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Ingenuity pathway analysis of differentially expressed
genes involved in signaling pathways and molecular
networks in RhoE gene-edited cardiomyocytes
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Abstract. RhoE/Rnd3 is an atypical member of the Rho super-
family of proteins, However, the global biological function
profile of this protein remains unsolved. In the present study, a
RhoE-knockout HOC2 cardiomyocyte cell line was established
using CRISPR/Cas9 technology, following which differentially
expressed genes (DEGs) between the knockout and wild-type
cell lines were screened using whole genome expression gene
chips. A total of 829 DEGs, including 417 upregulated and
412 downregulated, were identified using the threshold of
fold changes =1.2 and P<0.05. Using the ingenuity pathways
analysis system with a threshold of -Log (P-value)>2, 67
canonical pathways were found to be enriched. Many of the
detected signaling pathways, including that of oncostatin M
signaling, were found to be associated with the inflammatory
response. Subsequent disease and function analysis indicated
that apart from cardiovascular disease and development
function, RhoE may also be involved in other diseases and
function, including organismal survival, cancer, organismal
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injury and abnormalities, cell-to-cell signaling and interaction,
and molecular transport. In addition, 885 upstream regulators
were enriched, including 59 molecules that were predicated
to be strongly activated (Z-score >2) and 60 molecules that
were predicated to be significantly inhibited (Z-scores <-2). In
particular, 33 regulatory effects and 25 networks were revealed
to be associated with the DEGs. Among them, the most signifi-
cant regulatory effects were ‘adhesion of endothelial cells’ and
‘recruitment of myeloid cells’ and the top network was ‘neuro-
logical disease’, ‘hereditary disorder, organismal injury and
abnormalities’. In conclusion, the present study successfully
edited the RhoE gene in HIC2 cells using CRISPR/Cas9 tech-
nology and subsequently analyzed the enriched DEGs along
with their associated canonical signaling pathways, diseases
and functions classification, upstream regulatory molecules,
regulatory effects and interaction networks. The results of
the present study should facilitate the discovery of the global
biological and functional properties of RhoE and provide new
insights into role of RhoE in human diseases, especially those
in the cardiovascular system.

Introduction

RhoE, also known as rho family GTPase (Rnd) 3 (Rnd3) or
small GTP-binding protein Rho8, encodes a protein that
belongs to a member of the small GTPase protein super-
family (1). Unlike the traditional Rnd family of proteins, RhoE
cannot switch from the GTP-bound to GDP-bound forms to
mediate its activity (1). Since it was first identified in 1996,
many physiological and pathophysiological functions of
RhoE have been uncovered (2-5). Early studies suggested that
RhoE was associated with RhoA/Rho-associated coiled-coil
kinase signaling in regulating actin cytoskeleton organiza-
tion (6,7). Studies performed over the past decade using RhoE
gene-edited cells and animal models have revealed additional
RhoE functions (8-12), which highlighted the complex role of
RhoE in mammalian diseases. A more comprehensive under-
standing of the function and interactions mediated by RhoE, in
addition to the signaling pathways associated with this protein,
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may provide novel insights into the role of RhoE in human
health and diseases.

Cardiovascular disease presents a significant threat
to human health. RhoE has been previously reported to
promote endothelial barrier recovery during inflamma-
tory challenge (13) and alleviate vascular injury caused
by insulin resistance (14). The successful establishment of
RhoE-knockout and RhoE-overexpressing mouse models has
allowed the discovery of the relationship between RhoE and
cardiovascular diseases. Yue et al (15) previously generated
the RhoE*" haploinsufficient mouse model, which is predis-
posed to transverse aortic constriction stress and develop
apoptotic cardiomyopathy with heart failure. Additionally,
the same research group also found impaired angiogenesis
in this animal model through destabilization of the hypoxia
inducible factor la-vascular endothelial growth factor-A
signaling pathway (8). Subsequently, it was revealed further
that RhoE-null mice were embryonically lethal with cardiac
arrhythmias due to the aberrant activation of the (3-adrenergic
receptor-protein kinase A signaling pathway (10). By applying
global RhoE-knockout, cardiomyocyte-specific RhoE hetero-
zygous and cardiomyocyte-specific RhoE overexpressing
mice, it was found recently that RhoE regulated myocardial
infarction-induced inflammation and promoted cardiac
recovery from injury by mediating NF-«kB signaling (12).
Taken together, these results aforementioned suggest that the
targeted manipulation of RhoE can be a potential method
of therapeutic intervention for major cardiovascular diseases.

To elucidate the role of RhoE in cardiovascular diseases, a
RhoE-knockout HOC2 cardiomyocyte cell line was produced
using CRISPR/Cas9 technology. Whole genome expression
gene chip technology was then used to detect differentially
expressed genes (DEGs) between the RhoE-knockout and
wild-type HOC2 cell models. By performing ingenuity pathway
analysis (IPA) using the IPA software (version 42012434,
Ingenuity Systems; Qiagen China Co., Ltd.), the global profiles
of signaling pathways, functions and interactions associated
with RhoE were obtained. Data obtained from the present
study provide a general overview of the role and targeted
intervention of RhoE during pathological conditions in the
cardiovascular system.

Materials and methods

Cell culture. H9C2 cardiomyocytes and 293T cells were
obtained from the Cell Bank of Type Culture Collection of
the Chinese Academy of Sciences. The cells were maintained
in DMEM (HyClone; GE Healthcare Life Sciences) supple-
mented with 10% FBS (Life Technologies; Thermo Fisher
Scientific, Inc.), 100 U/ml penicillin and 100 pg/ml strepto-
mycin at 37°C in a humidified atmosphere under 5% CO,. The
medium was changed every 3 days. Cells were routinely tested
for contamination with mycoplasma or chlamydia before being
used in subsequent experiments.

RhoE-knockout in H9C2 cardiomyocytes using CRISPR/Cas9
technology.Obtaining the RhoE " mice was difficult due to high
embryonic lethality after E11.5 (2). Therefore, CRISPR/Cas9
technology was used to edit the RhoE gene in HOC2 cardiomyo-
cytes. The GV392 plasmid (also named LV-hspCas9-P2 A-puro;
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Shanghai GeneChem Co., Ltd.) was used (16). Three single
guide RNAs (sgRNAs) specific to rat RhoE and one scramble
sgRNA were designed using the Cas-Designer online web
tool (http://www.rgenome.net/cas-designer/) (17), where their
associated oligonucleotide sequences were synthesized by
Shanghai GeneChem Co., Ltd. The sequences of the sgRNA
oligonucleotides are listed in Table SI. The oligonucleotides
were then ligated into the linearized lentiviral vector GV392.
Following verification of the plasmids by Sanger sequencing
on the Shanghai GeneChem Co., Ltd. platform, lentiviral
particles were produced in 293T cells by co-transfecting them
with the plasmid Helper 1.0 and Helper 2.0 plasmids (Shanghai
GeneChem Co., Ltd.) using Lipofectamine® 3000 (Thermo
Fisher Scientific, Inc.) for 48 h before collection. The masses
of the LV-hspCas9-P2A-puro, Helper 1.0 and Helper 2.0 plas-
mids used were 20, 15 and 10 ug per transfection reaction in
10-cm dishes. The physical structures of the plasmids and the
sequences of the sgRNA are shown in Fig. S1. To identify the
functionality of the sgRNA, HIC2 cells were infected with the
lentiviral particles at multiplicity of infection of 100. At 48 h
post-infection 2.0 pg/ml puromycin was added to stress
the cells continuously for 5 days. Genomic DNA was then
extracted using the TTANamp Genomic DNA kit (Tiangen
Biotech Co., Ltd.), which was subjected to semi-quantitative
PCR analysis to measure RhoE expression. For the PCR
analysis, 2X Taq Plus Master Mix (Vazyme Biotech Co.,
Ltd.) was used and thermocycling conditions were: Initial
denaturation at 95°C for 90 sec, followed by 35 cycles of 95°C
for 20 sec, 55°C for 20 sec and 72°C for 50 sec. Following a
final cycle of 98°C for 3 min, the products were cooled at room
temperature to below 40°C. Knockout and Mutation Detection
kit (cat. no. MB001-100420rnx; Shanghai Genesci Medical
technology Co., Ltd.) was used to verify RhoE-knockout in
HO9C2 cells. PCR products were treated with Detecase with
the suitable buffer under 45°C for 20 min. Subsequently, the
products were subjected to 2.0% agarose gel electrophoresis
containing SyBR™ Green I Nucleic Acid Gel Stain solution
(cat. no. S7563; Thermo Fisher Scientific, Inc.) and visualized
using Tanon 4200 gel imaging system (version 1.0, Tanon
Science and Technology Co., Ltd.). Since the cells in the
RhoE-knockout group is of mixed clone, mutation of the same
target site among the cells is different. After annealing, the
PCR product can form a mismatch site and be recognized by
the mismatch enzyme Detecase, which can detect the activity
of sgRNA according to the cleaved bands. The PCR product of
the Cdc42 gene (Shanghai GeneChem Co., Ltd.) served as the
positive control. The primers for PCR and respective product
sizes before and after cruiser nuclease digestion are provided
in Table SII. Finally, the functional lentiviral particles were
used to infect HOC2 cardiomyocytes at multiplicity of infec-
tion of 100. Puromycin (2.0 pg/ml) was added to stress the
cells continuously for 7 days, before western blotting was
performed to measure the RhoE protein expression and total
RNA was subjected to whole genome expression profile chip
analysis.

Microarray experiments using the GeneChem platform.
The microarray experiments were performed by Shanghai
GeneChem Co., Ltd. Briefly, total RNA was extracted from
the cells using TRIzol® reagent (Invitrogen; Thermo Fisher
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Scientific, Inc.) according to manufacturer's protocol, following
which the quality was checked using the NanoDrop™
2000 spectrophotometer (Life Technologies; ThermoFisher
Scientific, Inc.) and Agilent Bioanalyzer 2100 (Agilent
Technologies, Inc.). cDNA was then synthesized as per the
protocols of the manufacturer using the GeneChip™ 3' IVT
Express kit (cat. no. 901228, Life Technologies; Thermo Fisher
Scientific, Inc.), where the samples were incubated at 40°C for
16 h to produce biotin-labeled amplified RNA (aRNA). Rat
whole genome expression chips (GeneChip® Rat Genome 230
2.0 Array) were purchased from Affymetrix (cat. no. 900506;
Life Technologies; Thermo Fisher Scientific, Inc.). This chip
contains >31,000 probe sets, can analyze >30,000 transcripts
and variants from >28,000 well-substantiated rat genes. For
each purified and fragmented aRNA sample, a hybridiza-
tion cocktail was manually created using GeneChip™
Hybridization, Wash, and Stain kit (cat. no. 900720;
Affymetrix; Life Technologies; Thermo Fisher Scientific,
Inc.), which performed according to the protocols of the
manufacturer. Subsequently, 130 x1 hybridization cocktail was
added manually into the rat genome 230 2.0 array, which was
hybridized for 16 h at 45°C. Following hybridization, the arrays
were washed and stained on a GeneChip® Fluidics Station 450
using reagents from the Hybridization, Wash, and Stain kit.
Washed and stained arrays were subsequently scanned using a
GeneChip® Scanner 3000 (Life Technologies; Thermo Fisher
Scientific, Inc.).

Data processing and IPA analysis. The intensities of the hybrid-
ization signals were obtained using the GeneChip® Scanner
3000 7G system (Life Technologies; Thermo Fisher Scientific,
Inc.). The raw data obtained from the gene chips were normal-
ized using the robust multichip average (RMA) algorithm (18)
provided by ‘Affy’ package of R language (version 1.46.1;
http://bioconductor.org/packages/release/bioc/html/affy.
html). DEGs were defined as fold change (FC) =1.2 in the
corrected fluorescence values and P<0.05 as assessed using
unpaired-samples t-test. The IPA system (version 42012434,
Ingenuity Systems; Qiagen China Co., Ltd.) was used for
subsequent bioinformatics analysis, which included canonical
pathway analysis, disease and function, regulator effects,
upstream regulators and molecular networks. IPA uses a
network generation algorithm to segment the network map
between molecules into multiple networks and assign scores
for each network (19,20). The score is generated based on
hypergeometric distribution, where the negative logarithm of
the significance level is obtained by Fisher's exact test at the
right tail. For canonical pathway analysis, disease and func-
tion, the -log (P-value) >2 was taken as threshold, the Z-score
>2 was defined as the threshold of significant activation, whilst
Z-score <-2 was defined as the threshold of significant inhibi-
tion. For regulator effects and molecular networks, consistency
scores were calculated, where a high consistency score indi-
cates accurate results for the regulatory effects analysis. For
upstream regulators, the P-value of overlap <0.05 was set as
the threshold. The algorithm used for calculating the Z-scores
and P-values of overlap has been described previously (21).

Quantitative PCR (gPCR). To verify the chip results, 20 genes
of interest that were associated with the enriched canonical
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pathways were selected for gPCR analysis. cDNA was gener-
ated from 1.0 ug RNA using a RevertAid First Strand cDNA
Synthesis kit (cat. no. K1622; Thermo Fisher Scientific, Inc.).
In total, 20 ul reactive mixture and the SYBR® Premix Ex
Taq™ II kit (Takara Bio, Inc.) were used for the qPCR, as
described previously (22,23). The sequences of the primers
are provided in Table SIII. The thermocycling conditions were
as follows: Initial denaturation at 95°C for 30 sec, followed by
40 cycles at 95°C for 5 sec, 60°C for 10 sec and 72°C for 20 sec.
The 2-22% method (24) was used to quantify the expression
levels of target genes, with GAPDH as the internal control.

Western blotting. The procedure was performed as previously
described (23,25). In brief, cells were lysed with RIPA buffer
(Beyotime Institute of Biotechnology), where the consequent
protein samples were quantified using the bicinchoninic
acid protein assay kit (Beyotime Institute of Biotechnology).
In total, 30 ug proteins from each sample were subjected to
10% SDS-PAGE and transferred to polyvinylidene difluoride
membranes. After washed and incubated with 5% skimmed
milk in TBS-0.05% Tween-20 at 37°C for 2 h, membranes
were probed with primary antibodies at 4°C overnight. After
two washes with TBS-T, the membranes were incubated
with horseradish peroxidase (HRP)-conjugated seconadry
antibodies at 37°C for 1 h. The following antibodies were
used: RhoE (1:200; cat. no. 66228-1-Ig; ProteinTech Group,
Inc.), osteoprotegerin (TNFRSF11B; 1:500; cat. no. ab73400;
Abcam), Casitas B-lineage lymphoma (CBL; 1:500;
cat. no. ab119954; Abcam), structural maintenance of chromo-
somes 1A (SMC1A; 1:500; cat. no. ab133643; Abcam), cofilin-1
(CFLI; 1:500; cat. no. 5175; Cell Signaling Technology, Inc.),
eukaryotic translation initiation factor 4e binding protein 1
(EIF4EBPI; 1:500; cat. no. 9644; Cell Signaling Technology,
Inc.), SHC adaptor protein 1 (SHCI; 1:500; cat. no. 2432; Cell
Signaling Technology, Inc.), cyclin D2 (CCND2; 1:1,000;
cat. no. 3741; Cell Signaling Technology, Inc.), cyclin Bl
(CCNBI; 1:1,000; cat. no. 4138; Cell Signaling Technology,
Inc.), eukaryotic translation initiation factor 2 subunit (EIF2S;
1:500; cat. no. 5324; Cell Signaling Technology, Inc.), STAT3
(1:500, cat. no. 9139, Cell Signaling Technology, Inc.), GAPDH
(1:1,000, cat. no. sc-32233, Santa Cruz Biotechnology, Inc.),
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
(1:1,000, cat. no. sc-2004; Santa Cruz Biotechnology, Inc.)
and HRP-anti-mouse IgG (1:1,000, cat. no. sc-2005; Santa
Cruz Biotechnology, Inc.). Bands were visualized by using
Pierce™ Fast Western Blot kit, ECL substrate (Thermo Fisher
Scientific, Inc.) and analyzed with a Tanon 4200 gel analysis
system (version 1.0, Tanon Science and Technology Co., Ltd.).

Statistical analysis. The IPA system (version 42012434) was
used to perform bioinformatics analysis. Pearson's correla-
tion was used to compare the correlation of different groups
of microarray hybridization signals. The right-tailed Fisher's
exact test and unpaired t-test were used for analysis and valida-
tion of DEGs, P<0.05 was considered to indicate a statistically
significant difference. For the IPA analysis, the P-value, -log
(P-value), P-value of overlap, Z-score and consistency scores
were used, which were mentioned above. For producing of
the heatmaps and analysis of JPCR results, GraphPad Prism
(version 8.0, GraphPad Software, Inc.) was used.
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Results

Effective sgRNA designed against rat RhoE. Three sgRNAs
that target the rat RhoE DNA sequence were designed and
packaged into lentiviruses using 293T cells. PCR was subse-
quently performed using the genome DNA samples derived
from the virus-infected H9C2 cells. According to the cruiser
enzyme digestion method, the heterologous double-stranded
DNA with a mutation site can be efficiently cleaved from the
3 'end of the mutation site by the nuclease, thereby gener-
ating fragments of different sizes. In the present study, after
Cruiser digestion, the 838 bp product of NC-1 and KO-2
(sgRNA-2) could not generate any bands at 303 and 530 bp,
whilst the 738 bp product of NC-2 and KO-3 (sgRNA-3) could
not generate any bands at 247 and 491 bp. However, KO-1
(sgRNA-1) labeled, as indicated by the white asterisk, indicated
that the lentivirus of interest had the correct sgRNA sequence,
as it yielded a band at 303 and another at 530 bp after cruiser
digestion (Fig. 1A). This suggests that in conjunction with the
Cas9 protein, sgRNA-1 functioned well in HOC2 cells, since it
induced the correct mutation in the PCR products of the RhoE
DNA exon sequence. In cells transfected with sgRNA-1, the
western blotting results showed that RhoE protein expression
was significantly suppressed, even in mixed clonal HOC2 cell
pools consisting of cells with different RhoE DNA mutation
efficiencies (Fig. 1B), indicating a depletion of RhoE protein
post editing. The heat maps representing RhoE mRNA expres-
sion in the control and knockout cells and the chip results
further verified that the RhoE mRNA levels in the knockout
group were significantly lower compared with those in cells
transfected with scrambled sgRNA (NC; Fig. 1C and D).

RhoE-knockout in H9C?2 cells leads to significant changes in
gene expression. Rigorous quality control of the RNA samples
and chip data was conducted before the data were analyzed
(Figs. S2 and S3). The RhoE-knockout HO9C2 cells had a total
of 829 DEGs compared with those in the wild-type control
cells (FC =1.2 and P<0.05), in which 417 were found to be
upregulated and 412 were downregulated (Fig. 2A and B). The
top five upregulated genes were LOC100912383, TNN, CIU,
IL33 and ATP7A, whilst the top five downregulated genes
were WASI, HISTIHID, IDI1, SCDI and TBLIX (Fig. 2B).
The heat maps representing the top 20 upregulated and top 20
downregulated genes are shown in Fig. 2C and D.

Enriched canonical pathways detected using IPA. The
complete list of enriched canonical pathways is included in
Table SIV. A total of 67 enriched canonical pathways were
identified by applying the -log (P-value) >2 threshold, top 25 of
the 67 representative pathways ranked according to their -log
(P-value) that were found to associate tightly with the cardio-
vascular system are shown in Fig. 3, along with the number
of enriched genes that function within each of these signaling
pathways. The ‘superpathway of cholesterol biosynthesis’ was
the highest ranking signaling pathway with a -log (P-value)
of 17.5. Taking Z-score >2 as the threshold of significant
activation, it was subsequently found that ‘androgen signaling’
(Z-score=2.236), ‘interferon signaling’ (Z-score=2.236),
‘nuclear factor erythroid 2-related factor 2 (Nrf2)-mediated
oxidative stress response’ (Z-score=2.236), ‘Gpy signaling’
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(Z-score=2.236), ‘oncostatin M signaling’ (Z-score=2.121)
and ‘thrombopoietin signaling’ (Z-score=2.121) were
significantly activated (Table SIV). Although none of the
detected signaling pathways had a Z-score <-2, some of
the enriched signaling pathways had Z-scores <-1 (Table SIV),
including the ‘osteoarthritis pathway’ (Z-score=-1.508),
“Wnt/B-catenin signaling’ (Z-score=-1.414), ‘TGF-f signaling’
(Z-score=-1.414), ‘regulation of actin-based motility by Rho’
(Z-score=-1.414), ‘NF-«B signaling’ (Z-score=-1.134), ‘cell
division cycle 42 (Cdc42) signaling’ (Z-score=-1.134), ‘glioma
invasiveness signaling’ and ‘signaling by Rho family GTPases’
(Z-score=-1.069).

Upstream regulator analysis. Upstream regulators, including
transcription factors, cytokines, small RNAs, receptors,
kinases, chemical molecules and pharmacological agents
can all regulate gene expression. By applying the P-value of
overlap <0.05 threshold, a total of 885 upstream regulators
were enriched (Table SV). Among them, 59 had activation
Z-scores >2 and 60 had activation Z-scores <—2. The top 15
activated and top 15 inhibited upstream regulators are listed
in Table I. Cholesterol was found to be the most powerful
activator (Z-score=4.423; P-value of overlap=5.86x10"'%).
In addition, the following 32 target molecules in the dataset
were enriched: ABCA7,ACSS2, BSG, CDI14,CXCL2, CYP7AI,
DHCR7, FADSI, FASN, FDFTI, FDPS, HMGCR, IDII,
INHBA, LDLR, LGALS3, MMPI4, MSMOI, NSDHL, PMVK,
PSATI, RPL36AL, SC5D, SCD, SLCIA3, SLC7A5, SOCS3,
SOLE, TIMP3, TM7SF2, UXT, and VCAM]1. Sterol regulatory
element-binding protein cleavage-activating protein (SCAP)
was revealed to be the most powerful inhibitor (Z-score=-4.617;
P-value of overlap=2.12x10"'%) with the following 22 target
molecules in dataset also enriched: ACSS2, CYP51A1, DHCR?7,
ELOVL6, FASN, FDFTI, FDPS, HMGCR, IDII, INSIGI,
LDLR, LSS, MSMOI, MVD, MVK, NSDHL, PMVK, SC5D,
SCD, SQLE, TM7SF2,and TMEM?97.

Disease and function analysis. By applying the -log (P-value)
>4 threshold on the IPA system, the role of RhoE in diseases and
in cellular function was next determined. The complete disease
and function classifications are provided in Table SVI. The top
categories as ranked in accordance with their -log(P-value) are
shown in Fig. 4. A histogram containing some representative
classifications of disease and function is shown in Fig. 4A and the
representative heatmap is shown in Fig. 4B. RhoE was found to
serve important roles in a number of diseases and cellular func-
tions, including ‘organismal survival’ [-log (P-value)=23.567;
Z-score=-2.362], ‘cancer, organismal injury and abnormali-
ties’ [-log (P-value)=12.551, Z-score=-3.03], ‘cell death and
survival’ [-Log (P-value)=4.577, Z-score=-2.068], ‘cell-to-cell
signaling and interaction’ [-log (P-value)=10.79, Z-score=2.54],
‘cellular function and maintenance’ [-log (P-value)=6.807,
Z-score=2.07] and ‘molecular transport’ [-log (P-value)=4.137,
Z-score=2.832]. With the focus on cardiovascular disease
and development function, RhoE was demonstrated to serve
a role in 36 aspects, including ‘disorder of blood pressure’
[-log (P-value)=5.019, Z-score=-1.000], ‘hypertension’ [-log
(P-value)=4.724, Z-score=null], ‘cell death of cardiomyocytes’
[-log (P-value)=4.119, Z-score=0.956], ‘abnormality of heart
ventricle’ [-log (P-value)=7.080, Z-score=0.923], ‘binding of
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Figure 1. Knockout of RhoE expression in HOC2 cells using CRISPR/Cas9 technology. (A) Representative images of the DNA gels from HIC2 cells showing
the fragments of PCR products. PC represents the Cdc42 gene positive control, which was proven to be correctly recognized by Detecase, with the product at
456 bp and the fragments at 151 and 303 bp after Cruiser digestion. NC-1 represents cells infected with the scrambled sgRNA-overexpressing viruses, where
primer pairs for sgRNA-1 were used; NC-2 represents cells infected with the scrambled sgRNA-overexpressing viruses, where primer pairs for sgRNA-3 were
used. (B) Western blot analysis of RhoE protein expression in the mix clone population of HOC2 cells. (C) Heatmap representing the mRNA the expression
levels of RhoE and the internal control GAPDH in H9C2 cells. (D) Chip results of RhoE mRNA expression in HOC2 cells from the knockout and NC groups.

FC, fold change; KO, knockout; PC, positive control; NC, negative control.

endothelial cells’ [-log (P-value)=5.678, Z-score=2.729], ‘adhe-
sion of endothelial cells’ [-log (P-value)=4.830, Z-score=2.444],
‘angiogenesis’ [-log (P-value)=8.197, Z-score=-0.024] and
‘vasculogenesis’ [-log (P-value)=7.381, Z-score=-0.604]
(Fig. 4C and D).

Regulatory effects analysis. The regulatory effects analysis
shows the possible pathways of upstream regulatory networks
and downstream functions that involve the DEGs (26).
Consistency score is an indicator used to describe the causal
consistency of the upstream regulatory factor in the network,
the dataset and dense connection metric between disease and
function (27). In total, 33 types of regulatory effects were found
(Table SVII). Among them, the highest ranked regulatory
effect with a consistency score of 8.043 strongly suggests that
the RhoE-knockout-induced DEGs CD28, CHUK, IFNARI,
IKBKG, INSR, and RIPK2 may be involved in the adhesion
of endothelial cells and recruitment of myeloid cells, mainly
through mediating their targets, including AXL, CXCLI2,
CXCL2, HSPAIA/HSPAIB, CYPIBI, IL33, IRF7, SERPINE],
SPPI, STATI, STAT3, UCP2 and VCAM1 (Fig. 5).

Molecular network analysis. The interaction network analysis
shows the interactions between molecules in the dataset.
All networks were then sorted using the score values. The
highest ranked network (score 52) was found to mainly affect
‘neurological disease, hereditary disorder, organismal injury
and abnormalities’, involving 35 molecules (ACTR3, DNPEP,
DPYSL3, DUS2, DYSF, ECHI, ENY2, EPDRI, EPRS, ERF,
FAMI36A, Fltl, HNRNPULI, HPRTI, KARS, LEPROTLI,
MAG, MAPK3, MARS, MRPS16, MYRF, NF2, PRPF40A,

RBFOX2, RERE, Rho gdi, SCANDI, SDCBP, SERTAD?2,
TCEALY9, TNKS2, TPR, TSN, XPNPEP3, and ZBTBI14,
Table SVIII). The associated interaction network map in
terms of these aforementioned molecules is shown in Fig. 6.
The network ranked at no. 19 affects ‘cardiovascular disease’
and ‘cardiovascular system development and function’, which
involves 35 molecules (Arf, ARF3, Calcineurin A, CMIP, elas-
tase, ELF2, Ephb, EPHB4, ETS, FKBP2, FKBPIA, HMMR,
NCK, NR2F2, OAF, PABPNI, PAIP2, PAPOLA, Pde4, pepti-
dylprolyl isomerase, Pmca, PMEPAI, PPIC, PURB, RNF111,
Smad, SMADG6, Smadl/5/8, Smad2/3-Smad4, Smad2/3,
TCF23, TGFBR,TM2D3, Vegf, and Wasl; Table SVIII).

Validation of target genes. In total, 20 of the genes of interest
were selected for qPCR validation and 10 protein products
were verified by western blotting. These genes were chosen
from the list of enriched canonical pathways, a proportion
of which were found to be the DEGs. Since HIC2 cells with
RhoE-knockout proliferate slowly (data not shown), genes
associated with cell cycle were also subjected to validation.
The expression levels of the genes that were found to be upreg-
ulated after RhoE-knockout (ELKI, FTHI, ADAMI0, and
TNFRSF11b) and the genes that were downregulated (TIMP3,
IL6st, SMCla, CCNBI, CCND2, CCNAI, SHCI, CCXLI2,
JAK2, CDK6, CBL, and DUSPI; Fig. 7).

Discussion
To investigate the global gene profile affected by alterations

in RhoE expression, RhoE-knockout and wild-type H9C2
cardiomyocytes were used as models to detect DEGs and
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identify the potential associated underlying signaling path-
ways. Achieving RhoE-knockout in HOC2 cells was a critical
step, since obtaining RhoE-knockout cardiomyocytes in vivo is
difficult because of the low efficiency (<0.9%) in establishing
adult RhoE™ mice due to the high embryonic lethality after
RhoE-knockout (10). Therefore, the powerful genome editing
system CRISPR/Cas9 was applied to establish RhoE-knockout
in H9C2 cells (28,29), which was ultimately successful.
However, establishing a monoclonal HOC2 RhoE-knockout
cell line was not possible due to the slow proliferative charac-
teristics of the cells. Therefore, puromycin-stressed H9C2 cells
of mixed clones was used to test the genome editing efficiency.
Cells from the puromycin-stressed cell pools display hetero-
geneous genotypes in the mixed cell clones, thus, the mixed
cell clones were not available for DNA sequencing. However,
western blotting results confirmed that expression of the RhoE
protein was significantly reduced after RhoE gene editing.
Therefore, lentiviruses encoding the sgRNA-1 sequence and
Cas9 were used for subsequent experiments.

After CRISPR/Cas9-mediated RhoE-knockout, potential
DEGs were detected in the RhoE-knockout and wild-type
HOC2 cells. The cells were first infected with the lentiviruses
containing sgRNA-1 and Cas9 at a high multiplicity of infec-
tion of 100. Total RNA was then extracted and subjected
to chip analysis. A total of 829 differential expressing
genes were found, where 417 were upregulated and 412
were downregulated. The top five upregulated genes were
LOCI00912383, TNN, CLU, IL33 and ATP7A, whilst the top
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Figure 4. Classification of diseases and functions. (A, C and D) Categories are shown in terms of the -log (P-value), as represented by the left y-axis and the
number of differentially expressed genes counted, represented by the right y-axis. (A) A total of 24 representative classification of diseases and functions
possibly mediated by RhoE are plotted. (B) Heatmap representing the classification of diseases and functions. This heatmap was drafted according its Z-score
values, where higher Z-scores represented by orange indicates activation, whilst lower Z-scores represented by blue indicates inhibition. (C) Classification of
pathophysiological processes possibly mediated by RhoE in cardiovascular disease. (D) Classification of possible functions of RhoE in cardiovascular system

development and function.

five downregulated genes were WASI, HISTIHID, IDI1, SCDI
and TBLIX. LOCI00912383 is an unannotated rat gene that
encodes a protein with unknown function. The other nine
genes are known protein-encoding genes with Gene ontology
(http://geneontology.org/) and GeneCards (https:/www.
genecards.org/) annotations revealing associated functions,
related pathways and associated diseases. Interestingly, a
PubMed search indicated that the majority of the top five up-
and downregulated genes were associated with cardiovascular
system diseases (30-34). The DEGs found in the present study
will facilitate the discovery of the global properties of RhoE
further.

The IPA system can be applied to integrate gene expres-
sion, microRNA and small-scale experimental data (20,21). It
establishes a visualized experimental system that reveals the
properties of molecules, including genes, proteins, chemicals
and drugs, along with the network of interactions between
these molecules. The present study applied the IPA system to

uncover the signaling pathways, interactions and functional
roles of DEGs associated with RhoE-knockout. The module of
the canonical pathway analysis related to disease and function,
regulator effects, upstream regulators and molecular networks
was focused upon.

The results of canonical pathway analysis indicated
that RhoE may be involved in 67 canonical pathways with
‘cholesterol biosynthesis’ superpathway found to be the
highest ranking signaling pathway, suggesting the poten-
tial role of RhoE in cholesterol biosynthesis. In addition,
‘androgen signaling’, ‘interferon signaling’, ‘Nrf2-mediated
oxidative stress response’, ‘GPy signaling’, ‘oncostatin M
signaling’ and ‘thrombopoietin signaling” were also revealed
to be significantly activated. In total, 40 signaling pathways
yielded Z-scores =1 but none >2. The ‘osteoarthritis pathway’,
‘Wnt/B-catenin signaling’, ‘TGF-f3 signaling’, ‘regulation
of actin-based motility by Rho’, ‘NF-kB signaling’, ‘Cdc42
signaling’ and ‘glioma invasiveness signaling’ and ‘signaling
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hereditary disorder and organismal injury and abnormalities.

by Rho family GTPases’ were found to be inhibited. Among
the 67 enriched canonical pathways, ‘NF-«B signaling’,
‘oncostatin M signaling’, ‘ERK/MAPK signaling’, ‘leukocyte
extravasation signaling’, ‘IL-3 signaling’, ‘GM-CSF signaling’,
‘TGF-f signaling’, ‘Interferon signaling” and ‘IL-22 signaling’
were associated with the inflammatory response. Subsequent
PubMed search found three articles that reported a relationship

between RhoE and NF-«kB signaling (12,35,36), especially
one recently published by Dai et al (12), which elegantly
proved that RhoE deficiency led to the hyperactivation of
NF-«B, resulting in the recruitment of inflammatory cells post
myocardial infarction. Activation of NF-kB signaling serves a
critical role in a number of human diseases, including that in
the cardiovascular system (37,38), the RhoE/NF-kB signaling



1236

A Relative mRNA levels
00 05 1.0

15 20

Oncostatin M
signaling

Nrf2-mediated
oxidative stress
response

EPH-Ephrin
signaling

Cell cycle

HMGB1
signaling

Cholesterol
supersignaling

SHAQO et al: RhoE-INVOLVED SIGNALING AND MOLECULAR NETWORKS IN CARDIOMYOCYTES

—
'

B S 2 (oa)
Oncostatin M SHC -— 66 §
signaing STAT3 “5- 86

EIF2 signaling EIF2ST M S - 38
- 48

umeai | TNFRSF11B ' . 1

ATM signaling SMC1A W s - 143 §
Cell cycle cenoz “- o1
EIF4EBPT i- 20

EPH-Ephrin - sl

signaling CFL1 ’ d_ 19

GAPDH bq- 37
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transfected with scrambled sgRNA; KO, knockout.

axis is therefore a promising target for disease intervention.
The large number of signaling pathways that were found to be
enriched in the present study, which can potentially provide a
resource for exploring human disease intervention strategies
using RhoE as a molecular target.

Upstream regulator analysis detected 885 upstream
regulators that were enriched. Cholesterol was identified
as the most powerful activator whereas SCAP was the most
powerful inhibitor. Rosuvastatin, atorvastatin, lovastatin and
pitavastatin are drugs that have been widely used for the treat-
ment of cardiovascular diseases (39). Interestingly, these four
statins were found to be enriched and were potential inhibi-
tors, all with Z-scores <-2. The upstream regulators detected
in the present study provide a reference for elucidating the
mechanism of molecular disorders in specific diseases that are
associated with aberrant RhoE expression.

The disease and functional analysis indicated further that
RhoE has multifaceted functionality. Organismal survival
was demonstrated to be in the top ranking category, which
had annotations related to morbidity or mortality, with 241
associated molecules that were enriched. The absence of
RhoE strongly predicted an impairment in this function, with
a Z-score of -2.362. A previous report indicated that the long
noncoding RNA TUGI modulated the proliferation of tropho-
blast cells via the epigenetic suppression of RhoE, leading to
the onset of pre-eclampsia (40), thereby highlighting the func-
tion of RhoE in organismal survival. There were numerous
reports on the function of RhoE in cancer, organismal injury
and abnormalities. For cancers of the digestive system (41-43),

breast (44), prostate (45) and brain (46), RhoE has been previ-
ously identified as a tumor suppressor. However, RhoE has
also been documented to serve as a tumor promoter in gastric
and lung cancers (47,48). The role of RhoE in cancer seems to
be dependent on the cell type (5). In the present study, RhoE
was also revealed to serves roles in a total of 36 aspects of
cardiovascular disease and development function. Binding of
endothelial cells and adhesion of endothelial cells are the two
processes that were predicted to be strongly increased, whilst
angiogenesis and vasculogenesis are predicted to be reduced
even though the Z-scores were lower. Breslin et al (13)
provided evidence that supports RhoE function in vascular
endothelial barrier recovery and Yue et al (8) proposed that
RhoE deficiency suppressed angiogenesis in heart failure.
These aforementioned previous reports suggest that RhoE
serves a role in cardiovascular diseases and has potential value
for targeted interventions. Apart from cardiovascular diseases
and function, RhoE may also regulate ‘cell cycle’ progres-
sion, ‘cell-to-cell signaling and interaction’, ‘cellular function
and maintenance’, and ‘molecular transport’, which further
demonstrate the versatility of RhoE.

A total of 33 kinds of regulatory effects were predicated
using the IPA system. Adhesion of endothelial cells and recruit-
ment of myeloid cells were thought to be the top effects after
RhoE-knockout. Additionally, ~33% of the total regulatory
effects were associated with cancer, followed by inflammation.
Taken together, the DEGs established a total of 25 regulatory
networks. The top network, ranked based on scores, mainly
affects ‘neurological disease, hereditary disorder, organismal
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injury and abnormalities’, involving 34 molecules. The regu-
latory effects and networks revealed the major interactions
involving the differential molecules after RhoE-knockout.

In total, 20 genes were selected for qPCR validation and
10 proteins for western blotting validation, which found that
some targets were upregulated and some were downregulated.
These genes belong to a number different signaling pathways,
including those in oncostatin M signaling, Nrf2-mediated
oxidative response, Cholesterol signaling, Eph-Ephrin
signaling, ATM signaling, EIF2 signaling, HMGBI signaling
and cell cycle progression. Of note, CCNBI, CCNAI and
CDKG6 were found to be significantly inhibited, which may
help explain the phenomenon that the HOC2 cells proliferated
slowly after RhoE-knockout. SCAP (Cholesterol signaling),
IL6ST, TIMP3, JAK2 and SHCI1 (oncostatin M signaling)
were downregulated. FTHI (Nrf2-mediated oxidative
response), ABAM 10 (Eph-Ephrin signaling) and TNFRSF11B
(HMGBI1 signaling) and were upregulated. Surprisingly,
Elkl, which serves the oncostatin M signaling pathway, was
found to be upregulated, which was not consistent with the
Chip data. Therefore, the bias of the experimental system is
a limitation that needs to be considered. There are a number
limitations associated with the present study: (i) Specific
animal models should be established to verify these in vitro
results; (ii) According to the IPA analysis, further research is
needed to focus on the mechanisms involving the differential
signaling pathways and molecular networks that are specific
to cardiovascular diseases; (iii) Due to the inherent defects of
CRISPR/Cas9 technology, the potential off-targets effects of
sgRNA cannot be completely ruled out at present, meaning
that other genome editing methods can be used to verify the
results of this study.

In conclusion, the present study knocked out the RhoE
gene in H9C2 cells using CRISPR/Cas9 technology, which
obtained the RhoE-knockout cells. Subsequently, a set of
DEGs between RhoE-knockout and wild-type HOC2 cells
was obtained using genome-wide expression microarrays.
Using the microarray data, the potential canonical signaling
pathways and the associated diseases and function, upstream
regulatory molecules, regulatory effects and interaction
networks involving the DEGs as a result of RhoE-knockout
were enriched and analyzed using the IPA system. RhoE was
speculated to regulate a multitude of pathways, including
the superpathway of cholesterol biosynthesis, oncostatin M
signaling, interferon signaling and regulation of actin-based
motility by Rho. In addition, data from the present study also
suggest that RhoE serves a role in diseases and functions,
including organismal survival, cancer, cardiovascular disease
and development function. The present study uncovered some
of the previously unknown global biological and functional
properties of RhoE.
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