradually inhibited. Then, the trans-differentiation
process is completed. To further verify our hypothesis, we used SIS3 to inhibit the effect of the Smad pathway.
From Figures S3 and 54, we could see that after the introduction of SIS3, the glycolysis ability and proliferation
ability of cells have been significantly improved. This result further supports our inference. This may also give a
possible explanation for bidirectional effect of TGF- in cell proliferation and why do some experiments sug-
gest that glycolysis does not play a key role in lung fibroblasts trans-differentiation, at least partially (Liu et al.,
2008; Schrufet al., 2019). And we can see that, the metabolic switching involved in the whole induction process
significantly promotes the fibroblast trans-differentiation.

Here, we also notice other interesting behaviors. At the early stage of trans-differentiation (0-3 days),
compared with the significant increase in glycolysis, the changes in OXPHOS (oxidative phosphorylation)
are moderate. In another work, Xie et al. showed a similar result that glycolysis activity is enhanced during
the trans-differentiation from lung fibroblasts to myofibroblasts under the treatment by TGF-B1 in 24 hr,
while OXPHOS mostly retained its activity (Xie et al., 2015). This suggests that fibroblasts may acquire a
hybrid metabolic state where both glycolysis and OXPHOS are actively used. The hybrid metabolic pheno-
type has also been observed in immune cells and cancer cells, which may increase the metabolic plasticity
and proliferation ability (Jia et al., 2019; Pacella et al., 2018). The reason why hybrid metabolic phenotype
appears in different cells is still unclear. Well, the recent study has suggested that TGF-p may promote
glycolysis and upregulate the FAO (fatty acid B-oxidation) to generate the energy simultaneously (Jia
et al., 2021). Hence, we gather that, although the enhancement of glycolytic pathway may have an impact
on the OXPHOS of the glucose, FAO restored the OXPHOS within limits. Thus, both glycolysis and
OXPHOS are relatively active. We believe that this may be the cause of the hybrid metabolic phenotype
in fibroblast trans-differentiation. However, the relationship between the metabolic state and the cell
fate is very complex, and the reliable mechanism remains to be explored.

Similar with Akt/p38MAPK pathway, we found that the expressions of four epigenetic factors such as Ctcf,
Ezh2, Kdm2b, and Wdr5, which were reported to be important pluripotency factors, were significantly up-
regulated at the initial stage of the induction and then gradually downregulated in the subsequent induc-
tion process (Figure 5A). The high expressions of these four factors were considered to be important
markers of self-renewal and “stemness” (Ang et al., 2011; Onder et al., 2012; Wang et al., 2011, 2017). In
other words, during the process of trans-differentiation, the “stemness” of fibroblasts also increased first
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and then decreased. The intermediate state shows the similar characteristics with the early stage of the re-
programming. Recent studies have also shown that the expressions of these four factors are promoted by
TGF-B, and this significantly reduces the pluripotency barriers during the reprogramming process (Sun
etal., 2020). Since the similar trend with Akt/p38MAPK pathway was observed, we gather that the activation
of TGF-B/Akt/p38MAPK axis positively regulated the expression of these four epigenetic factors. However,
the specific mechanism of how TGF-B/Akt/p38MAPK axis promotes the expressions of these four epige-
netic factors remains unclear and needs further study. At the same time, an important apoptosis gene,
Tp53, which is negatively regulated by AKT shows an opposite expression trend to the four factors (Haupt
et al., 2003). This result further supports the existence of an intermediate state with “stemness” in the early
stage of trans-differentiation.

In order to further show the states of the fibroblasts with different degrees of trans-differentiation under
different induction times, we re-cultured each sample in normal medium without TGF-B1. Then, we gave
the comparison of the a-Sma expressions before and after the re-culture of each sample (Figure 5B). We
can see that the a-Sma expressions of the fibroblasts induced for 1-3 days decreased more than 30% after
re-culture. In contrast, the fibroblasts induced for more than 4 days showed very slight changes in a-Sma
expressions after 3 days of re-culture. In other words, the fibroblasts in the intermediate state are still on
the pathway of trans-differentiation process and will relatively quickly return to the original state if the induc-
tion condition is lost. Only when the cells reach and go across the intermediate state, they can maintain the
relatively stable state. Then the fibroblast-myofibroblast trans-differentiation process is nearly complete.

Although more and more attentions have been paid to the study of trans-differentiation, it is still unclear whether
the intermediate states emerge in the process of trans-differentiation for different cell lineages (Jopling et al.,
20711). There are hints for the appearances of the intermediate states in certain other trans-differentiation pro-
cesses. It has been reported that an intermediate state called XEN-like (extraembryonic endoderm-like) state
was identified leading to efficiently reprogramming by chemical induction of mouse fibroblasts (Zhao et al.,
2015). Then, these XEN-like cells were directly reprogramed to neurons. This avoids the time-consuming iPSC
(induced pluripotent stem cell) generation (Li et al., 2017). During trans-differentiation, fibroblasts may pass
through the intermediate state with high pluripotency when the pluripotent features are detected (Treutlein
et al., 2016). Furthermore, one can see that the characteristics of the intermediate state of the trans-differentia-
tion in diverse cell lineages are different (Reid and Tursun, 2018). Therefore, our study and findings here enrich
the understanding of the possible intermediate states in the trans-differentiation process.

In this study, we show that TGF-B1-induced trans-differentiation from fibroblasts to myofibroblasts is
closely related to the Smad and Akt/p38MAPK signaling pathways, without which the trans-differentiation
would not be continued. We further induced fibroblasts for 1-7 days. Then, through the analysis of tran-
scriptomic sequencing, changes in cell proliferation capacity, and metabolic reprogramming, we found
evidence of an intermediate state in the process of trans-differentiation. In the early stage of trans-differ-
entiation, cells may enter the intermediate state first. And this intermediate state has multiple characteris-
tics such as accelerated cell cycle, OGS, enhanced anti-apoptotic ability, and pluripotency, which is similar
to the early stage of reprogramming. As the trans-differentiation continues, these characteristics get
switched. The switching of cell proliferation ability, metabolic pathways, and “stemness” promotes the
entire progress of trans-differentiation. This supports the possibility of an intermediate state in the
trans-differentiation process with cellular characteristic switching. Trans-differentiation appears to be
only completed after the cells pass through this intermediate state. Otherwise, the cells are more likely
to return to the original state. We expect that the mechanism of this intermediate state is not only in the
trans-differentiation from fibroblasts to the fibroblasts but might be common in the process of multiple
cell fate switching. Our study has shown the evidence of the possible intermediate state in the process
of trans-differentiation and suggests its formation mechanism. This provides a new perspective for a better
understanding of the process of cell fate decision-making and switching.

Limitations of the study

Our experiments suggest that there may be a transient hybrid metabolic phenotype in the process of fibroblast-
myofibroblast trans-differentiation. We believe that this phenomenon is related to fatty acid metabolism. How-
ever, more evidence remains to be seen. In addition, we have not yet fully understood the specific mechanisms
of how the TGF-B pathway influences the expressions of several self-renewal epigenetic factors. Lastly, a large
amount of data comes from the experimental results of the cell populations. We do not yet know whether the
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average effect of the cell populations can accurately reflect the path of the fibroblast-myofibroblast trans-differ-
entiation process at the single-cell level. This requires further exploration.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit monoclonal anti-a-Sma Abcam Cat# ab124964, RRID:AB_11129103

rabbit monoclonal anti-Col1a1 Bioss Cat# bs-20124R, RRID:AB_2892987

rabbit monoclonal anti-Fibronectin Abcam Cat# ab45688, RRID:AB_732380

goat polyclonal antibody to rabbit IgG-H&L Abcam Cat# ab150077, RRID:AB_2630356

(Alexa Fluor® 488)

Chemicals, peptides, and recombinant proteins

TGF-B1 Peprotech

Paraformaldehyde Biosharp Life Sciences

Triton X-100 Solarbio Life Sciences

Tween 20 Solarbio Life Sciences

BSA Equitech-Bio

Glycine Aladdin Biochemical Technology
DAPI Bioss

SIS3 HCI Selleck

Cat# 100-21,
Lot.No. 1020209
Cat# BL539A

Lot. No.69080900
CAS: 30525-89-4
Cat# T8200,

Lot. No. 1109F0511,
CAS:9002-93-1
Cat# 78220

Lot. No.129T0111
CAS:9005-64-5

Cat# BAH67

Lot. No.BAH67-1272
CAS: 9048-46-8
Cat# A111465,

Lot. No.E2117043,
CAS:56-40-6

Cat# S0001,

Lot. No.BAO1158186
CAS: 47165-04-8

S7959 CAS: 521984-48-5

Critical commercial assays

UNIQ-10 Column Trizol Total RNA Isolation Kit Sangon Biotech
PrimeScript™ 1st Strand cDNA Synthesis Kit Takara
TransStart® Top Green gPCR SuperMix TransGen Biotech
riboFECT CP Transfection Ribobio

Seahorse XFp Cell Mito Stress Test Kit Seahorse

(Oligomycin, FCCP and Rotenone AA)

Seahorse XFp Glycolysis Stress Test Kit Seahorse
(Glucose, Oligomycin, and 2-DG)

REF# B511321-0100, Lot. No. H526KA0176
Cat# RRO47A,

Lot. No. AKG0722A
Cat# AQ131

Lot. No.O10916
Cat# C10511-05,
Lot. No. S0827
Cat#103010-100
Lot. No.17103106B
Cat#103017-100
Lot. No.17130216

Deposited data

Human reference genome Genome Reference Consortium
NCBI_GCF_000001405.38_GRCh38.p12

https://www.ncbi.nlm.nih.gov/assembly/
GCF_000001405.38

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

Human dermal fibroblasts (HDFs) ScienCell Research Laboratories Cat# 2320,

Lot. No.12925

Oligonucleotides

siRNA targeting sequence of Smad4
CCATCTGAGTCTAATGCTA

siRNA targeting sequence of Map2ké
GGACTCTGTTGCTAAAACA

All of the Primers, see Table S1

Ribobio

Ribobio

This Paper

Lot. No.S51227

Lot. No.S0910

N/A

Software and algorithms

Graphpad Prism

Matlab

Prism version 7

R2018b

www.graphpad.com/scientific-software/
prism/

RRID: SCR_002798

ww2.mathworks.cn

RRID:SCR_001622

Other

Fibroblast Medium

T25 flasks
Dulbecco’s Modifed Eagle Medium (DMEM)

Fetal bovine serum

6-well plates

ScienCell Research Laboratories

Nest

Hyclone

Biological Industries

Nest

Cat#2301,
Lot. No.27416

Cat#707003

Cat# SH30022.01,
Lot. No.AE24921270
REF#04-002-1A

Lot. No.1903218
Cat# 703001,

Lot. No. 052721BA01

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Jin Wang (jin.wang.1@stonybrook.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The data of time-course RNA Sequencing was showed in Data S1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Human dermal fibroblasts (HDFs) were purchased from ScienCell Research Laboratories and were isolated
from adult human skin. The sex of cells was not given by ScienCell Research Laboratories. HDFs were
characterized by their spindle morphology and immunofluorescence with antibody specific to fibronectin.
HDFs were negative for HIV-1, HBV, HCV, mycoplasma, bacteria, yeast, and fungi. The above cell authen-
tication was verified by ScienCell Research Laboratories. According to the instructions, HDFs were cultured
in Fibroblast Medium (ScienCell Research Laboratories) in T25 flasks. Change the medium every other day.
When the culture was approximately 90% confluent, cells were passaged into T25 flasks (12.5% 10* cells). In
this study, HDFs were passaged no more than 7 times and cultured in the incubator (Thermo Fisher Scien-

tific) at 37°C and 5% CO, supplemented.
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METHOD DETAILS

TGF-B1 induced trans-differentiation

When the cells was approximately 90% confluent, HDFs were seeded into 6-well plates (5%10% cells/ well).
After 24 h, HDFs were firstly pretreated with serum-free DMEM (Dulbecco’s Modifed Eagle Medium) over-
night to starve the cells on day0. Then the medium was replaced with the low fetal bovine serum (Biological
Industries) (0.5%) DMEM containing TGF-B1 (Transforming growth factor B-1) (5 ng/ mL) to induce cells on
day1. The medium was changed every day from day1 to day7. For whether the cells will go back to fibro-
blasts while removing TGF-B1, when the process of the cells induced by TGF-B1 is completed, parts of the
cells were taken from each 7 samples and RNAs were extracted. Then, we cultured the remaining cells nor-
mally and the TGF-B1 was removed by updating the medium. After three days of non-induced culture,
these cells were collected and the RNAs were extracted.

RNA extraction and time-course RNA sequencing

Total RNA was extracted with UNIQ-10 Column Trizol Total RNA Isolation Kit (Sangon Biotech) according
to the instructions. Briefly, cells were lysed by Trizol, and then total RNA was collected in the column by
centrifuge. After washed by PRE Solution, RNA was collected in DEPC-treated water. A total number of
24 RNA samples were collected at fixed time point from day0 to day7 and 3 independently repeated sam-
ples for each day, and then sequenced by DNBSEQ (BGI Tech).

cDNA synthesis and qPCR

cDNA synthesis was performed by using PrimeScript™ 1st Strand cDNA Synthesis Kit (Takara). In brief, 1 pg
of RNA was mixed with gDNA Eraser at 42°C for 2 min to deplete genome DNA. Then, RT Enzyme Mix,
dNTP Mixture and RT Primer Mix were simultaneously added into the above mixture at 37°C and incubation
for 15 min. The final obtained cDNA was stored at -20°C.

The gene expression was detected by real-time PCR (gPCR) with TransStart® Top Green gPCR SuperMix
(TransGen). A final 20 pL reaction contains 1 uL of cDNA solution, 10 pL of SYBR Green SuperMix, 6.8 uL
water, 0.2 pM forward and reverse primer (Comate Bioscience) (Table S1). After centrifuge, the
mixture was loaded in the chip and processed in StepOnePlus™ Real-Time PCR System
(Applied Biosystems) following the procedure: 94°C for 30 s followed by 40 cycles of 94°C for 5 s and sub-
sequently 60°C for 30 s.

Immunofluorescence

Cells were washed with PBS (phosphate buffered saline) (Solarbio Life Sciences) 3 times and fixed by 4%
paraformaldehyde (Biosharp Life Sciences) for 15 min at room temperature. Then, for a-Sma, the cells
were permeated in PBS with 0.1% Triton X-100 (Solarbio Life Sciences). But this step was inapplicable to
Fibronectin and Col1a1l. After washing 3 times with PBST (PBS with 0.1% Tween 20 (Solarbio Life Sciences)),
the cells were immersed in the blocking solution (1% BSA (bovine serum albumin) (Equitech-Bio)) and
22.52 mg/ mL glycine (Aladdin Biochemical Technology) in PBST) for 30 min to block unspecific binding
of the antibodies. After that, the above disposed cells were washed by PBST 3 times and incubated with
primary antibodies diluted with antibody dilution buffer (1% BSA in PBST) overnight at 4°C. Secondary an-
tibodies were added at room temperature in dark after cells were washed with PBST 3 times. After 45 min,
cells were washed with PBS and incubated with DAPI (4’,6-Diamidino-2'-phenylindole) staining solution
(10 ng/ mL) for 10 min. Further, images were captured by EVOS™ XL Core Imaging System (Thermo Fisher
Scientific). All the antibodies for immunofluorescence were listed as follow. Primary antibody of rabbit
monoclonal anti-Col1a1l (bs-20124R) (1:500 dilution) was purchased from Bioss Antibodies. Primary anti-
body of rabbit monoclonal anti-a-Sma (ab124964) (1:300 dilution), rabbit monoclonal anti-Fibronectin
(ab45688) (1:1000 dilution) and secondary antibody of goat polyclonal antibody to rabbit IgG-H&L (Alexa
Fluor® 488) (ab150077) (1:1000 dilution) were all purchased from Abcam.

siRNA transfection and SIS3 inhibitor

Small interfering RNA (siRNA) was used widely to attenuate gene expression. 10 ng siRNA targeting Smad4
or Map2ké (Ribobio) was mixed with riboFECT CP Transfection (Ribobio) for 15 min. Then the complex was
transfected into HDFs before starvation (day-1). After 24 h, siRNA was removed together with the medium
by replaced with serum-free DMEM. The siRNA target sequence of Smad4 and Map2ké were CCATCT
GAGTCTAATGCTA and GGACTCTGTTGCTAAAACA, respectively. Furthermore, to clarify whether the
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knockdown of Smad4 or Map2ké just delays the trans-differentiation or abrogates the trans-differentiation,
the siRNA was added into HDFs at day-1, day2 and day5 during the trans-differentiation process.

For testing the SIS3 and TGF-B1 on the expressions of Hk1, Hk2, Hif-1A, Ldha and Glut1, SIS3 (1 uM, dis-
solved in DMSO, Selleck) and TGF-B1 (5 ng/ mL) were added into HDFs before starvation to inhibit
TGF-B/Smad signaling pathway. After 72 h, the RNA was extracted and the expressions were determined
by gPCR.

Seahorse analysis

For the HDFs before treating with TGF-B1 (day0) and after treating with TGF-B1 from day1 to day7, cells
were collected from each day and then seeded into the XF cell culture plate (6x103 cells/ well) (Seahorse
XFp) with low serum DMEM. Before seeding, the cells were placed at room temperature for 30 min and then
cultured in the incubator overnight. Cells were washed with XF assay media (Seahorse XF) twice before
placed in the atmosphere without CO,. For measurement of OCR (oxygen consumption rate), oligomycin,
FCCP and rotenone AA were pre-added into XF sensor cartridge (Seahorse XFp), they were sequentially
injected into cell culture plate. For measurement of ECAR (extracellular acidification rate), cells were
sequentially treated with glucose, oligomycin, and 2-DG. To reveal the effects of TGF-B1 and SIS3 on
glycolysis ability, HDFs were seeded into the XF cell culture plate (6x10° cells/ well). After 24 hstarvation,
cells were induced by TGF-B1 (5 ng/ mL), SIS3 (1 uM) and both of them, respectively. All of the concentra-
tion of compounds was suggested by manufacturer’s instructions.

Cell proliferation assay

Cell proliferation was tested by Real Time Cellular Analysis (RTCA) system (xCElligence). Firstly, 50 pL
DMEM were added in E-Plate (xCElligence) to balance baseline. Then HDFs (5%10° cells/ well) during
trans-differentiation of day0O to day7 were seeded at the E-Plate and cell index was observed every
15 min until 30 h. For testing the cell proliferation influenced by TGF-B1 and SIS3, HDFs (5x10° cells/
well) were seeded into the E-Plate. After 6 hours, cells were starved with DMEM without serum. 12 hours
later, TGF-B1 (5 ng/ mL), SIS3 (1 uM) or both of them were added to induced cells and DMSO was added
as the negative control. Cell index was observed every 15 min until 30 h.

QUANTIFICATION AND STATISTICAL ANALYSIS

Time-course RNA sequencing data analysis

After that we got the value of transcription expression and calculated the Spearman'’s rank correlation co-
efficient between expression of each gene and time point. These genes with high Spearman rank correla-
tion mainly grouped in the Akt, MAPK, CDK and TGF-B pathways. Then these genes in these pathways were
selected for further cluster analysis and clustered through the function cluster gram in matlab 2018. In this
process, we used Euclidean distance to generate the hierarchical cluster tree for genes.

Specifically, the RNA Sequencing expression data include 3 samples for each day. First, the RNA
Sequencing expression data in one day were averaged and considered as one sample. Then we trans-
formed the standardized values by the function so that the mean was 0 and the standard deviation was
1 in the specified dimension. Finally, hierarchical clustering analysis was performed on the standardized
expression data in the gene dimension. And the heatmap of RNA Sequencing expression data from
day1 to day7 was acquired.

Statistical analysis

Data are presented as means + the SD. All data are from at least three independent experiments. The
t tests of two groups was analyzed by GraphPad Prism. Differences with p values of less than 0.05 were
considered statistically significant.
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