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Abstract: Mechanical unloading contributes to significant cardiovascular deconditioning. Endothe-
lial dysfunction in the sites of microcirculation may be one of the causes of the cardiovascular
degeneration induced by unloading, but the detailed mechanism is still unclear. Here, we first
demonstrated that mechanical unloading inhibited brain microvascular endothelial cell proliferation
and downregulated histone deacetylase 6 (HDAC6) expression. Furthermore, HDAC6 promoted
microvascular endothelial cell proliferation and attenuated the inhibition of proliferation caused by
clinorotation unloading. To comprehensively identify microRNAs (miRNAs) that are regulated by
HDAC6, we analyzed differential miRNA expression in microvascular endothelial cells after transfec-
tion with HDAC6 siRNA and selected miR-155-5p, which was the miRNA with the most significantly
increased expression. The ectopic expression of miR-155-5p inhibited microvascular endothelial
cell proliferation and directly downregulated Ras homolog enriched in brain (RHEB) expression.
Moreover, RHEB expression was downregulated under mechanical unloading and was essential for
the miR-155-5p-mediated promotion of microvascular endothelial cell proliferation. Taken together,
these results are the first to elucidate the role of HDAC6 in unloading-induced cell growth inhibition
through the miR-155-5p/RHEB axis, suggesting that the HDAC6/miR-155-5p/RHEB pathway is a
specific target for the preventative treatment of cardiovascular deconditioning.

Keywords: mechanical unloading; HDAC6; miR-155-5p; RHEB; proliferation

1. Introduction

Mechanical unloading implies decreasing the load on each part of the body, due to
microgravity environments or prolonged −6◦ head-down bed rest, and can induce almost
all human physiological system disorders, especially cardiovascular deconditioning [1,2].
Cardiovascular deconditioning is partly secondary to the transfer of fluid from the lower
extremities to the cardiothoracic area in the initial period of weightlessness exposure, the
most serious symptoms of which are orthostatic intolerance, decreased exercise capacity,
and increased resting heart rate, which prevent further interstellar missions and cause a
major global public health problem [1,3]. The vascular endothelium, a highly dynamic
tissue, is highly sensitive to mechanical forces [4]. Endothelial cells (ECs) form the inner
layer of blood vessels, and their impaired function is an important underlying mechanism
of cardiovascular disease [5,6]. Mechanical unloading means decreased physical activity
with reduced hemodynamic activity and local vascular shear stress, which can result in
changes in the morphology and ultrastructure of vascular endothelial cells, as well as the
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functions of secretion, proliferation, apoptosis and angiogenesis [2,7]. Various studies
have claimed that weightlessness can impair the microcirculatory function. Since the
microvascular endothelium plays a vital role in the regulation of vascular homeostasis and
local blood flow, microvascular endothelial dysfunction is related to cardiovascular disor-
ders [4,8]. Previous studies have shown that unloading conditions inhibit the proliferation
of microvascular endothelial cells and promote apoptosis associated with the impairment
of endothelial function and might contribute to the cardiovascular deconditioning induced
by weightlessness [4,9].

However, the mechanisms of how weightlessness affects the function of the microvas-
cular endothelium remain unclear. Considering that bEnd.3 cell is an internationally
recognized immortalized and stable microvascular endothelial cell line with various charac-
teristics of microvascular endothelial cells, it is an ideal model for studying the functions of
microvascular endothelial cells in vitro [10,11]. To elucidate the effect of simulated micro-
gravity on brain microvascular endothelial cells, we examined the changes in microvascular
endothelial cell function and explored the underlying mechanisms using 2D clinorotation,
which was considered a useful device for simulating weightlessness. Given the substantial
social and economic burdens associated with cardiovascular deconditioning, there is an
urgent need to explore the underlying molecular mechanisms to provide a scientific basis
for developing more effective measures.

Chromatin remodeling plays an important role in transcriptional regulation, mainly
through the post-translational modification of histones [12]. Several studies have shown
that simulated microgravity may induce epigenetic changes, such as DNA methylation
and histone acetylation, but the underlying mechanisms remain unclear [13,14]. Histone
deacetylases (HDACs) regulate a variety of biological processes by inhibiting or disin-
hibiting the expression of coding and noncoding genes [15]. HDACs are categorized into
four classes according to their homology with yeast histone deacetylases [12,16]. Histone
deacetylase 6 (HDAC6) belongs to class IIB, which is cytoplasmic and nuclear enzymes,
based on its unique structural and physiological functions [17,18]. HDAC6 interacts with hi-
stones as well as nonhistones, and is involved in various biological mechanisms, including
cell proliferation, migration, apoptosis, transcription, the degradation of misfolded protein
aggregates and the cellular oxidative stress pathway [19]. To our knowledge, HDAC6 plays
a crucial role in angiogenesis by regulating EC migration and sprouting [20]. In addition to
the well-known regulation of EC migration, HDAC6 has recently been reported to regulate
EC proliferation. HDAC6 recruitment enhances EC injury and atherosclerosis by inhibiting
vascular endothelial growth factor (VEGF) gene transcription in human umbilical vein en-
dothelial cells (HUVECs) [21]. Furthermore, silencing HDAC6 inhibited proliferation and
vasoformation of HUVECs, indicating that HDAC6 is involved in angiogenesis through EC
proliferation [22]. However, it is still unclear whether the expression of HDAC6 changes
under mechanical unloading and what the role of HDAC6 in microvascular endothelial
cells is. Recent studies have shown that HDAC6 serves as a crucial regulator in chromatin
maintenance and function by regulating histone acetylation [21,23]. In addition to directly
regulating mRNA gene expression, the inhibition of HDAC6 activity has been shown to reg-
ulate microRNA (miRNA) expression in a variety of human diseases. HDAC6 negatively
regulated miR-27b expression through Rel A/p65 and regulated the MET/PI3K/AKT
pathway in diffuse large B-cell lymphoma [24]. The loss or inhibition of HDAC6 expression
resulted in increased expression of let-7i-5p, which directly inhibited the tumor suppressor
thrombospondin-1 (TSP1), suggesting that the HDAC6/let-7i-5p/TSP1 pathway medi-
ated antitumor and phagocytic activities in patients with hepatocellular carcinoma [25].
The activation of transcription factor 3, which is associated with HDAC6, can reduce the
transcription of miR-199a-2/miR-214 [18]. Thus, we hypothesized that HDAC6 was a
potent histone modifier whose loss or inhibition led to the reactivation of many functional
miRNAs, especially mechanoresponsive microRNAs, and therefore regulated the function
of microvascular endothelial cells under mechanical unloading. This provides an insight as
to whether HDAC6 acts as an effective histone modifier to regulate functional miRNAs, es-
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pecially mechanoresponsive microRNAs, thereby regulating the function of microvascular
endothelial cells under mechanical unloading.

MicroRNAs (miRNAs) are a class of small noncoding RNAs that are 21–23 nucleotides
in length and that induce transcriptional repression and mRNA degradation by binding
to the 3′-untranslated regions (UTRs) of target miRNAs [26]. Accumulating evidence
has demonstrated that miRNAs play important roles in multiple biological processes
related to vascular biological functions, such as angiogenesis, endothelial cell function,
and vascular inflammation [27,28]. Additionally, some miRNAs, such as miR-503-5p,
miR-27b-5p, miR-145-5p, and miR-151a, are sensitive to mechanical unloading and exert
significant effects on endothelial cells [29–31]. miR-155-5p is located in the integrated
cluster region of B cells on chromosome 21 and is involved in tumorigenesis [32]. Studies
have shown that miR-155-5p controls cell proliferation, apoptosis and autophagy in a
variety of diseases [33–35]. However, the effects of mechanical unloading on the expression
of miR-155-5p in microvascular endothelial cells have not been reported.

Ras homolog enriched in brain (RHEB) is commonly known as a member of the
Ras family of small GTP binding proteins and includes RHEB1 and RHEB2 [36]. RHEB
is involved in cell proliferation, differentiation, and apoptosis, which can be activated
by growth factors, such as epithelial growth factor, fibroblast growth factor and brain-
derived neurotrophic factor [37,38]. RHEB is dysregulated in various diseases, including
tumors, metabolic diseases, and several neurodegenerative diseases [39]. Furthermore,
a previous study demonstrated that RHEB acts as the upstream activator of mammalian
target of rapamycin complex 1 and is involved in regulating cell growth and apoptosis via
the RHEB-mTORC1 signaling pathway [36,40]. RHEB directly mediates the expression
of mTOR, and overexpression of RHEB can save inactivated mTOR that could directly
regulate cell proliferation, growth and survival [41,42]. However, whether mechanical
unloading affects the expression of RHEB and the effect of RHEB on the proliferation of
microvascular endothelial cells remains unclear.

In this study, we first demonstrated that HDAC6 expression was downregulated
and promoted microvascular endothelial cell proliferation under conditions of mechan-
ical unloading, suggesting that HDAC6 might be a promising therapeutic target for the
prevention of unloading-induced cardiovascular deconditioning. Deep RNA sequencing
results obtained after HDAC6 knockdown revealed that 11 miRNAs might be regulated
by HDAC6 in microvascular endothelial cells. Through analysis of the available literature
and unloading experiments, it was found that miR-155-5p was the miRNA with the most
significantly regulated expression. Our study further indicated that miR-155-5p was a
mechanosensitive miRNA that could inhibit the proliferation of microvascular endothelial
cells by directly targeting RHEB expression, highlighting the potential therapeutic value of
the HDAC6/miR-155-5p/RHEB signaling pathway in the pathophysiological process of
unloading-induced cardiovascular deconditioning.

2. Results
2.1. Mechanical Unloading Inhibits Microvascular Endothelial Cell Proliferationa and
Downregulates HDAC6 Expression

To investigate whether mechanical unloading inhibited proliferation in microvascular
endothelial cells, the expression of proliferating cell nuclear antigen (PCNA) was exam-
ined by Western blotting after clinorotation for 48 h, and the results showed that PCNA
expression was significantly downregulated during unloading (Figure 1A and Figure S1A).
Subsequently, the Cell Counting Kit-8 (CCK-8) assay was used to detect the effects of
mechanical unloading on microvascular endothelial cell proliferation. The growth of cell
continuously increased in a time-dependent manner, while that in the con group increased
more obviously, indicating that mechanical unloading inhibited microvascular endothe-
lial cell proliferation (Figure 1B). Correspondingly, the 5-Ethynyl-2′-deoxyuridine (EdU)
labeling assay results were consistent with the CCK-8 assay and PCNA protein expression
results. The number of EdU-positive cells under unloading conditions was decreased
compared with that under control conditions (Figure 1C).
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As HDACs are potent angiogenesis and cell proliferation modifiers, more angiogen-
esis signaling pathways might be governed by HDACs during unloading. However, the 
specific effect of HDACs in microvascular endothelial cells remains unclear. qRT-PCR 
showed that HDAC6 expression was decreased from 24 to 72 h and reached its lowest 
level at 48 h under mechanical unloading conditions (Figure 1D). Furthermore, the protein 
expression of HDAC6 was markedly decreased compared with that in the control group 
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Figure 1. Mechanical unloading inhibits microvascular endothelial cell proliferation and downreg-
ulates HDAC6 expression. (A) Protein expression of PCNA was analyzed by Western blotting in
microvascular endothelial cells that were cultured under clinorotation conditions for 48 h (N = 3). (B)
Cell proliferation was evaluated by a CCK-8 assay at 24–72 h (N = 3). (C) The EdU incorporation assay
was analyzed by confocal microscopy. Proliferating microvascular endothelial cells were labeled with
EdU. Microvascular endothelial cells were stained with the nucleic acid dyes Hoechst (blue) and
EdU (red) (N = 3). Scale bar, 50 µm. (D) HDAC6 mRNA expression was assessed in microvascular
endothelial cells under clinorotation conditions for 24, 48 and 72 h (N = 3). (E) The HDAC6 protein
level was analyzed by Western blotting (N = 3). * p < 0.05, ** p < 0.01 vs. control.

As HDACs are potent angiogenesis and cell proliferation modifiers, more angiogenesis
signaling pathways might be governed by HDACs during unloading. However, the specific
effect of HDACs in microvascular endothelial cells remains unclear. qRT-PCR showed
that HDAC6 expression was decreased from 24 to 72 h and reached its lowest level at 48 h
under mechanical unloading conditions (Figure 1D). Furthermore, the protein expression of
HDAC6 was markedly decreased compared with that in the control group (Figure 1E and
Figure S1B). Together, these findings indicate that HDAC6 may be involved in regulating
microvascular endothelial cell proliferation under mechanical unloading conditions.

2.2. HDAC6 Promotes Microvascular Endothelial Cell Proliferation and Attenuates the Inhibition
of Cell Proliferation Caused by Clinorotation Unloading

To examine the role of HDAC6 in microvascular endothelial cell proliferation, we
first examined the localization of the HDAC6 protein via immunofluorescence staining
and Western blotting. The results showed that HDAC6 localized to the nucleus and
cytoplasm to regulate many important biological processes (Figure 2A,B). Microvascular
endothelial cells were transfected with HDAC6 siRNA or pEX-HDAC6, and the results
showed that compared with the negative control, siRNA-HDAC6 significantly decreased
the protein expression of PCNA, while pEX-HDAC6 increased its expression (Figure 2C
and Figure S1C). The CCK-8 assay demonstrated that the knockdown of HDAC6 inhibited
the growth of bEnd.3 cells, whereas the overexpression of HDAC6 significantly enhanced
the growth of cells (Figure 2E). The results of the EdU labeling assays also showed similar
trends (Figure 2D).
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Figure 2. HDAC6 promotes microvascular endothelial cell proliferation and attenuates the inhibition
of cell proliferation caused by clinorotation unloading. (A) The localization of HDAC6 was examined
by Western blotting. (B) The localization of HDAC6 was examined by immunofluorescence staining.
(C) The HDAC6 and PCNA protein levels in microvascular endothelial cells were analyzed by
Western blotting after transfection with HDAC6 siRNA or pEX-HDAC6 (N = 3). (D) The EdU
incorporation assay was analyzed by confocal microscopy (N = 3). (E) Cell proliferation was evaluated
by CCK-8 assay (N = 3). The symbol *(Red) represents the NC-si vs. si-HDAC6 group; the symbol
*(Green) represents the pEX vs. pEX-HDAC6 group. (F) The protein expression of HDAC6 and
PCNA was analyzed by Western blotting after microvascular endothelial cells were transfected with
pEX-HDAC6 and then cultured under mechanical unloading conditions for 48 h (N = 3). (G) Cell
proliferation was evaluated by CCK-8 assay (N = 3). The symbol *(Black) represents the Con vs.
Clino group; the symbol *(Blue) represents the Clino plus pEX vs. Clino plus pEX-HDAC6 group.
(H) The EdU incorporation assay was analyzed by confocal microscopy (N = 3). Scale bar, 50 µm.
* p < 0.05, ** p < 0.01 vs. control.

Furthermore, to explore whether the overexpression of HDAC6 could rescue the
inhibited cell proliferation caused by unloading in vitro, bEnd.3 cells were transfected with
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pEX-HDAC6 and then cultured under mechanical unloading conditions for 48 h. HDAC6
overexpression substantially reversed the reduction in the protein expression of PCNA that
was induced by clinorotation-unloading (Figure 2F and Figure S1D). Similar results were
obtained from the CCK-8 and EdU labeling assays (Figure 2G,H). Taken together, these
results indicated that as a mechanoresponsive molecule, HDAC6 promoted microvascular
endothelial cell proliferation, while silencing HDAC6 expression inhibited proliferation
in vitro.

2.3. HDAC6 Inhibition Increases Intranuclear Histone Expression and Increases miR-155-5p
Expression in Microvascular Endothelial Cells

Since HDAC6 played an important epigenetic role in regulating the transcription
of many genes, we explored the expression of intranuclear histones by Western blotting
analysis and found that silencing HDAC6 expression increased the protein expression lev-
els of Ac-H3K9, while upregulating HDAC6 expression decreased the protein expression
levels of Ac-H3K9 (Figure 3A and Figure S1E). Thus, to comprehensively identify miRNAs
regulated by HDAC6, siRNA-HDAC6 and the corresponding control were transfected into
bEnd.3 cells, and miRNA microarrays were performed. A total of 11 miRNAs were sig-
nificantly upregulated in siRNA-HDAC6-transfected bEnd.3 cells (p < 0.05) (Figure 3B,C).
Then, we analyzed whether these miRNAs were related to cell proliferation according to
the previously published literature, verified whether their expression was upregulated
after siRNA-HDAC6 transfection and determined whether their expression changed under
clinorotation unloading (Figure 3D,E). According to this analysis, five miRNAs were identi-
fied as miRNAs potentially regulated by HDAC6 under mechanical unloading conditions.
Considering the changes after both HDAC6 knockdown and weightlessness, we chose
miR-155-5p, which is the miRNA whose expression was most significantly increased, as
our candidate miRNA.

Next, to further investigate whether miR-155-5p expression is directly regulated by
HDAC6 in bEnd.3 cells, we performed a chromatin immunoprecipitation (ChIP) assay with
an HDAC6 antibody. Treatment with anti-HDAC6 showed significantly enriched binding
of HDAC6 to the miR-155-5p promoter regions compared with the control (Figure 3F,G).
It is well-known that HDAC6 could deacetylate H3K9, and H3K9 deacetylation at the
promoter usually results in reduced transcription [21,25,43]. Therefore, we then performed
ChIP assays with Ac-H3K9 in the context of HDAC6 knockdown in bEnd.3 cells. Results
indicated that Ac-H3K9 was enriched in the sites of the miR-155-5p promoter. Moreover,
knockdown of HDAC6 significantly increased H3K9 acetylation in the miR-155-5p pro-
moter regions in bEnd.3 cells. Knockdown of HDAC6 reduced histone deacetylations in
the miR-155-5p promoter regions in bEnd.3 cells (Figure 3H).
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Figure 3. HDAC6 inhibition increases intranuclear histone expression and increases in miR-155-5p expression in microvas-
cular endothelial cells. (A) Ac-H3K9 protein expression was analyzed by Western blotting in microvascular endothelial cells
treated with HDAC6 siRNA, pEX-HDAC6 or the corresponding controls for 48 h (N = 3). (B) Representative volcano plot of
miRNA expression levels after HDAC6 siRNA-transfected microvascular endothelial cells based on the RNA-seq results.
(C) Representative heatmap of miRNA expression levels after HDAC6 siRNA transfection of microvascular endothelial
cells based on the RNA-seq results (N = 3). (D) Differential miRNA expression analysis of HDAC6 siRNA-transfected
microvascular endothelial cells was verified by qRT-PCR (N = 3). (E) The differential expression of miRNAs selected
from microarray assay data was determined by qRT-PCR in microvascular endothelial cells under clinorotation-unloading
conditions for 48 h (N = 3). (F) ChIP-qRT-PCR assay to assess HDAC6 association with the miR-155-5p promoter (N = 3). (G)
ChIP-qRT-PCR assay to assess the enrichment of histone deacetylation by HDAC6 in the miR-155-5p promoter region (N = 3).
(H) Schematic diagram of HDAC6, the mechanism which regulates miR-155-5p expression through the deacetylation of
histones in the miR-155 promoter. * p < 0.05, ** p < 0.01 vs. control.

2.4. miR-155-5p Inhibits Microvascular Endothelial Cell Proliferation

miRNA-155-5p is predominantly described as an oncogenic or tumor suppressor
miRNA in several cancers. However, the exact role of miR-155-5p in the proliferation of
microvascular endothelial cells has not been elucidated. To validate the aberrant expression
of miR-155-5p under clinorotation unloading conditions, we performed quantitative RT-
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PCR analysis of the expression of miR-155-5p from 24 to 72 h, and the results showed
a significant difference between the control and clinorotation groups, especially at 48 h
(Figure 4A). To further examine the role of miR-155-5p in microvascular endothelial cells,
we transfected an miR-155-5p mimic or inhibitor into bEnd.3 cells. The results illustrated
that compared with the NC-mimic group, the miR-155-5p mimic decreased the protein
expression of PCNA and the number of EdU-positive cells under unloading conditions,
whereas the miR-155-5p inhibitor showed the opposite effect (Figure 4B,D and Figure S1F).
A similar result was obtained in the CCK-8 assay (Figure 4C). Taken together, these results
show that miR-155-5p played a negative regulatory role in microvascular endothelial cell
proliferation.
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endothelial cells was analyzed by Western blotting (N = 3). (C) Cell proliferation was evaluated
by CCK-8 assay (N = 3). The symbol *(Red) represents the mimic-NC vs. mimic-155 group; the
symbol *(Green) represents the inhibitor-NC vs. inhibitor-155 group. (D) Proliferating microvascular
endothelial cells were labeled with EdU (N = 3). Scale bar, 50 µm. * p < 0.05, ** p < 0.01 vs. control.

2.5. miR-155-5p Directly Downregulates RHEB Expression in Microvascular Endothelial Cells

To identify the molecular mechanisms underlying miR-155-5p-mediated bEnd.3 cell
proliferation, we used the target prediction program TargetScan and the miRDB database
to predict the mRNA targets of miR-155-5p. We then selected molecules involved in the
cellular proliferation process through literature reviews and unloading experiments. RHEB,
a critical regulator of cell proliferation, was identified as one of the potential targets of
miR-155-5p. After transfection with an miR-155-5p mimic or inhibitor, we used real-time
PCR and Western blotting to detect the mRNA and protein expression levels of RHEB.
Consequently, miR-155-5p considerably influenced RHEB mRNA and protein expression
compared to the NC group (Figure 5A,B and Figure S1G). To determine whether miR-155-
5p directly targets RHEB, the RHEB 3′-UTR-containing wild-type or mutant miR-155-5p-
binding sites were cloned into a luciferase reporter vector. The relative luciferase activity
of the reporter containing the wild-type 3′-UTR of RHEB was reduced compared with that
of the control group in 293T cells (Figure 5C,D). The results indicated that RHEB was a
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vital target of miR-155-5p for sensing mechanical unloading and regulating microvascular
endothelial cell proliferation.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 19 
 

 

155-5p directly targets RHEB, the RHEB 3′-UTR-containing wild-type or mutant miR-155-
5p-binding sites were cloned into a luciferase reporter vector. The relative luciferase ac-
tivity of the reporter containing the wild-type 3′-UTR of RHEB was reduced compared 
with that of the control group in 293T cells (Figure 5C,D). The results indicated that RHEB 
was a vital target of miR-155-5p for sensing mechanical unloading and regulating micro-
vascular endothelial cell proliferation. 

 
Figure 5. MiR-155-5p directly downregulates RHEB in microvascular endothelial cells. (A) qRT-PCR 
analysis of RHEB mRNA expression in microvascular endothelial cells treated with mimic-155-5p, 
inhibitor-155-5p or the corresponding controls for 48 h (N = 3). (B) Western blotting analysis of the 
protein expression of RHEB (N = 3). (C) After 293T cells were treated with mimic-155-5p and the 
corresponding controls for 48 h, the luciferase activities of the RHEB WT and MUT reporters were 
evaluated. (N = 3). (D) Schematic representation of the luciferase reporters containing RHEB 3′-UTR 
WT or MUT sequences. * p < 0.05, ** p < 0.01 vs. control. 

2.6. RHEB Is Downregulated under Mechanical Unloading Conditions and Essential for the 
miR-155-5p-Mediated Inhibition of Microvascular Endothelial Cell Proliferation 

During mechanical unloading, the expression of miR-155-5p was continuously in-
creased, while the mRNA level of RHEB was continuously decreased (Figure 6A). More-
over, the protein expression of RHEB was significantly decreased in the clinorotation 
group (Figures 6B and S1H). To further examine the role of RHEB, we used RNA interfer-
ence to knockdown RHEB in bEnd.3 cells. The results confirmed that siRNA-RHEB trans-
fection decreased the expression level of PCNA protein (Figures 6C and S1I). Consistently, 
CCK-8 and EdU labeling assays demonstrated that the suppression of RHEB expression 
inhibited the growth of bEnd.3 cells (Figure 6D,E). To confirm that the suppression of 
proliferation by miR-155-5p depends on RHEB in microvascular endothelial cells, inhibi-
tor-155-5p and siRNA-RHEB or its negative control were co-transfected into bEnd.3 cells. 
SiRNA-RHEB markedly attenuated the inhibitor-155-5p-induced increase in the PCNA 
protein levels. Furthermore, CCK-8 and EdU labeling assays showed similar changes (Fig-
ures 6F–H and S1J). 

Figure 5. MiR-155-5p directly downregulates RHEB in microvascular endothelial cells. (A) qRT-PCR
analysis of RHEB mRNA expression in microvascular endothelial cells treated with mimic-155-5p,
inhibitor-155-5p or the corresponding controls for 48 h (N = 3). (B) Western blotting analysis of the
protein expression of RHEB (N = 3). (C) After 293T cells were treated with mimic-155-5p and the
corresponding controls for 48 h, the luciferase activities of the RHEB WT and MUT reporters were
evaluated. (N = 3). (D) Schematic representation of the luciferase reporters containing RHEB 3′-UTR
WT or MUT sequences. * p < 0.05, ** p < 0.01 vs. control.

2.6. RHEB Is Downregulated under Mechanical Unloading Conditions and Essential for the
miR-155-5p-Mediated Inhibition of Microvascular Endothelial Cell Proliferation

During mechanical unloading, the expression of miR-155-5p was continuously in-
creased, while the mRNA level of RHEB was continuously decreased (Figure 6A). Moreover,
the protein expression of RHEB was significantly decreased in the clinorotation group
(Figure 6B and Figure S1H). To further examine the role of RHEB, we used RNA inter-
ference to knockdown RHEB in bEnd.3 cells. The results confirmed that siRNA-RHEB
transfection decreased the expression level of PCNA protein (Figure 6C and Figure S1I).
Consistently, CCK-8 and EdU labeling assays demonstrated that the suppression of RHEB
expression inhibited the growth of bEnd.3 cells (Figure 6D,E). To confirm that the sup-
pression of proliferation by miR-155-5p depends on RHEB in microvascular endothelial
cells, inhibitor-155-5p and siRNA-RHEB or its negative control were co-transfected into
bEnd.3 cells. SiRNA-RHEB markedly attenuated the inhibitor-155-5p-induced increase in
the PCNA protein levels. Furthermore, CCK-8 and EdU labeling assays showed similar
changes (Figure 6F–H and Figure S1J).
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Figure 6. RHEB is downregulated under mechanical unloading and is essential for the miR-155-5p-
mediated inhibition of microvascular endothelial cell proliferation. (A) RHEB mRNA expression was
assessed in microvascular endothelial cells under clinorotation conditions for 24, 48 and 72 h (N = 3).
(B) The RHEB protein level was analyzed by Western blotting (N = 3). (C) The RHEB and PCNA
protein levels in microvascular endothelial cells were analyzed by Western blotting after transfection
with RHEB siRNA (N = 3). (D) The EdU incorporation assay was analyzed by confocal microscopy
(N = 3). (E) Cell proliferation was evaluated by CCK-8 assay (N = 3). The symbol *(Red) represents
the NC-si group vs. si-RHEB group. (F) PCNA protein levels were measured by Western blotting
after co-transfecting inhibitor-155-5p and siRNA-RHEB into microvascular endothelial cells (N = 3).
(G) Cell proliferation was evaluated by CCK-8 assay at 24–72 h (N = 3). (H) The EdU incorporation
assay was analyzed by confocal microscopy (N = 3). Scale bar, 50 µm. * p < 0.05, ** p < 0.01 vs. control.

2.7. HDAC6 Promotes Microvascular Endothelial Cell Proliferation by Inhibiting the
mir-155-5p/RHEB Axis

Since HDAC6 interacted with miR-155-5p and RHEB was the target of miR-155-5p,
we explored whether HDAC6 could positively regulate the expression of RHEB. Our
results demonstrated that HDAC6 partially reversed the reduction in RHEB protein expres-
sion induced by clinorotation unloading in bEnd.3 cells through miR-155-5p (Figure 7A
and Figure S1K). In addition, to further verify whether HDAC6 could promote prolif-
eration by inhibiting the miR-155-5p/RHEB axis in microvascular endothelial cells, we
co-transfected siRNA-HDAC6, inhibitor-155-5p, and their negative controls into bEnd.3
cells. qRT-PCR and Western blotting analyses showed that inhibitor-155-5p rescued the
siRNA-HDAC6-induced decrease in RHEB mRNA and protein expression (Figure 7B,C and
Figure S1L). Moreover, inhibitor-155-5p reversed the proliferation-suppressing effects of
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siRNA-HDAC6, as evidenced by PCNA protein expression, CCK-8 and EdU labeling anal-
yses (Figure 7C–E). In addition, the enhanced microvascular endothelial cell proliferation
induced by pEX-HDAC6 during unloading was reversed by siRNA-RHEB, including the
protein level of PCNA and CCK-8 and EdU labeling assays (Figure 7F–H and Figure S1M).
In conclusion, these data demonstrated that RHEB was responsible for HDAC6-mediated
microvascular endothelial cell proliferation during unloading.
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Figure 7. HDAC6 promotes microvascular endothelial cell proliferation by inhibiting the miR-155-
5p/RHEB axis. (A) RHEB protein expression was analyzed by Western blotting after microvascular
endothelial cells were transfected with pEX-HDAC6 alone or pEX-HDAC6 plus mimic-155 and
subjected to clinorotation unloading for 48 h (N = 3). (B) qRT-PCR analysis of RHEB level after
cotransfection with siRNA-HDAC6, inhibitor-155-5p, and their negative control into bEnd.3 cells
(N = 3). (C) Western blotting analysis of RHEB and PCNA protein expression (N = 3). (D) The
EdU incorporation assay was analyzed by confocal microscopy (N = 3). Scale bar, 50 µm. (E) Cell
proliferation was evaluated by CCK-8 assay at 24–72 h (N = 3). The symbol *(Red) represents the
NC-si vs. si-HDAC6 group; the symbol *(Green) represents the si-HDAC6 plus inhibitor-NC vs.
si-HDAC6 plus inhibitor-155 group. (F) PCNA protein expression was analyzed by Western blotting
after microvascular endothelial cells were transfected with pEX-HDAC6 alone or pEX-HDAC6 plus
siRNA-RHEB and subjected to clinorotation unloading for 48 h (N = 3). (G) Cell proliferation was
evaluated by CCK-8 assay at 24–72 h (N = 3). (H) The EdU incorporation assay was analyzed by
confocal microscopy (N = 3). Scale bar, 50 µm. * p < 0.05, ** p < 0.01 vs. control.



Int. J. Mol. Sci. 2021, 22, 10527 12 of 19

3. Discussion

As a highly dynamic tissue, the vascular endothelium is highly sensitive to mechani-
cal forces, and obvious morphological and functional changes occur during mechanical
conduction, resulting in cardiovascular dysfunction [2]. Previous studies have shown
that mechanical unloading can elicit macrovascular endothelial cell proliferation [5,44].
However, there is little information that addresses the effect of unloading on microvascular
endothelial cells. In the current study, we observed that mechanical unloading inhibited
microvascular endothelial cell proliferation and downregulated HDAC6 expression, and
we confirmed its direct impacts on microvascular endothelial cell proliferation during
unloading in vitro. Mechanistic studies showed that HDAC6 inhibited miR-155-5p expres-
sion to promote cell proliferation by upregulating the mRNA and protein expression of
RHEB. Thus, our study was the first to elucidate the role of the HDAC6/miR-155-5p/RHEB
pathway in the treatment of cardiovascular deconditioning (Figure 8).
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Figure 8. A schematic diagram illustrating the molecular mechanisms by which HDAC6 regulates
unloading-induced microvascular endothelial cell growth inhibition. The expression of HDAC6,
which is a positive regulator of microvascular endothelial cell proliferation, was downregulated
under mechanical unloading. The inhibition of HDAC6 expression promoted miR-155-5p expression,
thus inhibiting the expression of RHEB. The green arrow represents suppression and the red arrow
represents promotion.

HDACs regulate the post-translational modification of lysine residues in histone
tails through deacetylation, thereby regulating gene expression. Accumulating evidence
shows that HDAC6 is involved in the prognosis and progression of a variety of diseases
through various regulatory mechanisms, such as cell transcription, proliferation, migra-
tion, apoptosis, cellular oxidative stress and degradation of misfolded proteins through
aggregation, and may serve as a target for future gene therapy [18,45]. Moreover, HDAC6
can interact with several nonhistone proteins, such as heat shock protein 90 (HSP90), ex-
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tracellular signal-related kinase 1 (ERK1), Cortactin, α-tubulin, Peroxiredoxins, Survivin,
heat shock transcription factor-1 (HSF-1), KRAS, and Miro-1 [17]. Although HDAC6 is a
major cytoplasmic enzyme, it is also known for its transcriptional activity in the nucleus.
Recent studies have shown that HDAC6 directly controls the activity of transcription
inhibitors by interacting with various corepressors, such as ligand-dependent nuclear
receptor corepressor (LCoR), runt-related transcription factor 2 (Runx2), nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB), and G3BP1 [46–49]. Gain- and loss-
of-function experiments using HDAC6 siRNA or pEX-HDAC6, respectively, confirmed that
HDAC6 promoted the proliferation of microvascular endothelial cells. Previous studies
reported that HDAC6 negatively modulated the expression of some miRNAs to regulate
pathological states. Therefore, we hypothesized that the loss or inhibition of HDAC6 could
reactivate mechanosensitive miRNAs, thereby regulating gene expression that contributed
to microvascular endothelial cell growth during mechanical unloading. Among the can-
didate miRNAs for HDAC6-specific regulation, we selected miR-155-5p as it could be
inhibited again by the restoration of HDAC6 expression in microvascular endothelial cells
and was overexpressed during rotation. Similarly, we further demonstrated that HDAC6
directly regulated and inhibited miR-155-5p expression in microvascular endothelial cells
via the ChIP assay.

miR-155-5p is mainly considered an oncogenic miRNA in several cancers, such as
non-small cell lung cancer, liver cancer, colorectal cancer, oral squamous cell carcinoma
and breast cancer [50–52]. It has also been reported that the overexpression of miR-155-5p
can enhance the proliferation, migration and ECM secretion of osteoarthritis chondrocytes
and inhibit cell apoptosis [53]. In addition, miR-155-5p exerts tumor-suppressor effects in
gastric cancer [54,55]. miR-155-5p inhibition could revitalize senescent mesenchymal stem
cells and enhance cardiac protection after infarction [56]. Furthermore, miR-155-5p inhib-
ited the viability of vascular smooth muscle cells and promoted the formation of aneurysms
by targeting Fos and ZIC3 [27]. Consequently, miR-155-5p may perform different functions
and possess different activities depending on the cell type. However, the effects of miR-155-
5p on microvascular endothelial cell proliferation, especially under unloading conditions,
have not been previously reported. Our investigations suggested that miR-155-5p expres-
sion was sensitive to unloading conditions and that HDAC6 could decrease the expression
of miR-155-5p during unloading. Furthermore, we demonstrated that miR-155-5p could
impair the functions of microvascular endothelial cells by targeting RHEB.

RHEB is a molecular switch that regulates cell proliferation, differentiation, and apop-
tosis. The depletion of RHEB in combination with rapamycin treatment not only led
to reduced astrocyte proliferation but also to reduced neuronal protection [57]. Further-
more, RHEB can effectively promote the survival of colon cancer cells via an mTORC1–
independent mechanism [42]. Sufficient evidence has confirmed that the mTOR signaling
pathway plays an important role in cell proliferation. mTOR is a serine/threonine protein
kinase that regulates cell processes, such as cell proliferation, growth and survival [58,59]. It
is most often activated in human cancers and has been proven to be an anticancer therapeu-
tic target [60–62]. Here, we reported that both the protein and mRNA levels of RHEB were
reduced under unloading, and RHEB was a direct target molecule of miR-155-5p in vitro.
miR-155-5p overexpression inhibited the mRNA and protein expression of RHEB, while
the miR-155-5p inhibitor promoted the expression of RHEB in microvascular endothelial
cells. Our study further demonstrated that siRNA RHEB could inhibit proliferation.

4. Materials and Methods
4.1. Cell Culture

The mouse brain microvascular endothelial bEnd.3 cell line was acquired from the
Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured
in high-glucose DMEM with 10% FBS (Gibco, Thermo Fisher, Waltham, MA, USA) and
100 units/mL penicillin/streptomycin (Gibco, Thermo Fisher, Waltham, MA, USA) in a
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95% humidified incubator with 5% CO2 at 37 ◦C. Cells at passages 4–8 were used in the
experiments, and all the experiments were repeated 3 times (N = 3).

4.2. D Clinorotation

The process of 2D clinorotation is widely used to simulate an unloading environment
for cells on the ground. bEnd.3 cells were seeded at a density of 1 × 105 cells on special
rotating coverslips, which were placed in 6-well plates and cultured routinely. After the cells
were completely attached to the coverslips and grown to approximately 50% confluence, the
coverslips were inserted into the scaffold of the rotating chambers (Astronaut Research and
Training Center, Beijing, China), which were completely filled with DMEM supplemented
with 10% FBS, and the lids of vessels were tightened after the air bubbles were completely
removed. Finally, the chambers were placed into the 2D clinorotation, which was placed in
an incubator at 37 ◦C and rotated around a horizontal axis at 24 rpm for 24, 48, and 72 h.
The control group was placed in the same incubator without rotation.

4.3. Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was isolated from bEnd.3 cells with RNAiso Plus (Takara, Tokyo, Japan)
and reverse transcribed according to the standard protocol of the manufacturer. The
PrimeScript™ RT Master Mix Kit (Takara, Tokyo, Japan) was used to reverse transcribe
mRNA to cDNA under the following conditions: 37 ◦C for 15 min, 85 ◦C for 5 s, and holding
at 4 ◦C. miRNA was reverse-transcribed using a Mir-X miRNA First-Strand Synthesis Kit
(Takara, Tokyo, Japan) under the following conditions: 37 ◦C for 1 h, 85 ◦C for 5 min,
and holding at 4 ◦C. The mRNA and miRNA expression levels were detected by a CFX96
real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) and SYBR®

Premix Ex Taq TM II (Takara, Tokyo, Japan). The relative Ct (2−∆∆Ct) method was used
to calculate the relative expression level of miRNAs or mRNAs between samples, and
GAPDH or U6 small nuclear RNA expression was used as endogenous controls. The
primer sequences used in this study are shown in Supplementary Table S1.

4.4. Western Blotting Analysis

bEnd.3 cells were lysed using M-PER Mammalian Protein Extraction Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) containing a 10% protease inhibitor cocktail (Roche,
Mannheim, Germany) to extract the total proteins, and a Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) was used to quantify the concentrations
of the proteins according to the standard instructions. Equal amounts of protein samples
were separated by NuPage Bis-Tris polyacrylamide gels (Invitrogen, Carlsbad, CA, USA)
and transferred onto polyvinylidene fluoride (PVDF) membranes. The blots were blocked
with 5% skim milk for 2 h at room temperature and incubated with the following primary
antibodies at 4 ◦C overnight: GAPDH (1:1000; Cell Signaling Technology, Boston, MA,
USA), HDAC6 (1:1000; Cell Signaling Technology, Boston, MA, USA), RHEB (1:1000; Cell
Signaling Technology, Boston, MA, USA), Ac-H3K9 (1:1000; Cell Signaling Technology,
Boston, MA, USA), PCNA (1:1000; Cell Signaling Technology, Boston, MA, USA), and
Lamin B (1:10000; Proteintech, Chicago, IL, USA). The membranes were then incubated
with goat anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary anti-
bodies (1:5000; ZS-GB-BIO, Beijing, China) at room temperature for 2 h. The signals were
visualized by an ECL detection kit (Thermo Fisher Scientific, Waltham, MA, USA), and the
intensities of blots were quantified using Image J software (Wikimedia Foundation, San
Francisco, CA, USA).

4.5. Cell Transfection

pEX-HDAC6, siRNA-H DAC6, siRNA-RHEB, miR-155-5p mimic, miR-155-5p in-
hibitor, and their corresponding controls were purchased from GenePharma (Shanghai,
China). bEnd.3 cells were seeded and cultured in 6-well plates overnight and transiently
transfected with pEX-HDAC6 (100 ng/µL), siRNA-HDAC6 (80 nM), siRNA-RHEB (80 nM),
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miR-155-5p mimic (40 nM), miR-155-5p inhibitor (80 nM) and their corresponding negative
controls using the transfection reagent Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s protocol. The transfection efficiency was detected by
qRT-PCR after 48 h of cell transfection. The sequences of the siRNAs specific for HDAC6,
RHEB, and miR-155-5p and the negative controls are listed in Supplementary Table S2.

4.6. Cell Proliferation Assay

A CCK-8 assay is a typical method for measuring cell viability based on the chro-
mogenic reaction of WST-8, and the assay was performed following the manufacturer’s
protocol. Cells were plated on 96-well plates at a density of 2 × 104 cells/mL (100 µL/well)
and cultured overnight at 37 ◦C. After incubation for 24, 48 and 72 h, 10 µL of CCK-8
reagent (Dojindo, Shanghai, China) was added to each well and cultured for an additional
2 h at 37 ◦C. Cell viability was detected at 450 nm to calculate the optical density (OD)
values using a microplate reader. All the groups included three biological replicates, and
each experiment was performed in triplicate.

4.7. Ethynyl-2′-deoxyuridine (EdU) Labeling

An EdU cell proliferation kit with Alexa Fluor (Beyotime, Shanghai, China) was used
to detect cell proliferation; in this assay, the thymidine analog Edu replaced thymine and
was incorporated into DNA during the process of DNA synthesis in order to evaluate
DNA replication. bEnd.3 cells were plated in 6-well plates at 1 × 105 cells per well and
cultured overnight. One milliliter of EdU working solution (50 µM) was added to each
well and incubated for another 4 h at 37 ◦C. Subsequently, the cells were fixed with 4%
paraformaldehyde for 15 min, washed with PBS solution containing 3% bovine serum
albumin (BSA), and permeabilized in 0.3% Triton X-100 solution for 15 min. EdU nuclear
staining was measured according to the standard manufacturer’s protocol. Finally, the
images were captured and merged using a confocal microscope. The ratio of the number of
EdU-positive cells to the total number of DAPI-positive cells (blue) was used to indicate
the EdU incorporation rate. Each experiment was performed in triplicate.

4.8. Luciferase Assay

TargetScan and miRDB were used to predict that the 3′-UTR of RHEB contains miR-
155-5p binding sites. The 293T cells were co-transfected with miR-155-5p reagents (mimic,
inhibitor or their negative controls) and the wild-type (WT) RHEB 3′-UTR or mutant (MUT)
RHEB 3′-UTR, which were inserted into the pmirGLO vector using GP-transfect-Mate
transfection reagent. After co-transfection and culture for 48 h, the luciferase activity
was tested using a dual-luciferase reporter assay system following the manufacturer’s
instructions, and the firefly luciferase activity levels were normalized to the co-expressed
Renilla luciferase activity in each sample.

4.9. Chromatin Immunoprecipitation (ChIP) Assay

ChIP assays were conducted according to the manufacturer’s protocol (SimpleChIP
Enzymatic Chromatin IP Kit; Cell Signaling Technology, Boston, MA, USA). bEnd.3 cells
were cross-linked with formaldehyde for 10 min and washed with ice-cold PBS. The nuclei
were processed, and DNA samples were cleaved to the appropriate length of 100–900 bp
by enzymatic hydrolysis. DNA samples were purified, and agarose gel electrophoresis was
performed to detect DNA fragment size. Cross-linked DNA was incubated overnight
using HDAC6 (anti-HDAC6) antibodies (NOVUS, Denver, CO, USA) and acetylated
histone H3K9 (Ac-H3) antibodies (Cell Signaling Technology, Boston, MA, USA), and
protein A-agarose beads were added to the reaction mixtures and incubated for another
2 h. After extraction and purification, the DNA was amplified, and relative gene expres-
sion was measured by real-time quantitative PCR using primers specific for the binding
motif of HDAC6 in the miR-155 promoter region. The primers used for PCR were spe-



Int. J. Mol. Sci. 2021, 22, 10527 16 of 19

cific for the miR-155 promoter sequence: forward: 5′-cagggacgcaggtaggc-3′ and reverse:
5′-ctccatcaggactccctctc-3′.

4.10. Immunofluorescence Staining

Cells were seeded in 6-well plates at 1 × 105 cells/well. When the cells reached
approximately 80% confluence, they were fixed with 4% formaldehyde at room temperature
for 15 min and washed three times with PBS. The cells were treated with 0.5% Triton
X-100, blocked with 5% goat serum for 30 min, and then incubated with an anti-HDAC6
antibody (1:200, NOVUS, Denver, CO, USA) at 4 ◦C overnight. The cells were then
washed, incubated with a secondary antibody conjugated to FITC (Proteintech, Chicago,
IL, USA) and incubated with DAPI (Beyotime, Shanghai, China). Images were captured
and analyzed with a fluorescence microscope.

4.11. Nuclear-Cytoplasmic Fractionation

A nuclear and cytoplasmic protein extraction kit (Beyotime, Shanghai, China) was
used to extract the proteins according to the manufacturer’s instructions. Cells were
collected by centrifugation, and cytoplasmic protein extraction reagent A with PMSF was
added to the cells. After incubation in an ice bath for 15 min, cytoplasmic protein extraction
reagent B was added, and the samples were centrifuged at 12,000× g for 5 to obtain the
cytoplasmic proteins.

4.12. Statistical Analysis

All the experiments were performed in triplicate. The data were analyzed with the
GraphPad Prism 8.0 and SPSS 22.0 software and were expressed as the mean standard
deviation (SD) from at least three independent experiments. Variance analysis between the
control and treated groups was performed with a Student’s t-test and one-way ANOVA.
p < 0.05 and p < 0.01 were considered statistically significant.

5. Conclusions

In conclusion, this study first reported that HDAC6 expression was downregulated
under mechanical unloading and that HDAC6 is a critical regulator of microvascular
endothelial cell proliferation by inhibiting miR-155-5p expression to promote the expression
of RHEB (Figure 8). Our research revealed the function of the HDAC6/miR-155-5p/RHEB
signaling pathway in microvascular endothelial cells and indicated the promising value
of HDAC6 in the preventative treatment of cardiovascular deconditioning caused by
mechanical unloading.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms221910527/s1.

Author Contributions: Conceptualization, L.X., L.Z., G.L., Y.W., S.Z. and X.C.; Data curation, L.X.
and H.W.; Formal analysis, L.X. and X.Z.; Funding acquisition, S.Z. and Z.H.; Methodology, G.L. and
J.D.; Resources, L.Z. and Y.W.; Supervision, J.D., H.W. and Z.H.; Writing—original draft, L.X. and
X.Z.; Writing—review and editing, Z.H., X.C., S.Z. and F.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant
number 31971171, Aerospace Medical Experiment Project of China Space Station, grant number
HYZHXM01006, and was funded by Innovation Capability Support Program of Shaanxi, grant
number 2020KJXX-060.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

https://www.mdpi.com/article/10.3390/ijms221910527/s1
https://www.mdpi.com/article/10.3390/ijms221910527/s1


Int. J. Mol. Sci. 2021, 22, 10527 17 of 19

Acknowledgments: This work was supported by the National Natural Science Foundation of China
and Aerospace Medical Experiment Project of China Space Station, which is dedicated to scientific
research and provide financial support to researchers.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mulavara, A.P.; Peters, B.T.; Miller, C.A.; Kofman, I.S.; Reschke, M.F.; Taylor, L.C.; Lawrence, E.L.; Wood, S.J.; Laurie, S.S.; Lee,

S.M.C.; et al. Physiological and Functional Alterations after Spaceflight and Bed Rest. Med. Sci. Sports Exerc. 2018, 50, 1961–1980.
[CrossRef]

2. Li, C.-F.; Pan, Y.-K.; Gao, Y.; Shi, F.; Wang, Y.-C.; Sun, X.-Q. Autophagy protects HUVECs against ER stress-mediated apoptosis
under simulated microgravity. Apoptosis 2019, 24, 812–825. [CrossRef]

3. Coupé, M.; Fortrat, J.; Larina, I.; Gauquelin-Koch, G.; Gharib, C.; Custaud, M. Cardiovascular deconditioning: From autonomic
nervous system to microvascular dysfunctions. Respir. Physiol. Neurobiol. 2009, 169, S10–S12. [CrossRef]

4. Kang, C.-Y.; Zou, L.; Yuan, M.; Wang, Y.; Li, T.-Z.; Zhang, Y.; Wang, J.-F.; Li, Y.; Deng, X.-W.; Liu, C.-T. Impact of simulated
microgravity on microvascular endothelial cell apoptosis. Graefe’s Arch. Clin. Exp. Ophthalmol. 2011, 111, 2131–2138. [CrossRef]

5. Maier, J.A.M.; Cialdai, F.; Monici, M.; Morbidelli, L. The Impact of Microgravity and Hypergravity on Endothelial Cells. BioMed
Res. Int. 2015, 2015, 434803. [CrossRef] [PubMed]

6. Cines, D.B.; Pollak, E.S.; Buck, C.; Loscalzo, J.; Zimmerman, G.; McEver, R.P.; Pober, J.S.; Wick, T.; Konkle, B.; Schwartz, B.S.; et al.
Endothelial cells in physiology and in the pathophysiology of vascular disorders. Blood 1998, 91, 3527–3561.

7. Li, C.-F.; Sun, J.-X.; Gao, Y.; Shi, F.; Pan, Y.-K.; Wang, Y.-C.; Sun, X.-Q. Clinorotation-induced autophagy via HDM2-p53-mTOR
pathway enhances cell migration in vascular endothelial cells. Cell Death Dis. 2018, 9, 1–16. [CrossRef] [PubMed]

8. Cotrupi, S.; Ranzani, D.; Maier, J.A. Impact of modeled microgravity on microvascular endothelial cells. Biochim. Biophys. Acta
2005, 1746, 163–168. [CrossRef] [PubMed]

9. Mariotti, M.; Maier, J.A. Gravitational unloading induces an anti-angiogenic phenotype in human microvascular endothelial cells.
J. Cell. Biochem. 2008, 104, 129–135. [CrossRef]

10. Oh, Y.-S.; Choi, M.-H.; Shin, J.-I.; Maza, P.A.M.A.; Kwak, J.-Y. Co-Culturing of Endothelial and Cancer Cells in a Nanofibrous
Scaffold-Based Two-Layer System. Int. J. Mol. Sci. 2020, 21, 4128. [CrossRef]

11. Cui, P.H.; Petrovic, N.; Murray, M. Theω-3 epoxide of eicosapentaenoic acid inhibits endothelial cell proliferation by p38 MAP
kinase activation and cyclin D1/CDK4 down-regulation. Br. J. Pharmacol. 2010, 162, 1143–1155. [CrossRef] [PubMed]

12. Berdasco, M.; Esteller, M. Genetic syndromes caused by mutations in epigenetic genes. Qual. Life Res. 2013, 132, 359–383.
[CrossRef] [PubMed]

13. Singh, K.P.; Kumari, R.; DuMond, J.W. Simulated microgravity-induced epigenetic changes in human lymphocytes. J. Cell.
Biochem. 2010, 111, 123–129. [CrossRef]

14. Tauber, S.; Hauschild, S.; Crescio, C.; Secchi, C.; Paulsen, K.; Pantaleo, A.; Saba, A.; Buttron, I.; Thiel, C.S.; Cogoli, A.; et al. Signal
transduction in primary human T lymphocytes in altered gravity—Results of the MASER-12 suborbital space flight mission. Cell
Commun. Signal. 2013, 11, 32. [CrossRef] [PubMed]

15. Keremu, A.; Aimaiti, A.; Liang, Z.; Zou, X. Role of the HDAC6/STAT3 pathway in regulating PD-L1 expression in osteo-sarcoma
cell lines. Cancer Chemother. Pharmacol. 2019, 83, 255–264. [CrossRef]

16. Cantley, M.D.; Zannettino, A.C.W.; Bartold, P.M.; Fairlie, D.P.; Haynes, D.R. Histone deacetylases (HDAC) in physio-logical and
pathological bone remodelling. Bone 2017, 95, 162–174. [CrossRef]

17. Li, Y.; Shin, D.; Kwon, S.H. Histone deacetylase 6 plays a role as a distinct regulator of diverse cellular processes. FEBS J. 2012,
280, 775–793. [CrossRef]

18. Lopresti, P. HDAC6 in Diseases of Cognition and of Neurons. Cells 2020, 10, 12. [CrossRef]
19. Pulya, S.; Amin, S.A.; Adhikari, N.; Biswas, S.; Jha, T.; Ghosh, B. HDAC6 as privileged target in drug discovery: A perspective.

Pharmacol. Res. 2021, 163, 105274. [CrossRef]
20. Kaluza, D.; Kroll, J.; Gesierich, S.; Yao, T.-P.; Boon, R.; Hergenreider, E.; Tjwa, M.; Rössig, L.; Seto, E.; Augustin, H.; et al. Class

IIb HDAC6 regulates endothelial cell migration and angiogenesis by deacetylation of cortactin. EMBO J. 2011, 30, 4142–4156.
[CrossRef]

21. Kai, H.; Wu, Q.; Yin, R.; Tang, X.; Shi, H.; Wang, T.; Zhang, M.; Pan, C. LncRNA NORAD Promotes Vascular Endothelial Cell
Injury and Atherosclerosis Through Suppressing VEGF Gene Transcription via Enhancing H3K9 Deacetylation by Recruiting
HDAC6. Front. Cell Dev. Biol. 2021, 9, 701628. [CrossRef] [PubMed]

22. Shi, Y.; Ni, J.; Tao, M.; Ma, X.; Wang, Y.; Zang, X.; Hu, Y.; Qiu, A.; Zhuang, S.; Liu, N. Elevated expression of HDAC6 in clinical
peritoneal dialysis patients and its pathogenic role on peritoneal angiogenesis. Ren. Fail. 2020, 42, 890–901. [CrossRef] [PubMed]

23. Li, C.; Zhou, Y.; Loberg, A.; Tahara, S.M.; Malik, P.; Kalra, V.K. Activated Transcription Factor 3 in Association with Histone
Deacetylase 6 Negatively Regulates MicroRNA 199a2 Transcription by Chromatin Remodeling and Reduces Endothelin-1
Expression. Mol. Cell. Biol. 2016, 36, 2838–2854. [CrossRef] [PubMed]

24. Jia, Y.J.; Liu, Z.B.; Wang, W.G.; Sun, C.B.; Wei, P.; Yang, Y.L.; You, M.J.; Yu, B.H.; Li, X.Q.; Zhou, X.Y. HDAC6 regulates microRNA-
27b that suppresses proliferation, promotes apoptosis and target MET in diffuse large B-cell lymphoma. Leukemia 2017, 32,
703–711. [CrossRef]

http://doi.org/10.1249/MSS.0000000000001615
http://doi.org/10.1007/s10495-019-01560-w
http://doi.org/10.1016/j.resp.2009.04.009
http://doi.org/10.1007/s00421-011-1844-0
http://doi.org/10.1155/2015/434803
http://www.ncbi.nlm.nih.gov/pubmed/25654101
http://doi.org/10.1038/s41419-017-0185-2
http://www.ncbi.nlm.nih.gov/pubmed/29396411
http://doi.org/10.1016/j.bbamcr.2005.10.002
http://www.ncbi.nlm.nih.gov/pubmed/16297993
http://doi.org/10.1002/jcb.21605
http://doi.org/10.3390/ijms21114128
http://doi.org/10.1111/j.1476-5381.2010.01113.x
http://www.ncbi.nlm.nih.gov/pubmed/21077851
http://doi.org/10.1007/s00439-013-1271-x
http://www.ncbi.nlm.nih.gov/pubmed/23370504
http://doi.org/10.1002/jcb.22674
http://doi.org/10.1186/1478-811X-11-32
http://www.ncbi.nlm.nih.gov/pubmed/23651740
http://doi.org/10.1007/s00280-018-3721-6
http://doi.org/10.1016/j.bone.2016.11.028
http://doi.org/10.1111/febs.12079
http://doi.org/10.3390/cells10010012
http://doi.org/10.1016/j.phrs.2020.105274
http://doi.org/10.1038/emboj.2011.298
http://doi.org/10.3389/fcell.2021.701628
http://www.ncbi.nlm.nih.gov/pubmed/34307380
http://doi.org/10.1080/0886022X.2020.1811119
http://www.ncbi.nlm.nih.gov/pubmed/32862739
http://doi.org/10.1128/MCB.00345-16
http://www.ncbi.nlm.nih.gov/pubmed/27573019
http://doi.org/10.1038/leu.2017.299


Int. J. Mol. Sci. 2021, 22, 10527 18 of 19

25. Yang, H.D.; Kim, H.S.; Kim, S.Y.; Na, M.J.; Yang, G.; Eun, J.W.; Wang, H.J.; Cheong, J.Y.; Park, W.S.; Nam, S.W. HDAC6 Suppresses
Let-7i-5p to Elicit TSP1/CD47-Mediated Anti-Tumorigenesis and Phagocytosis of Hepatocellular Carcinoma. Hepatology 2019, 70,
1262–1279. [CrossRef]

26. Fazi, F.; Nervi, C. MicroRNA: Basic mechanisms and transcriptional regulatory networks for cell fate determination. Cardiovasc.
Res. 2008, 79, 553–561. [CrossRef] [PubMed]

27. Zhao, L.; Ouyang, Y.; Bai, Y.; Gong, J.; Liao, H. miR-155-5p inhibits the viability of vascular smooth muscle cell via targeting FOS
and ZIC3 to promote aneurysm formation. Eur. J. Pharmacol. 2019, 853, 145–152. [CrossRef]

28. Urbich, C.; Kuehbacher, A.; Dimmeler, S. Role of microRNAs in vascular diseases, inflammation, and angiogenesis. Cardiovasc.
Res. 2008, 79, 581–588. [CrossRef]

29. Pan, Y.-K.; Li, C.-F.; Gao, Y.; Wang, Y.-C.; Sun, X.-Q. Effect of miR-27b-5p on apoptosis of human vascular endothelial cells induced
by simulated microgravity. Apoptosis 2019, 25, 73–91. [CrossRef]

30. Tang, N.; Hui, T.; Ma, J.; Mei, Q. Effects of miR-503-5p on apoptosis of human pulmonary microvascular endothelial cells in
simulated microgravity. J. Cell. Biochem. 2018, 120, 727–737. [CrossRef]

31. Kasiviswanathan, D.; Chinnasamy Perumal, R. Interactome of miRNAs and transcriptome of human umbilical cord endothelial
cells exposed to short-term simulated microgravity. NPJ Microgravity 2020, 6, 18. [CrossRef] [PubMed]

32. Wu, M.; Duan, Q.; Liu, X.; Zhang, P.; Fu, Y.; Zhang, Z.; Liu, L.; Cheng, J.; Jiang, H. MiR-155-5p promotes oral cancer progression
by targeting chromatin remodeling gene ARID2. Biomed. Pharmacother. 2020, 122, 109696. [CrossRef] [PubMed]

33. Bayraktar, R.; Van Roosbroeck, K. miR-155 in cancer drug resistance and as target for miRNA-based therapeutics. Cancer Metastasis
Rev. 2018, 37, 33–44. [CrossRef]

34. Wang, C.; Zhang, C.; Liu, L.; Xi, A.; Chen, B.; Li, Y.; Du, J. Macrophage-Derived mir-155-Containing Exosomes Suppress Fibroblast
Proliferation and Promote Fibroblast Inflammation during Cardiac Injury. Mol. Ther. 2017, 25, 192–204. [CrossRef] [PubMed]

35. Wang, Y.; Zheng, Z.J.; Jia, Y.J.; Yang, Y.L.; Xue, Y.M. Role of p53/miR-155-5p/sirt1 loop in renal tubular injury of diabetic kidney
disease. J. Transl. Med. 2018, 16, 146. [CrossRef] [PubMed]

36. Armijo, M.E.; Campos, T.; Fuentes-Villalobos, F.; Palma, M.E.; Pincheira, R.; Castro, A.F. Rheb signaling and tumorigenesis:
mTORC1 and new horizons. Int. J. Cancer 2015, 138, 1815–1823. [CrossRef]

37. Saucedo, L.J.; Gao, X.; Chiarelli, D.A.; Li, L.; Pan, D.; Edgar, B.A. Rheb promotes cell growth as a component of the insu-lin/TOR
signalling network. Nat. Cell Biol. 2003, 5, 566–571. [CrossRef]

38. Schöneborn, H.; Raudzus, F.; Coppey, M.; Neumann, S.; Heumann, R. Perspectives of RAS and RHEB GTPase Signaling Pathways
in Regenerating Brain Neurons. Int. J. Mol. Sci. 2018, 19, 4052. [CrossRef]

39. Potheraveedu, V.N.; Schöpel, M.; Stoll, R.; Heumann, R. Rheb in neuronal degeneration, regeneration, and connectivity. Biol.
Chem. 2017, 398, 589–606. [CrossRef]

40. Tian, Y.; Shen, L.; Li, F.; Yang, J.; Wan, X.; Ouyang, M. Silencing of RHEB inhibits cell proliferation and promotes apoptosis in
colorectal cancer cells via inhibition of the mTOR signaling pathway. J. Cell. Physiol. 2019, 235, 442–453. [CrossRef]

41. Kobayashi, T.; Shimizu, Y.; Terada, N.; Yamasaki, T.; Nakamura, E.; Toda, Y.; Nishiyama, H.; Kamoto, T.; Ogawa, O.; Inoue, T.
Regulation of androgen receptor transactivity and mTOR-S6 kinase pathway by Rheb in prostate cancer cell proliferation. Prostate
2010, 70, 866–874. [CrossRef]

42. Campos, T.; Ziehe, J.; Palma, M.; Escobar, D.; Tapia, J.C.; Pincheira, R.; Castro, A.F. Rheb promotes cancer cell survival through
p27Kip1-dependent activation of autophagy. Mol. Carcinog. 2015, 55, 220–229. [CrossRef]

43. Festa Ortega, J.F.; Heidor, R.; Auriemo, A.P.; Marques Affonso, J.; Pereira D’Amico, T.; Herz, C.; de Conti, A.; Ract, J.; Gioieli, L.A.;
Purgatto, E.; et al. Butyrate-containing structured lipids act on HDAC4, HDAC6, DNA damage and telomerase activity during
promotion of experimental hepatocarcinogenesis. Carcinogenesis 2021, 42, 1026–1036. [CrossRef]

44. Ratushnyy, A.; Ezdakova, M.; Yakubets, D.; Buravkova, L. Angiogenic Activity of Human Adipose-Derived Mesenchymal Stem
Cells Under Simulated Microgravity. Stem Cells Dev. 2018, 27, 831–837. [CrossRef]

45. Seidel, C.; Schnekenburger, M.; Dicato, M.; Diederich, M. Histone deacetylase 6 in health and disease. Epigenomics 2015, 7,
103–118. [CrossRef]

46. Palijan, A.; Fernandes, I.; Bastien, Y.; Tang, L.; Verway, M.; Kourelis, M.; Tavera-Mendoza, L.E.; Li, Z.; Bourdeau, V.; Mader, S.;
et al. Function of Histone Deacetylase 6 as a Cofactor of Nuclear Receptor Coregulator LCoR. J. Biol. Chem. 2009, 284, 30264–30274.
[CrossRef]

47. Westendorf, J.J.; Zaidi, S.K.; Cascino, J.E.; Kahler, R.; van Wijnen, A.J.; Lian, J.B.; Yoshida, M.; Stein, G.S.; Li, X. Runx2 (Cbfa1,
AML-3) Interacts with Histone Deacetylase 6 and Represses the p21 CIP1/WAF1 Promoter. Mol. Cell. Biol. 2002, 22, 7982–7992.
[CrossRef] [PubMed]

48. Zhang, W.; Kone, B.C. NF-kappaB inhibits transcription of the H(+)-K (+)-ATPase alpha(2)-subunit gene: Role of histone
deacetylases. American journal of physiology. Ren. Physiol. 2002, 283, F904–F911. [CrossRef] [PubMed]

49. Gal, J.; Chen, J.; Na, D.-Y.; Tichacek, L.; Barnett, K.R.; Zhu, H. The Acetylation of Lysine-376 of G3BP1 Regulates RNA Binding
and Stress Granule Dynamics. Mol. Cell. Biol. 2019, 39, e00052-19. [CrossRef] [PubMed]

50. Fu, X.; Wen, H.; Jing, L.; Yang, Y.; Wang, W.; Liang, X.; Nan, K.; Yao, Y.; Tian, T. MicroRNA-155-5p promotes hepatocellular
carcinoma progression by suppressing PTEN through the PI3K/Akt pathway. Cancer Sci. 2017, 108, 620–631. [CrossRef]

51. Jiang, S.; Zhang, H.-W.; Lu, M.-H.; He, X.-H.; Li, Y.; Gu, H.; Liu, M.-F.; Wang, E.-D. MicroRNA-155 Functions as an OncomiR in
Breast Cancer by Targeting the Suppressor of Cytokine Signaling 1 Gene. Cancer Res. 2010, 70, 3119–3127. [CrossRef]

http://doi.org/10.1002/hep.30657
http://doi.org/10.1093/cvr/cvn151
http://www.ncbi.nlm.nih.gov/pubmed/18539629
http://doi.org/10.1016/j.ejphar.2019.03.030
http://doi.org/10.1093/cvr/cvn156
http://doi.org/10.1007/s10495-019-01580-6
http://doi.org/10.1002/jcb.27430
http://doi.org/10.1038/s41526-020-00108-6
http://www.ncbi.nlm.nih.gov/pubmed/32821776
http://doi.org/10.1016/j.biopha.2019.109696
http://www.ncbi.nlm.nih.gov/pubmed/31918270
http://doi.org/10.1007/s10555-017-9724-7
http://doi.org/10.1016/j.ymthe.2016.09.001
http://www.ncbi.nlm.nih.gov/pubmed/28129114
http://doi.org/10.1186/s12967-018-1486-7
http://www.ncbi.nlm.nih.gov/pubmed/29848325
http://doi.org/10.1002/ijc.29707
http://doi.org/10.1038/ncb996
http://doi.org/10.3390/ijms19124052
http://doi.org/10.1515/hsz-2016-0312
http://doi.org/10.1002/jcp.28984
http://doi.org/10.1002/pros.21120
http://doi.org/10.1002/mc.22272
http://doi.org/10.1093/carcin/bgab039
http://doi.org/10.1089/scd.2017.0262
http://doi.org/10.2217/epi.14.69
http://doi.org/10.1074/jbc.M109.045526
http://doi.org/10.1128/MCB.22.22.7982-7992.2002
http://www.ncbi.nlm.nih.gov/pubmed/12391164
http://doi.org/10.1152/ajprenal.00156.2002
http://www.ncbi.nlm.nih.gov/pubmed/12372765
http://doi.org/10.1128/MCB.00052-19
http://www.ncbi.nlm.nih.gov/pubmed/31481451
http://doi.org/10.1111/cas.13177
http://doi.org/10.1158/0008-5472.CAN-09-4250


Int. J. Mol. Sci. 2021, 22, 10527 19 of 19

52. Luo, X.; Dong, J.; He, X.; Shen, L.; Long, C.; Liu, F.; Liu, X.; Lin, T.; He, D.; Wei, G. MiR-155-5p exerts tumor-suppressing functions
in Wilms tumor by targeting IGF2 via the PI3K signaling pathway. Biomed. Pharmacother. 2020, 125, 109880. [CrossRef] [PubMed]

53. Wang, Z.; Yan, K.; Ge, G.; Zhang, D.; Bai, J.; Guo, X.; Zhou, J.; Xu, T.; Xu, M.; Long, X.; et al. Exosomes derived from miR-155-5p-
overexpressing synovial mesenchymal stem cells prevent osteoarthritis via enhancing proliferation and migration, attenuating
apoptosis, and modulating extracellular matrix secretion in chondrocytes. Cell Biol. Toxicol. 2021, 37, 85–96. [CrossRef]

54. Li, S.; Zhang, T.; Zhou, X.; Du, Z.; Chen, F.; Luo, J.; Liu, Q. The tumor suppressor role of miR-155-5p in gastric cancer. Oncol. Lett.
2018, 16, 2709–2714. [CrossRef] [PubMed]

55. Wang, M.; Yang, F.; Qiu, R.; Zhu, M.; Zhang, H.; Xu, W.; Shen, B.; Zhu, W. The role of mmu-miR-155-5p-NF-κB signaling in the
education of bone marrow-derived mesenchymal stem cells by gastric cancer cells. Cancer Med. 2018, 7, 856–868. [CrossRef]

56. Hong, Y.; He, H.; Jiang, G.; Zhang, H.; Tao, W.; Ding, Y.; Yuan, D.; Liu, J.; Fan, H.; Lin, F.; et al. miR-155-5p inhibition rejuvenates
aged mesenchymal stem cells and enhances cardioprotection following infarction. Aging Cell 2020, 19, e13128. [CrossRef]
[PubMed]

57. Cao, M.; Tan, X.; Jin, W.; Zheng, H.; Xu, W.; Rui, Y.; Li, L.; Cao, J.; Wu, X.; Cui, G.; et al. Upregulation of Ras homolog enriched in
the brain (Rheb) in lipopolysaccharide-induced neuroinflammation. Neurochem. Int. 2013, 62, 406–417. [CrossRef]

58. Laplante, M.; Sabatini, D.M. Regulation of mTORC1 and its impact on gene expression at a glance. J. Cell Sci. 2013, 126, 1713–1719.
[CrossRef]

59. Murugan, A.K.; Alzahrani, A.; Xing, M. Mutations in Critical Domains Confer the Human mTOR Gene Strong Tumorigenicity. J.
Biol. Chem. 2013, 288, 6511–6521. [CrossRef]

60. Laplante, M.; Sabatini, D.M. mTOR Signaling in Growth Control and Disease. Cell 2012, 149, 274–293. [CrossRef] [PubMed]
61. Murugan, A.K. mTOR: Role in cancer, metastasis and drug resistance. Semin. Cancer Biol. 2019, 59, 92–111. [CrossRef] [PubMed]
62. Magaway, C.; Kim, E.; Jacinto, E. Targeting mTOR and Metabolism in Cancer: Lessons and Innovations. Cells 2019, 8, 1584.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.biopha.2020.109880
http://www.ncbi.nlm.nih.gov/pubmed/32004974
http://doi.org/10.1007/s10565-020-09559-9
http://doi.org/10.3892/ol.2018.8932
http://www.ncbi.nlm.nih.gov/pubmed/30008945
http://doi.org/10.1002/cam4.1355
http://doi.org/10.1111/acel.13128
http://www.ncbi.nlm.nih.gov/pubmed/32196916
http://doi.org/10.1016/j.neuint.2013.01.025
http://doi.org/10.1242/jcs.125773
http://doi.org/10.1074/jbc.M112.399485
http://doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797
http://doi.org/10.1016/j.semcancer.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31408724
http://doi.org/10.3390/cells8121584
http://www.ncbi.nlm.nih.gov/pubmed/31817676

	Introduction 
	Results 
	Mechanical Unloading Inhibits Microvascular Endothelial Cell Proliferationa and Downregulates HDAC6 Expression 
	HDAC6 Promotes Microvascular Endothelial Cell Proliferation and Attenuates the Inhibition of Cell Proliferation Caused by Clinorotation Unloading 
	HDAC6 Inhibition Increases Intranuclear Histone Expression and Increases miR-155-5p Expression in Microvascular Endothelial Cells 
	miR-155-5p Inhibits Microvascular Endothelial Cell Proliferation 
	miR-155-5p Directly Downregulates RHEB Expression in Microvascular Endothelial Cells 
	RHEB Is Downregulated under Mechanical Unloading Conditions and Essential for the miR-155-5p-Mediated Inhibition of Microvascular Endothelial Cell Proliferation 
	HDAC6 Promotes Microvascular Endothelial Cell Proliferation by Inhibiting the mir-155-5p/RHEB Axis 

	Discussion 
	Materials and Methods 
	Cell Culture 
	D Clinorotation 
	Quantitative Real-Time PCR (qRT-PCR) Analysis 
	Western Blotting Analysis 
	Cell Transfection 
	Cell Proliferation Assay 
	Ethynyl-2'-deoxyuridine (EdU) Labeling 
	Luciferase Assay 
	Chromatin Immunoprecipitation (ChIP) Assay 
	Immunofluorescence Staining 
	Nuclear-Cytoplasmic Fractionation 
	Statistical Analysis 

	Conclusions 
	References

