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a b s t r a c t

Biomechanical forces are known to regulate the biological behaviors of cells. Although negative pressure
has been used for wound healing, it is still unknown about its role in regulating cell plasticity. We
investigated whether negative pressure could induce the dedifferentiation of hepatocytes. Using a
commercial device, we found that the exposure of primary human hepatocytes to �50 mmHg quickly
induced the formation of stress fibers and obviously changed cell morphology in 72 h. Moreover, the
exposure of hepatocytes to �50 mmHg significantly upregulated RhoA, ROCK1, and ROCK2 in 1e6 h, and
dramatically enhanced the expression of marker molecules on “stemness”, such as OCT4, SOX2, KLF4,
MYC, NANOG, and CD133 in 6e72 h. However, all these changes in hepatocytes induced by �50 mmHg
stimulation were almost abrogated by ROCK inhibitor Y27623. Our data suggest that an appropriate force
of negative pressure stimulation can effectively induce the dedifferentiation of hepatocytes via RhoA/
ROCK pathway activation.

© 2023 Elsevier Inc. All rights reserved.
1. Introduction

Dedifferentiation is well known to be a transient process in
which specialized cells turn back to an earlier stage of differentia-
tion characterizing by less identical function and phenotype.
Although there has almost an era history about the concept of
dedifferentiation, it becomes one of the hottest topics on cell
biology since the success of inducing mouse and human fibroblasts
into embryonic stem-like pluripotent stem cells by the trans-
duction of Yamanaka four factors OCT4 (Octamer-binding tran-
scription factor 4), SOX2 (Sex determining region Y-box 2), KLF4
(Kruppel like factor 4), MYC (MYC proto-oncogene), NANOG (Nanog
homeobox), and CD133 (prominin 1) [1,2]. However, there are
safety problems and other disadvantages to the genetic trans-
duction of exogenous factors into cells for future clinical application
[3]. To lessen the genome intervention of host cells, other alterna-
tive methods/approaches, such as chemical compounds, RNAs, and
.

miRNAs have been successfully used for cell reprogramming [4e6].
The hepatocytes are highly differentiated cells that carry out

most of the hepatic functions. Although mature hepatocytes are
generally known to have a short life span and very limited prolif-
erative ability in vitro, vigorous regeneration of healthy liver
following partial hepatectomy happens to restore the resected/
defected part within a fewweeks [7,8]. Similarly, the thoracic cavity
following pneumonectomy may create a distension force to lead
the shift of type II pneumocytes into type I pneumocytes for
compensatory regeneration of lungs [9,10]. In contrast to the
healthy liver, diseased livers are hardly regenerated because an
inappropriate microenvironment, including the alteration of
extracellular matrix stiffness is known to play a critical role in
regulating the proliferation of hepatocytes and the differentiation
of hepatic progenitors. Therefore, biomechanical forces are likely
involved in the compensatory regeneration of the liver and lungs.

Biomechanical forces have been commonly recognized to play
pivotal roles in physiological and pathological processes through
various mechanotransduction signaling pathways. Basically,
mechanotransduction can be elicited via cell-cell and cell-matrix
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interactions. Consequently, the pioneer regulatory pathway of
mechanotransduction is based on RhoA/ROCK signaling, which
initiates various downstream cascades. RhoA (Ras Homolog Family
Member A) not only regulates cytoskeleton organization but also
initiates or shares various pathways for cell proliferation and dif-
ferentiation [11,12]. RhoA kinases Rho associated coiled-coil con-
taining protein kinase 1 & 2 (ROCKs) are widely distributed in
various tissue cells, where they have diverse roles in physiological
and pathological processes [13,14]. Interestingly, it has recently
been reported that inducing physical compression force to adipo-
cytes by culturing in a hypertonic medium promotes the dediffer-
entiation of adipocytes through Wnt/b-catenin signaling [15].
Moreover, the dedifferentiated adipocytes have shown the abilities
of long-term self-renewal and serial clonogenicity, but do not form
teratomas [15]. Therefore, mechanical stress may be used as a
simple and safe method for cell reprogramming. However, it is still
poorly understood the precise role and mechanism of mechanical
stress, especially the negative pressure in regulating cell differen-
tiation/dedifferentiation.

In this study, we tested the hypothesis that an appropriate force
of negative pressure stimulation may effectively induce cell dedif-
ferentiation. By exposing human primary hepatocytes
to �50 mmHg, we found that the RhoA/ROCK pathway was quickly
activated, and then followed by an extensive upregulation of
marker molecules on “stemness”, suggesting the dedifferentiation
of hepatocytes.

2. Materials and methods

2.1. Cell culture

Human primary hepatocytes were purchased from the Sciencell
Company (Catalog #5200). The cryopreserved hepatocytes were
thawed rapidly in a 37 �Cwater bath. Cells were resuspended in the
recommended hepatocytes medium (Sciencell, Catalog #5201)
with the addition of 1% penicillin-streptomycin and 5% fetal bovine
serum, and then cultured under 37 �C in a 5% CO2 incubator. Cells
were used for the following experiments.

2.2. Negative pressure stimulation

Negative pressure was induced to hepatocytes using a com-
mercial device connected to a vacuum aspirator. Briefly, the hepa-
tocytes were seeded in culture plates or dishes at the density of
1x105 cells/cm2, and left for attachment for 16 h. We further
incubated the cells to achieve 60�80% confluence, and changed the
medium without serum supplement [16]. Thereafter, cells were
placed in a transparent acrylic negative vacuum chamber with a
standard gauge that was set at �50 mmHg inside the incubator;
without (NP group) or with the addition of 10 mM pan ROCK in-
hibitor Y27632 (ATCC® ACS-3030™) in medium (NP þ Y27 group).
As a control, cells were kept in the same incubator under atmo-
spheric pressure (AP group).

2.3. Cell number and viability

The number and viability of hepatocytes were evaluated after
treatments. Briefly, the hepatocytes were harvested, stained with
0.4% trypan blue (BIO-RAD, Cat.1450013), and counted by TC20
automated cells counter (BIO-RAD).

2.4. Immunofluorescence staining

Hepatocytes were seeded on clean glass coverslips incubated
and treated as described above. Cells were fixed with 4%
105
paraformaldehyde in PBS and permeabilized with 0.3% Triton X-
100 (Sigma-Aldrich) in PBS solution for 20 min. After blocking with
5% bovine serum albumin in PBS, the cells were incubated with
different primary antibodies (Supplementary Table 1) overnight at
4 �C and then incubated with the proper secondary antibodies
(Supplementary Table 2) for 1 h in a dark humid chamber at room
temperature. Then, the glass coverslips were mounted with VEC-
TASHIELD Hardset Antifade mounting medium either with DAPI
(40,6-diamidino-2-phenylindole) (H-1500, Funakoshi) or TRITC-
labeled phalloidin (H-1600, Funakoshi). The images were taken
with a confocal fluorescent microscope (Olympus FV10i). For each
staining, 10 images were taken from randomly selected fields, and
the fluorescence intensity of staining was measured by Image J
software.

2.5. RNA extraction and qRT-PCR

Total RNA was purified from hepatocytes using TRIzol reagents
(ZYMO RESEARCH, USA), and then the concentration and purity
were measured with NanoDrop™ 2000 spectrophotometer. The
cDNA templates were reversely transcripted with SuperScript™
VILO™ reverse transcriptase reagent. The primers were synthe-
sized and purchased from Hokkaido System Science CO., Ltd, Japan
(Supplementary Table 3). The qPCR was done by THUNDERBIRD
SYBR (Toyobo, Japan). All reactions were performed using the
CFX96TM Real-Time PCR machine (BIO-RAD, USA). Relative
expression levels of genes were normalized against GAPDH.

2.6. Statistical analysis

All data are presented as the mean ± SD (n ¼ 3 in each group).
Statistical analysis was performed either with one- or two-way
analysis of variance and Tukey's multiple comparisons using
GraphPad Prism software (version 8, Prism Academy, San Diego,
USA). The significant differences between groups were considered
at a minimum value of p < 0.05.

3. Results

3.1. Exposure of hepatocytes to �50 mmHg changes obviously cell
morphology and slightly decreases cell viability

The cell morphology was observed under phase contrast mi-
croscopy at 1, 6, and 72 h of treatments. Under �50 mmHg stim-
ulation, some hepatocytes showed a spherical morphology with
condensed cytoplasm (Fig. 1A). In contrast, the hepatocytes treated
with �50 mmHg and ROCK inhibitor Y27632 showed a fibroblast-
or mesenchymal cell-like morphology (Fig. 1A). Compared with the
AP group, the cell number and viability were significantly
decreased at 6 or 72 h in both NP and NP þ Y27 groups (Fig. 1B and
C).

TRITC-Phalloidin staining of F-actin indicated that the cyto-
skeleton was detected as well-organized stress fibers in hepato-
cytes under�50mmHg stimulation at 1, 6, and 72 h, suggesting the
polymerization of actin filaments (Fig. 1D). However, the actin
filament polymerization of hepatocytes under �50 mmHg stimu-
lation was completely disturbed with the addition of ROCK inhib-
itor Y27632 in the medium (Fig. 1D).

Quantitative analysis on the area of cell nuclei and cytoplasm
also showed that the ratio of nuclear area to the cytoplasmic area
was significantly higher in the NP group in comparison to AP and
NP þ Y27 groups (Fig. 1E). At 72 h of the exposure to �50 mmHg,
some hepatocytes were positively expressedwith CK19, a marker of
hepatic progenitor (Fig. 1F). Considering the morphological feature
of the larger nucleus of hepatic progenitor [5], �50 mmHg



Fig. 1. The morphology, viability, and TRITC phalloidin staining of hepatocytes with �50 mmHg stimulation and ROCK inhibitor treatment. (A) Representative phase-contrast
images show the morphology of hepatocytes (scale bars: 200 mm and 50 mm in insets). (B & C) Quantitative data on cells number and viability evaluating by trypan blue stain-
ing. (D) Representative images of TRITC phalloidin staining for F-actin stress fibers are shown (scale bars: 50 mm). The lower graph presents the quantitative data by measuring the
fluorescence intensity. (E) Representative images and quantitative data of the nuclear to cytoplasm ratio are shown (scale bars: 100 mm). (F) Representative images and quantitative
data of the immunofluorescence staining on CK19 are shown (scale bars: 50 mm). All data are presented as mean ± SD from three independent experiments. AP: atmospheric
pressure; NP: negative pressure; NP þ Y27: negative pressure plus ROCK inhibitor Y27632. *p < 0.0001 vs. AP group; #p < 0.0001 vs. NP group in all time points. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

M.O. Khalifa, T. Moriwaki, S. Zhang et al. Biochemical and Biophysical Research Communications 667 (2023) 104e110
stimulation for 72 h may be able to induce the dedifferentiation of
some hepatocytes into hepatic progenitors.

3.2. Negative pressure induces the dedifferentiation of hepatocytes
through RhoA/ROCK pathway

As one of the major mechanotransduction signaling pathways,
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the activation of the RhoA/ROCK pathway initiates the transcription
of a variety of target downstream genes [17]. Our qRT-PCR data
(Fig. 2A) and immunofluorescence staining analysis (Fig. 2BeD),
consistently showed robust upregulation of RhoA, ROCK1, and
ROCK2 in the NP group in 1e6 h (p < 0.0001 vs. AP group), sug-
gesting the quick activation of RhoA/ROCK pathway in hepatocytes
under �50 mmHg stimulation. Followed by the activation of the



Fig. 2. The expression changes of molecules related to RhoA/ROCK signaling pathway in hepatocytes with �50 mmHg stimulation and ROCK inhibitor treatment. (A) qRT-PCR data
on the expression of RHOA, ROCK1, ROCK2, FAK, SRC, and CDC42 are shown. (B-D) Representative images (left) and semi-quantitative data (right bar graphs) show the immuno-
fluorescence staining of RhoA (B), ROCK1 (C), and ROCK2 (D) at 72 h after treatment (scale bars: 100 mm). All data are presented as mean ± SD from three independent experiments.
AP: atmospheric pressure; NP: negative pressure; NP þ Y27: negative pressure plus ROCK inhibitor Y27632. *p < 0.0001 vs. AP group; #p < 0.0001 vs. NP group in all time points.

M.O. Khalifa, T. Moriwaki, S. Zhang et al. Biochemical and Biophysical Research Communications 667 (2023) 104e110
RhoA/ROCK pathway, several downstream genes such as FAK, SRC,
and CDC42were also significantly induced in hepatocytes, mostly at
6e72 h of stimulation with �50 mmHg (p < 0.0001 vs. AP group,
Fig. 2A). Naturally, ROCK inhibitor Y27632 effectively blocked the
activation of RhoA/ROCK pathway and attenuated the upregulation
of downstream target genes in hepatocytes induced by �50 mmHg
stimulation (p < 0.0001 vs. NP group, Fig. 2).

To confirm the role of negative pressure in inducing hepatocyte
dedifferentiation, we further measured the expression of several
marker molecules on “stemness”, including CD133, OCT4, SOX2,
MYC, KLF4, and NANOG in hepatocytes at different time points after
treatments. qRT-PCR clearly showed that these marker molecules
on “stemness” almost upregulated in hepatocytes at 6 h, and the
expression of CD133 was also upregulated at 72 h
under �50 mmHg stimulation (Fig. 3). Immunofluorescence
staining also confirmed the enhancement of MYC, NANOG, and
KLF4 in hepatocytes at protein level at 72 h under �50 mmHg
107
stimulation (Fig. 4AeC). The ROCK inhibitor Y27632 effectively
attenuated the enhancement on the expression of CD133, SOX2,
NANOG, KLF4, and OCT4 in hepatocytes induced by �50 mmHg
stimulation, although the enhanced expression of MYC was only
partially attenuated (Figs. 3 and 4). These data suggest
that �50 mmHg stimulation promotes the dedifferentiation and
stemness acquisition of hepatocytes through the activation of the
RhoA/ROCK pathway.

4. Discussion

Negative pressure is one of the mechanical forces used clinically
for open wounds and fracture healing. It is based on suboptimal
atmospheric pressure by applying a vacuum pumping machine. In
this study, we investigated the possibility of negative pressure in
inducing cell dedifferentiation. We found that hepatocytes
with �50 mmHg stimulation robustly upregulated a series of



Fig. 3. The expression changes of “stemness” genes in hepatocytes with �50 mmHg stimulation and ROCK inhibitor treatment. qRT-PCR data on the expression of CD133, OCT4,
SOX2, MYC, KLF4, and NANOG are shown. All data are presented as mean ± SD from three independent experiments. AP: atmospheric pressure; NP: negative pressure; NP þ Y27:
negative pressure plus ROCK inhibitor Y27632. *p < 0.0001 vs. AP group; #p < 0.0001 vs. NP group in all time points. &p < 0.0001 NP group at 6 h vs. NP group at 72 h.

Fig. 4. Immunostaining analysis on the expression of “stemness” marker molecules in hepatocytes at 72 h with �50 mmHg stimulation and ROCK inhibitor treatment. Repre-
sentative images (upper) and semi-quantitative data (lower) show the protein level of MYC (A), NANOG (B), and KLF4 (C) (scale bars: 100 mm). All data are presented as mean ± SD
from three independent experiments. AP: atmospheric pressure; NP: negative pressure; NP þ Y27: negative pressure plus ROCK inhibitor Y27632. *p < 0.05 vs AP group; #p < 0.05 vs
NP group in all time points.

M.O. Khalifa, T. Moriwaki, S. Zhang et al. Biochemical and Biophysical Research Communications 667 (2023) 104e110
molecules related to RhoA/ROCK pathway and cell “stemness”.
However, ROCK inhibitor Y27632 effectively attenuated the almost
changes in hepatocytes induced by �50 mmHg stimulation. Based
on our experimental data, appropriate negative pressure stimula-
tion may activate the RhoA/ROCK pathway to promote the dedif-
ferentiation of hepatocytes.

Mechanical forces are well known to be critical in cell survival
and biological behaviors. It has been demonstrated the benefits
of �125 mmHg in improving the healing of an opened wound [18].
A previous study has found that �125 mmHg negative pressure
108
stimulation promotes the differentiation of bone marrow mesen-
chymal stem cells into osteogenic lineage [19]. Short-time exposure
of mesenchymal stem cells to high hydrostatic pressure
(�50 KPaj �375 mmHg) has been also found to induce osteogenic
lineage [20]. In contrast, very high positive pressure
(þ50 MPa j 37 � 104 mmHg) induces the damage and necrosis of
dermal fibroblasts [21]. Thus, the effect of mechanical stresses on
cell bioactivity can be largely varied depending on the forces, pe-
riods, and patterns of mechanical stresses, as well as the cell types
and cell qualities [22]. However, the probable role of negative
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pressure on cell dedifferentiation has not yet been investigated. In
this study, we found that �50 mmHg is the moderate condition for
activating RhoA/ROCK signaling pathway to enhance the expres-
sion of marker molecules on “stemness” in hepatocytes.

Cell shape, cytoskeletal tension, and RhoA/ROCK signal have
been already determined as the critical factors/regulators on “stem”

cell fate [23,24]. ROCK1 and ROCK2, both downstream of RhoA
share 65% overall identity and 92% similarity in their kinase do-
mains [25]. ROCKs affect the target downstream of actin polymer-
ization and stress fiber formation, especially undermechanical cues
to control the shape and orientation of cells [26,27]. Agreed well
with previous report on the quick activation of RhoA/ROCK signal
pathway following mechanical stress [28], our data showed that
the expression of RhoA and ROCKs was significantly increased
within 1 h and continued to 72 h in hepatocytes under �50 mmHg
stimulation. As one of the most important mechanotransduction
pathways, the activation of RhoA/ROCK signaling transduces the
received mechanical stimuli to initiate the transcription of down-
stream genes, including cytoskeleton-related genes [29,30]. We
also observed the formation of F-actin stress fibers, the remarkable
change of cell morphology, and the upregulation of FAK (Focal
adhesion kinase), SRC (Proto-oncogene tyrosine protein kinase Src),
and CDC42 (Cell Division Cycle 42) in hepatocytes
under �50 mmHg stimulation.

The actin cytoskeleton polymerization and RhoA/ROCK pathway
are well known to regulate cell biological behaviors, including cell
differentiation and maturation. Laterally confined growth of fibro-
blasts on micropatterned substrates induces stem-cell-like
spheroid with cytoskeletal gene upregulation and actomyosin
contractility [31]. Additionally, it has been demonstrated that me-
chanical tension affects the actin filaments that arose from sub-
strate stiffness drives human embryonic and canine kidney cells
toward a stem-like state [32,33]. RhoA/ROCK pathway has also been
demonstrated to play critical roles in the viability and differentia-
tion of stem cells [34,35]. However, it keeps controversial about the
role of actin cytoskeleton polymerization and RhoA/ROCKs
pathway in cell reprogramming. ROCK inhibitor Y27632 has been
demonstrated to improve the post-thaw viability of cryopreserved
human embryonic stem cells [36], but conversely promotes the
differentiation of endothelial cells from embryonic stem cell-
derived Flk1-positive mesodermal precursor cells [37]. A mixture
of ROCK inhibitor Y27632 and other small molecule compounds
have been used for transferring hepatocytes into proliferative bi-
potent liver progenitors [38]. On the other hand, either RhoA in-
hibition or ROCK1/2 knock-down seem to abolish the TGF-b-
induced reprogramming process of human corneal endothelial cells
[39]. Otherwise, long-time exposure of human-induced pluripotent
stem cells to Y-27632 changes cell morphology but shows a very
limited effect on the expression of pluripotency markers such as
NANOG and OCT4 [40]. However, our data showed a robust
enhancement of marker molecules on “stemness” in hepatocytes
with �50 mmHg stimulation, suggesting the induction of dedif-
ferentiation. We further demonstrated the dedifferentiation of
hepatocytes induced by �50 mmHg stimulation was depended on
the activation of RhoA/ROCK signaling pathway. Mechanical cues
activate various signaling pathways such as YAP/TAZ, PI3K/AKT, and
Wnt/b-catenin, which leads to wide changes on the cellular func-
tion andmorphology. Therefore, the change of mechanical cues and
the dysregulation of mechanotransduction signaling also play a
critical role in the development and progression of hepatic cellular
carcinoma [41,42].

Although our study provides the first evidence on the cell
dedifferentiation effectively induced by �50 mmHg stimulation,
we have not yet tried to further evaluate the biological properties of
these dedifferentiated hepatocytes. Otherwise, it is highly required
109
to optimize the experimental conditions, including the force of
negative pressure and the time of stimulation.

5. Conclusion

In summary, our data revealed that the ex vivo exposure of
primary human hepatocytes to an appropriate negative pressure
(�50 mmHg) activated RhoA/ROCK pathway to effectively induce
obvious morphological change and robust upregulation of mole-
cule markers on “stemness”, suggesting the induction of cell
dedifferentiation. Appropriate mechanical stress stimulation may
present a simple and safe method for cell reprogramming.
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