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TGFB3-AS1 promotes Hcy-induced inflammation
of macrophages via inhibiting the maturity
of miR-144 and upregulating Rap1a
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It has been demonstrated that homocysteine (Hcy) can cause
inflammatory diseases. Long noncoding RNAs (lncRNA) and
microRNAs (miRNAs) are involved in this biological process,
but the mechanism underlying Hcy-induced inflammation re-
mains poorly understood. Here, we found that lncRNA
TGFB3-AS1 was highly expressed in macrophages treated
with Hcy and the peripheral blood monocytes from cystathio-
nine beta-synthase heterozygous knockout (CBS+/�) mice with
a high-methionine diet using lncRNA microarray. In vivo and
in vitro experiments further confirmed that TGFB3-AS1
accelerated Hcy-induced inflammation of macrophages
through the Rap1a/wnt signaling pathway. Meanwhile,
TGFB3-AS1 interacted with Rap1a and reduced degradation
of Rap1a through inhibiting its ubiquitination in macro-
phages treated with Hcy. Rap1a mediated inflammation
induced by Hcy and serves as a direct target of miR-144.
Moreover, TGFB3-AS1 regulated miR-144 by binding to
pri-miR-144 and inhibiting its maturation, which further
regulated Rap1a expression. More importantly, we found
that high expression of TGFB3-AS1 was positively correlated
with the levels of Hcy and proinflammatory cytokines in
serum of healthy individuals and patients with HHcy. Our
study revealed a novel mechanism by which TGFB3-AS1 pro-
moted inflammation of macrophages through inhibiting miR-
144 maturation to stay miR-144 regulated inhibition of func-
tional Rap1a expression.
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INTRODUCTION
Accumulating evidence has confirmed that pathological serum level
of homocysteine (Hcy) is closely related to the increased frequency
of cardiovascular disease.1 Hyperhomocysteinemia (HHcy) is likely
related to the enhanced production of proinflammatory cytokines.2

Recent notions indicate that macrophages derived from monocytes
are key cells in the inflammatory process.3 However, the detailed
mechanism of how Hcy induces proinflammatory effects on macro-
phages is not well elucidated.
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Noncoding RNAs are a cluster of RNAs that do not encode proteins
but could regulate gene expression at the posttranscriptional level.4,5

Long noncoding RNAs (lncRNAs) are noncoding transcripts that are
more than 200 nucleotides in length. Recent evidence has revealed
that lncRNAs play important roles in regulating the functions of mul-
tiple biological processes, particularly in inflammatory cells such as
macrophages.6–8 Several lncRNAs, such as lincRNA-Cox2 and
FIREE, have been reported to be acutely enhanced inflammatory
gene expression via transcriptional and posttranscriptional mecha-
nisms.9,10 In contrast, lnc-IL7R and lincRNA-EPS suppress the in-
flammatory function of macrophages.11,12 Thus, lncRNAs are impor-
tant regulators of macrophage activation. MicroRNAs (miRNAs) are
another class of ncRNAs that have emerged as major regulators of
gene expression by suppressing translation or undermining the
mRNAs at the posttranscriptional level.13,14 Recently, the regulating
function of lncRNAs on miRNAs has attracted wide interest in mul-
tiple biological and pathological processes, such as myocardial infarc-
tion, atherosclerosis, and cardiac hypertrophy.15–17 The biosynthesis
of miRNAs initially involves transcription of a primary miRNA (pri-
miRNA).18 The pri-miRNA is processed by Drosha/DGCR8 to form a
pre-miRNA, which then enters the cytoplasm to form the mature
miRNA with the help of Dicer. The mature miRNA associates with
members of the Argonaute proteins to form the miRNA-induced
silencing complex, which binds to complementary sequences located
primarily within the 30 untranslated region (UTR) of target gene
mRNAs.19 Binding of the miRNA-induced silencing complex to a
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target mRNA leads to degradation of the transcript, and/or inhibition
of protein translation.20 In addition, miRNAs can target multiple
different transcripts and regulate biological processes, which provides
insights into the functions of these noncoding transcripts and their
potential as therapeutic targets.21 However, the roles of lncRNAs in
accelerating the maturity of miRNAs and regulating HHcy-induced
inflammation of macrophages are still unknown.

In this study, we sought to explore the effect and underlying mecha-
nisms of how Hcy induces macrophage inflammation. Our findings
revealed a novel mechanism of how lncRNA TGFB3-AS1 suppressed
the maturation of miR-144 and further upregulated the expression of
Rap1a, which contributed to the activation of the wnt/b-catenin
pathway in Hcy-induced inflammation of microphages. Given the
causal relationship between macrophage inflammation and athero-
sclerosis, we propose that TGFB3-AS1 may serve as a potential prog-
nostic biomarker and therapeutic target for Hcy-induced
atherosclerosis.

RESULTS
Hcy primarily accelerates inflammation of monocyte-derived

macrophages in peripheral blood

It has been reported that monocyte-derived macrophages play a vital
role in inflammation.22 To assess the effect of Hcy on inflammation of
monocyte-derived macrophages, CBS+/+ and CBS+/� mice were fed
with 2.0%methionine for 12 weeks to induce hyperhomocysteinemia.
As shown in Figure 1A, the serum levels of Hcy were significantly
increased in CBS+/� mice compared with CBS+/+ mice. Simulta-
neously, the levels of classical proinflammatory cytokines, inter-
leukin-6 (IL-6), IL-1b, tumor necrosis factor alpha (TNF-a), and
C-reactive protein (CRP), were remarkably increased in serum of
CBS+/� mice (Figure 1B), suggesting that the elevated Hcy in
CBS+/�mice fed with a high-methionine diet is associated with induc-
tion of monocyte-derived macrophage inflammation.

To further identify the distribution of monocytes in Hcy-induced
inflammation, we analyzed themonocytes in peripheral blood, spleen,
and bone marrow (BM), as BM produces monocytes, and spleen
serves as a reservoir for circulating monocytes. The relative spleen
weight had a trend to increase in CBS+/� mice compared with
CBS+/+ mice fed with a high-methionine diet, but did not reach statis-
tical significance (Figure 1C). Meanwhile, flow cytometry analysis
indicated that Hcy significantly increased the population of mono-
cytes in peripheral blood of CBS+/� mice fed with a high-methionine
diet compared with those of their controls, but not in other tissues
(Figures 1D and 1E). Monocytes can be functionally characterized
as inflammatory type (Ly-6Chigh) or resident type (Ly-6Clow) accord-
ing to Ly-6C expression, we then characterized the CD11b+ mono-
cytes (CD11b is a monocyte marker) as monocyte subsets by flow cy-
tometry analysis using anti-CD11b and anti-Ly-6C antibodies. As
shown in Figures 1F and 1G, the CD11b+ Ly-6C+ inflammatory
monocyte was the most abundant subset in the peripheral blood of
CBS+/�mice fed with a high-methionine diet, indicating that Hcy pri-
marily elevated inflammatory monocyte subsets in peripheral blood.
Next, monocyte-derived macrophages were treated with different
doses of Hcy to verify the proinflammatory effects of Hcy in vitro.
It was observed that Hcy promoted the secretion of proinflammatory
factors (IL-1b, IL-6, and TNF-a) in the supernatants of monocyte-
derived macrophages, especially under the condition of 100 mmol/L
Hcy treatment (Figure 1H). Collectively, these results suggested
Hcy exacerbated inflammation in peripheral bloodmonocyte-derived
macrophages.

LncRNA TGFB3-AS1 promotes Hcy-induced inflammation of

monocyte-derived macrophages

To identify the critical lncRNAs involved in Hcy-induced inflamma-
tion of monocyte-derived macrophages, lncRNA microarrays were
used to analyze the expression profiles of lncRNAs in monocyte-
derived macrophages treated with Hcy. Figure 2A indicates that 33
upregulated and 49 downregulated lncRNAs were differentially ex-
pressed in macrophages after Hcy treatment, respectively. The func-
tional roles of the 33 upregulated and 49 downregulated lncRNAs
were predicted using KEGG enrichment analysis (Figure 2B). The
top 9 significantly upregulated lncRNAs in monocyte-derived macro-
phages are listed in the volcano plot (Figure 2C), and the expressions
were further verified by qRT-PCR assay (Figure 2D). Notably, the
expression of (lnc-TGFB3-AS1) was upregulated both in Hcy-treated
macrophages and peripheral blood monocytes from CBS+/� mice fed
with a high-methionine diet compared with their corresponding con-
trols (Figures 2D, 2E, and S1A). In addition, we also tested the expres-
sion of TGFB3-AS1 in heart, liver, lung, kidney, blood, and muscle
tissues of CBS+/+ and CBS+/� mice, which indicated that TGFB3-
AS1 was particularly enriched in peripheral blood monocytes of
CBS+/� mice (Figure 2F). RNA-fluorescent in situ hybridization
(FISH) demonstrated that highly expressed TGFB3-AS1 was predom-
inantly localized in the nucleus of macrophages treated with Hcy (Fig-
ure 2G). Moreover, qRT-PCR using macrophage nucleic and cyto-
plasmic RNA as the templates further determined the position of
TGFB3-AS1, which showed that TGFB3-AS1 was accumulated in
the nucleus of macrophages treated with Hcy (Figure 2H), implying
that TGFB3-AS1 mainly exerts its biological function in the nucleus.
To further illustrate the function of TGFB3-AS1 in the regulation of
Hcy-induced inflammation of macrophages, macrophages were
transduced with lenti-TGFB3-AS1 or TGFB3-AS1 siRNAs to overex-
press or knockdown of TGFB3-AS1 (Figure S1B). As shown in Fig-
ure 2I, overexpression of TGFB3-AS1 promoted the secretion of
proinflammatory cytokines IL-1b, IL-6, and TNF-a in macrophages
treated with Hcy. In contrast, knockdown of TGFB3-AS1 decreased
the secretion of these cytokines in macrophages. Therefore, TGFB3-
AS1 is implicated in macrophage inflammation induced by Hcy.

TGFB3-AS1 stabilizes Rap1a via inhibiting its ubiquitin-

proteasome-mediated degradation

It has been reported that lncRNAs can regulate gene expression
through directly interacting with their target proteins.23 We per-
formed an RNA pull-down assay followed by mass spectrometry us-
ing in vitro transcribed biotin-labeled TGFB3-AS1 and an antisense
control (antisense TGFB3-AS1) to identify the potential proteins
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Figure 1. Hcy enhances inflammation of monocyte-derived macrophages

(A and B) The serum levels of Hcy, proinflammatory cytokines TNF-a, IL-1b, IL-6, and CRP inCBS+/+ and CBS+/�mice fed with a regular or methionine diet for 12 weeks. (C)

Relative spleen weight to body weight (g/g) inCBS+/+ andCBS+/�mice. (D and E) Monocytes population in peripheral blood, spleen, and bonemarrow (BM) fromCBS+/+ and

CBS+/� mice were analyzed by flow cytometry. SSC, side scattered light; FSC, forward-scatter light. (F and G) The percentages of CD11b+ Ly-6C+ inflammatory monocytes

in peripheral blood, spleen, and BM isolated from CBS+/+ and CBS+/� mice were analyzed by flow cytometry. (H) The concentration of IL-1b, IL-6, and TNF-a in the su-

pernatants of monocyte-derivedmacrophages were assayed by ELISA after treatment with different doses of Hcy (0, 50, 100, 200, and 500 mmol/L) for different times (12, 24,

and 48 h). *p < 0.05, **p < 0.01, compared with CBS+/+ or control group.
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interacting with TGFB3-AS1 in macrophages (Figure 3A). The pro-
teins pulled down by TGFB3-AS1 or the antisense TGFB3-AS1 con-
trol were separated by silver-stained sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) analysis. The result
showed that TGFB3-AS1 could co-purify a number of proteins, espe-
cially proteins with molecular weight from 15 to 45 kDa, compared
with antisense TGFB3-AS1 control (Figure 3B). Based on the analysis
of mass spectrometry, we selected the top 3 proteins with highest
score and matches (Rap1a, Vim, and Hist1h4) for further validation
1320 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
by RNA pull-down assay (Figure 3C). As shown in Figure 3D, Rap1a
could be co-purified by TGFB3-AS1, but not Vim or Hist1h4a.
Consistently, RNA-binding protein immunoprecipitation (RIP) assay
also showed enrichment of TGFB3-AS1 in the complexes precipitated
with antibody against Rap1a as compared with IgG control (Fig-
ure 3E). These results indicated that Rap1a is a novel binding partner
of TGFB3-AS1. To further disclose the relation between TGFB3-AS1
and Rap1a, we detected changes in Rap1a expression after TGFB3-
AS1 expression was enforced or silenced in macrophages by



(legend on next page)
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transduction with lenti-TGFB3-AS1 or TGFB3-AS1-siRNA, respec-
tively. The results showed that Rap1a was upregulated in macro-
phages with TGFB3-AS1 overexpression, while reduced in macro-
phages with TGFB3-AS1 silence (Figures 3F and 3G), suggesting
that TGFB3-AS1 promoted the expression of Rap1a.

To discover whether TGFB3-AS1 upregulated Rap1a expression by
enhancing stability of Rap1a protein, macrophages were treated
with 20 mg/mL CHX (a protein synthesis inhibitor) for various times
before detecting the protein expression of Rap1a. As expected, over-
expression of TGFB3-AS1 obviously prolonged the half-life of Rap1a
(Figure 3H). Moreover, MG132, a proteasome inhibitor, could
recover Rap1a protein expression reduced by TGFB3-AS1 knock-
down in macrophages (Figure 3I). Meanwhile, the ubiquitination of
Rap1a was significantly increased in TGFB3-AS1-siRNA-transduced
macrophages compared with the negative control cells transduced
with TGFB3-AS1-sc under MG132 treatment (Figure 3J). Collec-
tively, these results indicated that TGFB3-AS1 interacted with and
stabilized Rap1a by inhibiting ubiquitin-proteasome-mediated degra-
dation of Rap1a protein in macrophages.

The Rap1a/wnt pathway is required for TGFB3-AS1-mediated

macrophage inflammation

To investigate whether Rap1a is involved in Hcy-induced inflamma-
tion, we examined Rap1a expression in peripheral blood monocytes
of CBS+/+ and CBS+/� mice fed with a high-methionine diet. The
result showed that Rap1a was markedly upregulated in peripheral
blood monocytes of CBS+/� mice compared with that of CBS+/+

mice (Figure 4A). Similarly, 100 mmol/L Hcy significantly increased
Rap1a expression in macrophages (Figure 4B). To confirm the role
of Rap1a in regulation of Hcy-induced inflammation of macrophages,
inflammatory factors were measured by ELISA after knockdown of
Rap1a. As shown in Figures 4C and 4D, knockdown of Rap1a remark-
ably reduced the secretion of IL-1b, IL-6, and TNF-a induced by Hcy.
To identify the mechanism, we analyzed the changes of associated
pathways caused by Hcy. KEGG enrichment analysis showed that
the wnt pathway is the most potential signaling pathway in which
Rap1a is involved (Figure 4E). In addition, qRT-PCR and western
blot analysis showed that the expression of wnt3a, wnt5a, and b-cat-
enin were notably increased in the peripheral blood monocytes of
CBS+/� mice fed with a high-methionine diet (Figures 4F, 4G, and
4H), similar results were also observed in macrophages treated with
Hcy (Figure 4I). Next, we elucidated whether TGFB3-AS1 induces
Figure 2. Hcy enhances monocyte-derived macrophage inflammation via upre

(A) Heatmap of the top 33 up- and 49 downregulated lncRNAs in macrophages treated

significantly changed in Hcy-treated macrophages are shown in the heatmap. (C) Vol

FC|R 1 cutoff and RPKMR 0.5); the top 9 upregulated lncRNAs were marked out. (D a

data in macrophages under 100 mmol/L Hcy treatment and peripheral blood monocytes

relative expression of TGFB3-AS1 in tissues of heart, liver, lung, kidney, blood, and musc

of TGFB3-AS1 in macrophages treated with Hcy. Scale bars, 20 mm. (H) Percentage o

qRT-PCR in Hcy-treated macrophages. (I) The levels of IL-1b, IL-6, and TNF-a in mac

siRNA targeting TGFB3-AS1 (TGFB3-AS1-siRNA1) were assayed by ELISA, respectivel

lenti-GFP group; #p < 0.05, compared with 100 mmol/L Hcy + TGFB3-AS1-sc group.
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macrophage inflammation via the Rap1a/wnt signaling pathway.
Macrophages were co-transduced with TGFB3-AS1-siRNA and
Rap1a-expressing adenoviruses (Ad-Rap1a) with or without Hcy
treatment, followed by the determination of expression levels of
wnt3a, wnt5a, and b-catenin by western blot. As expected, knock-
down of TGFB3-AS1 reduced the expression of wnt3a, wnt5a, and
b-catenin, which can be reversed by overexpression of Rap1a (Fig-
ure 4I). Conversely, Rap1a knockdown inhibited the elevation of
wnt3a, wnt5a, and b-catenin expression induced by TGFB3-AS1
overexpression (Figure 4J). In addition, overexpression of Rap1a
significantly rescued the reduction of IL-1b, IL-6, and TNF-a levels
induced by TGFB3-AS1 knockdown (Figure 4K); whereas, knock-
down of Rap1a had opposite effects (Figure 4L). Taken together, these
results demonstrated that TGFB3-AS1 promoted macrophage
inflammation induced by Hcy via the Rap1a/wnt pathway.

miR-144 regulates macrophage inflammation induced by Hcy

through directly targeting Rap1a

Since miRNAs are a class of very important posttranscriptional regu-
lators, we sought to investigate miRNAs that regulate inflammation of
macrophages induced by Hcy via targeting Rap1a. Based on the Tar-
getScan databases, 19 candidate miRNAs were predicted to target the
30 UTR of Rap1a (Figure 5A). Analysis of the 19 candidate miRNAs
indicated that miR-144 was dramatically downregulated in peripheral
blood monocytes of CBS+/� mice fed with a high-methionine diet
compared with that of the regular-diet-fed CBS+/� mice (Figure 5B).
Consistent with the in vivo results, Hcy dramatically reduced the
expression of miR-144 in macrophages (Figure 5C). To prove the reli-
ability of bioinformatics prediction, dual-luciferase-reporter assay
was performed and verified that the miR-144 mimic dramatically
reduced the luciferase activity in HEK293T cells transfected with
wild-type (WT) 30 UTR of Rap1a, but not in HEK293T cells trans-
fected with mutant (mut) 30 UTR of Rap1a (Figure 5D), suggesting
that Rap1a 30 UTR has specific sequences bound to miR-144. Subse-
quently, we knocked down or upregulated miR-144 with miR-144 in-
hibitor or mimic to illustrate the effect of miR-144 on Rap1a expres-
sion (Figure 5E). As depicted in Figure 5F, the miR-144 mimic
reduced Rap1a expression, while the miR-144 inhibitor exerted the
opposite effect. Furthermore, a rescue experiment was designed to
verify the effects of miR-144 on inflammation of macrophages treated
with Hcy through Rap1a. As shown in Figure 5G, overexpression of
miR-144 significantly decreased the secretion of proinflammatory
factors (IL-1b, IL-6, and TNF-a) in macrophages treated with Hcy,
gulation of TGFB3-AS1

with Hcy. (B) KEGG enrichment pathway analysis of the lncRNAs with expression

cano plot of the lncRNAs with significant change in expression (FDR < 0.05, |log2

nd E) Analysis of the expression of the top 9 upregulated lncRNAs from microarrays

fromCBS+/+ andCBS+/�mice fed with a 12-week regular or methionine diet. (F) The

le of CBS+/+ and CBS+/� mice. (G) RNA-FISH analysis of the subcellular distribution

f cytoplasmic and nucleic RNA levels of GAPDH, U6, and TGFB3-AS1 detected by

rophages transduced with lentivirus expressing TGFB3-AS1 (lenti-TGFB3-AS1) or

y. *p < 0.05, **p < 0.01, compared with control, CBS+/+ + Meth or 100 mmol/L Hcy +



Figure 3. TGFB3-AS1 interacts with Rap1a and protects it from ubiquitin-proteasome-mediated degradation in macrophages

(A) Schematic of RNA pull-down coupled with mass spectrometry analysis for identifying proteins interacting with TGFB3-AS1 in macrophages. (B) Separation of proteins

pulled down by TGFB3-AS1 or its antisense RNA control (antisense TGFB3-AS1) using silver-stained SDS-PAGE. The black frame indicates the specific bands of proteins

pulled down by TGFB3-AS1 compared with the antisense TGFB3-AS1 control. (C) The top 18 significantly enriched proteins in the RNA pull-down mass spectrometry

analysis are listed in the table, with their score, matches, and emPAI displayed. (D) Whole-cell lysate of macrophages was immunoprecipitated with biotinylated TGFB3-AS1

or its antisense control (antisense TGFB3-AS1) followed by immunoblotting with the antibodies against Rap1a, Vim, and Hist1h4. (E) qRT-PCR examined enrichment of

(legend continued on next page)
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which could be alleviated when Rap1a was overexpressed (Figure 5G,
left); opposite results were observed when miR-144 was knocked
down (Figure 5G, right). These data indicated that miR-144 regulated
inflammation of macrophages induced by Hcy via targeting Rap1a.

TGFB3-AS1 inhibits the maturation of miR-144 in Hcy-treated

macrophages

Next, we explored how TGFB3-AS1 regulates miR-144 expression. It is
known that each phase during miRNA biogenesis is subjected to mod-
ulation, and that miRNAs are initially transcribed from the genome by
RNA polymerase II into primary transcripts (pri-miRNA) and pro-
cessed to hairpin structures of about �70 nucleotide miRNA precur-
sors (pre-miRNAs) by the enzyme Drosha in the nucleus. Considering
that TGFB3-AS1 mainly locates in the nucleus of macrophages under
Hcy treatment, we wonderedwhether TGFB3-AS1 impacts themiRNA
biogenesis process. Thus, we first determined the distribution of miR-
144, pri-miR-144, and pre-miR-144 in macrophages. As shown in Fig-
ure 6A, pri-miR-144 and pre-miR-144 were predominantly localized in
the nucleus, while miR-144 was predominantly localized in the cyto-
plasm (Figure 6A). By secondary structure analysis, we found that
pri-miR-144 has a complementary sequence with the ultra-conserved
region of TGFB3-AS1, which located at the terminal loop region site
of the miR-144 primary transcripts (Figure 6B). We then detected
changes in the levels of pri-miR-144, pre-miR-144, and miR-144
upon TGFB3-AS1 inhibition and overexpression. As shown in Fig-
ure 6C, significantly reduced mature miR-144 and pre-miR-144 and
elevated pri-miR-144 were observed in macrophages transduced with
lenti-TGFB3-AS1. By contrast, silencing TGFB3-AS1 in the macro-
phages increased the levels of mature miR-144 and pre-miR-144 and
repressed the pri-miR-144 levels.

In the nucleus, pri-miRNAs undergo Drosha-dependent cleavage into
pre-miRNAs before being exported to the cytoplasm. Given the pre-
dicted interaction between TGFB3-AS1 and pri-miR-144 and the
observed posttranscriptional downregulation of miR-144 by
TGFB3-AS1 overexpression, we hypothesized that TGFB3-AS1 could
directly hinder Drosha-mediated processing of pri-miR-144. To
address this mechanism, we first analyzed whether TGFB3-AS1 could
impact Drosha-mediated miR-144 maturation. As shown in Figures
6D and 6E, overexpression of Drosha decreased the levels of pri-
miR-144, while the levels of pre-miR-144 and mature miR-144
increased in Hcy-treatedmacrophages, and these effects could be sup-
pressed by TGFB3-AS1 overexpression. In addition, knockdown of
TGFB3-AS1 could further enhance the effect of Drosha on miR-
144 maturation (Figure 6F). As the predicted binding site for
TGFB3-AS1 in Rap1a-immunoprecipitated RNA complexes using Rap1a antibodies, is

expression of Rap1a in macrophages transduced with either lenti-TGFB3-AS1 or TGF

qRT-PCR and western blot, respectively. (H) Left panel: western blot was used to de

20 mg/mL cycloheximide (CHX) for various times (0, 15, 30, 60, 120, and 240 min). Righ

estimated half-life. (I) Western blot was used to detect the expression of Rap1a in m

ubiquitination level of Rap1a was measured by immunoprecipitation with anti-Rap1a an

TGFB3-AS1-siRNA or TGFB3-AS1-sc in the presence of MG132 with or without Hcy. *

compared with IgG. #p < 0.05, ##p < 0.01, compared with the group of lenti-GFP + 1
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TGFB3-AS1 on pri-miR-144 is precisely along the region bound to
DGCR8, a critical component of the canonical microprocessor com-
plex for microRNA biogenesis, we next examined whether TGFB3-
AS1 impairs the anchoring of DGCR8 to pri-miR-144. With that
aim, we performed RIP assay with an antibody against DGCR8. As
expected, overexpression of TGFB3-AS1 significantly decreased the
levels of pri-miR-144 in the immunoprecipitated RNA with antibody
against DGCR8 (Figure 6G). Apart from this, transfection of the miR-
144 mimic reversed TGFB3-AS1 overexpression-upregulated Rap1a
in macrophages, while the miR-144 inhibitor recovered TGFB3-
AS1 knockdown-induced Rap1a suppression (Figures 6H and 6I).
Taken together, the aforementioned results indicated that TGFB3-
AS1 inhibited the maturation of miR-144 by binding to its primary
transcript and impairing the processing of pri-miR-144 by Drosha
and DGCR8.

Overexpression of TGFB3-AS1 aggravates the inflammation

induced by Hcy in CBS+/– mice

To determine whether TGFB3-AS1 accelerates the inflammation
induced by HHcy in vivo, CBS+/� mice fed with a high-methionine
diet were given lenti-TGFB3-AS1 injection for 4 weeks to overexpress
TGFB3-AS1. As shown in Figure 7A, the TGFB3-AS1 expression was
significantly increased in the peripheral blood monocytes from CBS+/
� mice after injection with lenti-TGFB3-AS1. ELISA assay revealed
that the serum levels of proinflammatory cytokines IL-1b, IL-6, and
TNF-a were remarkably increased in CBS+/� mice injected with
lenti-TGFB3-AS1 (Figure 7B). In addition, flow cytometry analysis
also showed that injection of lenti-TGFB3-AS1 significantly
enhanced the percentage of peripheral blood monocytes, especially
the CD11b+ Ly-6C+ inflammatory monocyte subset (Figures 7C
and 7D). Next, we examined miR-144 expression in peripheral blood
monocytes from CBS+/� mice with lenti-TGFB3-AS1 injection or
negative control treatment. The results showed that overexpression
of TGFB3-AS1 significantly decreased miR-144 expression in periph-
eral blood monocytes from CBS+/�mice (Figure 7E). Meanwhile,
TGFB3-AS1 overexpression increased the expression levels of
Rap1a and Wnt signaling pathway-related proteins (wnt3a, wnt5a,
and b-catenin) (Figures 7F, 7G, and 7H). Taken together, the above
observations suggested that overexpression of TGFB3-AS1 aggra-
vated the inflammatory response induced by Hcy in CBS+/� mice.

TGFB3-AS1 is a potential biomarker for evaluating inflammation

in patients with HHcy

To explore the potential clinical significance of TGFB3-AS1, we
examined whether the identified TFGB3-AS1/miR-144/Rap1a axis
otype identical IgG served as a negative control. (F and G) The mRNA and protein

B3-AS1 siRNAs (TGFB3-AS1-siRNA1 and TGFB3-AS1-siRNA2) were detected by

tect the expression of Rap1a in macrophages treated with lenti-TGFB3-AS1 and

t panel: the quantification of Rap1a protein levels in the upper panel. T1/2 denotes an

acrophages treated with TGFB3-AS1-siRNA or MG132 (5 mmol/L, 24 h). (J) The

tibody and immunoblotting with anti-Ub antibody in macrophages transduced with

p < 0.05, compared with TGFB3-AS1-sc, lenti-GFP, or 100 mmol/L Hcy. **p < 0.01,

00 mmol/L Hcy or TGFB3-AS1-sc + 100 mmol/L Hcy.



Figure 4. Rap1a/wnt pathway is required for TGFB3-AS1-mediated macrophage inflammation

(A) qRT-PCR and western blot were performed to determine the expression of Rap1a in the peripheral monocytes of CBS+/+ and CBS+/� mice fed with a 12-week regular or

methionine diet (n = 6). (B) qRT-PCR and western blot were performed to detect the mRNA and protein expression of Rap1a in macrophages treated with different doses of

Hcy (0, 50, 100, 200, and 500 mmol/L) for 24 h. (C) Rap1amRNA and protein were analyzed by qRT-PCR andwestern blot after macrophages were transfectedwith si-Rap1a

in the presence or absence of Hcy. (D) The contents of IL-1b, IL-6, and TNF-a in the supernatants of macrophages treated with si-Rap1a and Hcy were assayed by ELISA. (E)

KEGG enrichment analysis of differentially expressed genes in macrophages treated with Hcy. (F–H) The expression of wnt3a, wnt5a, and b-catenin in the peripheral

monocytes of CBS+/+ and CBS+/� mice were examined by qRT-PCR and western blot. (I and J) Western blot analysis of Rap1a, wnt3a, wnt5a, and b-catenin expression in

macrophages co-transduced with TGFB3-AS1-siRNA or lenti-TGFB3-AS1 and Ad-Rap1a or si-Rap1a in the presence or absence of Hcy. (K and L) The contents of IL-1b,

IL-6, and TNF-a in the supernatants of macrophages were co-transduced with TGFB3-AS-siRNA or lenti-TGFB3-AS1 and Ad-Rap1a or si-Rap1a in the presence of Hcy.

*p < 0.05, **p < 0.01, compared with control, CBS+/+ + Meth, Ad-vector or si-NC; #p < 0.05, compared with the group of 100 mmol/L Hcy, Ad-vector + 100 mmol/L Hcy, or

si-NC + 100 mmol/L Hcy; 6p < 0.05, compared with the group of Ad-Rap1a or si-Rap1a; 7p < 0.05, compared with the group of Ad-vector + TGFB3-AS1-siRNA+

100 mmol/L Hcy or si-NC + lenti-TGFB3-AS1 + 100 mmol/L Hcy.
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was clinically relevant to patients with HHcy. The basic clinical char-
acteristic of the enrolled 50 people in each group (HHcy patients and
healthy individuals) in this study are presented in Table 1. There was
no significant difference in age, gender, the percentage of hyperlipid-
emia, low-density lipoprotein cholesterol (LDL-C), high-density lipo-
protein cholesterol (HDL-C), triglycerides (TG), and total cholesterol
(CHO) between the healthy individuals and HHcy patients; while the
body mass index (BMI) in HHcy patients was significantly higher
than that in healthy individuals (Figure 8A; Table 1). Meanwhile,
the levels of proinflammatory cytokines (IL-6, IL-1b, TNF-a, and
CRP) were remarkably elevated in serum of patients with HHcy in
comparison with healthy individuals (Figure 8B). Next, analysis of
the expression of TGFB3-AS1, miR-144, and Rap1a revealed that
TGFB3-AS1 and Rap1a were significantly increased in the peripheral
blood monocytes from HHcy patients compared with those from
healthy individuals, while miR-144 was significantly downregulated
in the peripheral blood monocytes from HHcy patients (Figure 8C).
Moreover, statistical analyses found that expression of TGFB3-AS1
was positively correlated with the levels of Hcy and proinflammatory
cytokines in serum of healthy individuals and patients with HHcy
(r = 0.4636, p < 0.01; r = 0.2276, p < 0.05; r = 0.2634, p < 0.01;
r = 0.2348, p < 0.05) (Figures 8D and 8E). When analyzing
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Figure 5. miR-144 regulates macrophage inflammation induced by Hcy via targeting Rap1a

(A) Prediction of miRNAs that have the potential to target Rap1a by TargetScan database (http://www.targetscan.org/vert_72/). (B) miR-144 expression was detected by

qRT-PCR in peripheral monocytes ofCBS+/+ andCBS+/�mice. (C) miR-144 expression was detected by qRT-PCR inmacrophages treated with 100 mmol/L Hcy for 24 h. (D)

Schematic diagram of miR-144 binding site of Rap1a in various species (left panel). Relative luciferase activities in HEK293T cells co-transfected with plasmids of Rap1a-30

UTR-WT or Rap1a-30 UTR-mut and miR-144 mimic (right panel). (E) miR-144 expression was detected by qRT-PCR in macrophages transfected with miR-144 mimics or

miR-144 inhibitor. (F) qRT-PCR and western blot analysis of Rap1a expression in macrophages transfected with miR-144 mimic, miR-144 inhibitor, and miR-neg. (G) The

(legend continued on next page)

Molecular Therapy: Nucleic Acids

1326 Molecular Therapy: Nucleic Acids Vol. 26 December 2021

http://www.targetscan.org/vert_72/


www.moleculartherapy.org
correlations of TGFB3-AS1, miR-144, and Rap1a expression in all
samples from healthy individuals and patients with HHcy, we
observed a negative correlation between the expression of TGFB3-
AS1 and miR-144 (r = �0.1986, p < 0.05), and a positive correlation
between TGFB3-AS1 and Rap1a expression (r = 0.5449, p < 0.01)
(Figure 8F). Accordingly, we also found that miR-144 expression
was negatively correlated with the Rap1a expression (r = �0.208,
p < 0.05) (Figure 8G). Of note, no correlation was observed between
TGFB3-AS1 expression and serum lipids levels, including LDL-C,
HDL-C, TG, and CHO (Figure 8H). Collectively, these results indi-
cated that elevated TGFB3-AS1 expression in peripheral bloodmono-
cytes may be a potential and reliable biomarker for evaluating the de-
gree of inflammation in patients with HHcy.

DISCUSSION
Abundant clinical and epidemiological research has revealed that
HHcy is an independent risk factor for cardiovascular disease.24

The studies from our laboratory and others have demonstrated that
Hcy can accelerate vascular inflammation by regulating monocyte-
derived inflammatory gene expression. Recent studies indicated
that Hcy induces the differentiation of an inflammatory Ly6Chigh

monocyte subset and increases the accumulation of inflammatory
monocytes/macrophages in the formation of atherosclerotic lesions,
which finally results in vessel wall inflammation.25 Thus, our results
support the notion that Hcy plays a vital role in the pathogenesis of
inflammation by promoting the aggregation of the CD11b+ Ly-6C+

inflammatory monocyte subset. However, previous studies are mainly
focused on the phenomenon assessment, lacking integrative analysis
and mechanistic assessment. Therefore, it is necessary to disclose the
precise molecular mechanisms and the biological function of target
genes underlying Hcy-induced proinflammatory effects on
macrophages.

LncRNAs are one type of widely studied biomolecules, which have
been emerging as critical regulators in various tissues and biological
processes.26 Thus, they can be used as molecular targets for diagnosis
or therapy of disease. However, little is known about their role in Hcy-
induced inflammation of macrophages. Recently, Li et al. reported the
changed expression profiles of lncRNAs in Hcy-induced vascular
endothelial injury.27 Here, macrophages with Hcy treatment were
used to identify dysregulated lncRNAs, which is helpful for uncover-
ing the mechanism of HHcy-induced macrophage inflammation.
Notably, Hcy promoted the expression of TGFB3-AS1 in macro-
phages both in vitro and in vivo. Several lncRNAs have been shown
to be involved in inflammation- or inflammatory response-related
biological processes. Yan et al. demonstrated that lncRNA
HIX003209 was dysregulated inmacrophages, and promoted the pro-
liferation and inflammatory cytokine secretion of macrophages
through the IkBa/NF-kB pathway in rheumatoid arthritis.28 Others
reported that lncRNA PTPRE-AS1 modulated M2 macrophage acti-
contents of IL-1b, IL-6, and TNF-a in macrophages after co-transduction with Ad-Rap

CBS+/+ +Meth, control, Rap1a-30 UTR-WT +miR-neg, miR-neg or 100 mmol/L Hcy grou

mimic + Ad-GFP group, or 100 mmol/L Hcy + miR-144 inhibitor + Ad-GFP group.
vation and inflammatory diseases by epigenetically promoting
PTPRE.29 As a sulfur-containing amino acid, a connection between
lncRNAs and inflammatory can be established through Hcy, because
it can induce oxidative stress and mediate inflammation in many cell
types.30,31 In addition, evidence also indicated that alteration of
lncRNA-H19 promoter methylation through TNF-a/NF-kB pathway
was associated with Hcy-induced oxidative stress.32–34 A previous
study demonstrated that LOC646329-variant D exerted its suppres-
sion effect on colorectal cancer progression via regulating Wnt and
TGFB signaling pathways, which characterized LOC646329 as a novel
potential therapy target.35 In this study, we demonstrated that
TGFB3-AS1 was increased in peripheral blood monocytes of patients
with HHcy, and had a positive correlation with proinflammatory cy-
tokines in serum of patients with HHcy. These findings supported
TGFB3-AS1 is a powerful therapeutic and diagnostic target in inflam-
matory diseases induced by Hcy.

As a member of the RAS oncogene family, aberrant expression of
Rap1a is vital for tumor cell proliferation, apoptosis, migration, inva-
sion, and metastasis in several cancer types.36 In addition, it was re-
ported that lncRNA NR-026690 can regulate inflammation by target-
ing Rap1a in COPD patients.37 In this study, we demonstrated that
Rap1a interacted with TGFB3-AS1 in macrophages treated with
Hcy. Furthermore, we confirmed the molecular mechanisms that
interaction of Rap1a with TGFB3-AS1 could decrease the ubiquitina-
tion levels of Rap1a by preventing its proteasome-mediated degrada-
tion. Rap1a was reported to mediate the hepatitis inflammation
induced by HBV through the PI3K/p38/NF-kB signaling pathway.38

In a heart failure model, pathological concentrations of Hcy were
found to stimulate NF-kB activation, and thereby induce proinflam-
matory cytokines in THP-1-derived macrophages.39 Here, we found
that knockdown of TGFB3-AS1 reduced IL-1b, IL-6, and TNF-a
levels in macrophages under Hcy treatment via the wnt/b-catenin
pathway. These results confirmed that TGFB3-AS1 promoted inflam-
matory responses of macrophages induced by Hcy through the
Rap1a/wnt signaling pathway, which is consistent with previous
studies that reported that Rap1a is required for activation of the nu-
clear transport of b-catenin.

In addition, we demonstrated that aberrant miR-144 expression
involved in the inflammatory response of macrophages treated with
Hcy and peripheral blood monocytes from CBS+/� mice fed a high-
methionine diet. As a sulfur-containing endogenous amino acid,
Hcy produced in the methionine cycle of protein metabolism, partic-
ipated in maintaining the redox balance, monocyte chemoattractant
protein-1 secretion, and the production of multiple inflammatory cy-
tokines in monocytes/macrophages.40,41 It was reported that miR-
144-relieved activation of the inflammatory ROCK1/MLC pathway
in vascular ECs as a potential therapeutic strategy to counter inflam-
matory lung injury.42 Generally, miRNAs are vital small endogenous
1a and miR-144 inhibitor or miR-144 mimic. *p < 0.05, **p < 0.01 compared with

p, #p < 0.05 compared with 100 mmol/L Hcy +miR-neg, 100 mmol/L Hcy +miR-144
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Figure 6. TGFB3-AS1 inhibits maturation of miR-144 to upregulate Rap1a expression in macrophages

(A) Localization of mature miR-144, pri-miR-144, and pre-miR-144 in macrophages was detected by qRT-PCR. (B) The stem-loop sequence of pri-miR-144 is partially

complemented with TGFB3-AS1. (C) The levels of mature miR-144, pre-miR-144, and pri-miR-144 in macrophages after overexpression of TGFB3-AS1 (lenti-TGFB3-AS1)

or knockdown of TGFB3-AS1 (TGFB3-AS1-sc). (D) The expression of Droshawas determined by qRT-PCR and western blot inmacrophages after transduction with Drosha-

expressing adenoviruses (Ad-Drosha). (E and F) The levels of mature miR-144, pre-miR-144, and pri-miR-144 were analyzed by qRT-PCR in macrophages co-transduced

(legend continued on next page)
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ncRNAs that inhibit gene expression by binding to the 30 UTR of
genes transcripts. We found that Rap1a could be negatively regulated
by miR-144. In this study, overexpression of miR-144 observably
reduced the secretion of proinflammatory factors. Furthermore,
miR-144 expression was significantly suppressed in the peripheral
blood monocytes of patients with HHcy, suggesting that miR-144
might be a promising diagnostic and therapeutic target for Hcy-
induced inflammation.

We next explored the mechanism of how TGFB3-AS1 and miR-144
regulate expression of Rap1a. By overexpression or knockdown of
TGFB3-AS1, we found that TGFB3-AS1 negatively controlled the
expression of miR-144. In addition, the intronic ultra-conserved re-
gions of lncRNAs are generally related to the regulation of transcrip-
tion and DNA binding, prompting their potential role as regulators of
miRNAs.43 Recent studies have confirmed lncRNA-mediated regula-
tory networks for miRNA processing, as ceRNA can function as
miRNA sponges and decrease the activity of target miRNAs with
changing their biogenesis.44 For instance, lower-stem strand invasion
by lncRNA uc.283 + A impairs microprocessor recognition and effi-
cient pri-miR-195 cropping.45 The processing requirement of pre-
miRNA during miRNA maturation is the direct interaction of pri-
miRNA with the Drosha-DGCR8 microprocessor complex46. The
pri-miRNA/pre-miRNA hairpin structure consists of mismatches, in-
ternal loops, and bulges. The terminal loop of these hairpins demon-
strates a variable structure, which may be important for the rate of
miRNA processing. In this study, in situ hybridization and nuclear/
cytoplasmic fractionation analysis demonstrated that TGFB3-AS1
was mainly located in the nucleus of macrophages with Hcy treat-
ment. The nuclear localization of TGFB3-AS1 implies the possibility
of binding mRNA to modulate gene transcription. As expected, we
found that TGFB3-AS1 could suppress processing of pri-miR-144
by Drosha, and RIP assay further revealed that TGFB3-AS1 could
interfere with DGCR8 anchoring to the miR-144 primary transcript
(pri-miR-144). Together with the secondary structure analysis be-
tween TGFB3-AS1 and pri-miR-144, a complementary binding
sequence was shown between them. Our findings demonstrated
that TGFB3-AS1 regulates pri- to- pre-miRNA cleavage of miR-144
by binding to pri-miR-144 and interfering in the function of Drosha
and DGCR8, leading to decreased levels of mature miR-144 and
thereby increased Rap1a expression in macrophages under Hcy
treatment.

In summary, our study reveals a novel mechanism by which TGFB3-
AS1 promotes inflammatory response by suppressing the maturation
of miR-144, thus upregulating expression of its target gene Rap1a,
which activates the wnt/b-catenin signaling pathway and participates
in HHcy-induced proinflammatory response in monocyte-derived
with Ad-Drosha and lenti-TGFB3-AS1 or TGFB3-AS1-siRNA in the presence of 100 mm

assay in macrophages after TGFB3-AS1 was overexpressed. (H) The expression of Rap

the presence of Hcy. (I) The expression of Rap1a in the macrophages after co-transduct

**p < 0.01 compared with lenti-GFP or control group, #p < 0.05, ##p < 0.01 compare

100 mmol/L Hcy + lenti-TGFB3-AS1 or 100 mmol/L Hcy + TGFB3-AS1-siRNA.
macrophages (see the Graphical abstract). These findings propose
that inhibition of TGFB3-AS1 might be a potential therapeutic strat-
egy for inflammation induced by Hcy.

MATERIALS AND METHODS
This research was performed at the Ningxia Medical University and
General Hospital of Ningxia Medical University, and conformed to
the principles of the Declaration of Helsinki.

Animal models

Cystathionine beta-synthase heterozygous knockout (CBS+/�,
C57BL/6J background) mice and C57BL/6J mice were purchased
from Jackson Laboratory (Bar Harbor, USA), and the breeding colony
is established in Ningxia Medical University. CBS+/�mice were cross-
bred to C57BL/6J mice for at least eight generations to generate het-
erozygous (CBS+/�) and wild-type (CBS+/+) littermates. Mice geno-
types for the targeted CBS allele were determined by PCR of DNA
obtained from tail biopsies with a specific set of primers.47,48

CBS+/+ mice and CBS+/� mice were housed individually under a tem-
perature-controlled environment with food and water ad libitum. The
6-week-old male CBS+/+ mice and CBS+/� mice were fed with stan-
dard mouse chow (regular diet: 20% protein, 4.5% fat, 55.5% carbohy-
drate) (Xiao Shu You Tai [Beijing] Biotechnology) or a high-methio-
nine diet (methionine diet: 2.0% methionine, Xiao Shu You Tai
[Beijing] Biotechnology) for an additional 12 weeks. The lentivirus
(lenti-TGFB-AS1 and lenti-GFP, virus titer: 2 � 107 TU/mL) or
PBS injections were started at week 8 after initiation of CBS+/�

mice being fed the high-methionine diet. Animal handling protocols
were conducted following the National Institutes of Health (NIH)
guidelines and approved by the Animal Ethics Committee for General
Hospital of Ningxia Medical University (no. 2016-052). Mice were
euthanasia with an overdose of 1% pentobarbital sodium (100 mg/
kg, i.p.) at the endpoint of the experiment.

Patients and clinical samples

Data from the health examination database in the General Hospital of
Ningxia Medical University between January 2016 and December
2019 were extracted. Individuals with missing anthropometric or
biochemical measurements were excluded, leaving 100 patients re-
tained in this study. According to the Guidelines for the Prevention
of Cardiovascular Diseases in China, these patients were categorized
into the control group (Hcy < 15 mmol/L) and the hyperhomocystei-
nemia group (Hcy R 15 mmol/L).49 Information including gender,
age, height, and weight were obtained by clinical data. BMI was calcu-
lated by using the formula as weight in kilograms divided by the
height in meters squared. Blood samples were collected for measuring
IL-1b, IL-6, TNF-a, CRP, Hcy, TG, CHO, LDL-C, and HDL-C. This
research was approved by the Medical Ethics Committee of the
ol/L Hcy treatment. (G) Anchoring of DGCR8 to pri-miR-144 was determined by RIP

1a in the macrophages co-transduced with lenti-TGFB3-AS1 and miR-144 mimic in

ion with TGFB3-AS1-siRNA and miR-144 inhibitor in the presence of Hcy. *p < 0.05,

d with TGFB-AS1-sc or 100 mmol/L Hcy, 6p < 0.05, 66p < 0.01 compared with
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Figure 7. Injection of lenti-TGFB3-AS1 accelerates inflammation induced by Hcy in CBS+/– mice

(A) qRT-PCR analyzed the TGFB3-AS1 expression in peripheral blood monocytes of CBS+/� mice fed with the high-methionine diet after 4-week injection of lenti-TGFB3-

AS1, lenti-GFP, or PBS. (B) The contents of proinflammatory cytokines IL-6, IL-1b, and TNF-a in serum of CBS+/� mice injected with lenti-TGFB3-AS1, lenti-GFP, or PBS

weremeasured using an automatic biochemical analyzer. (C) Themonocyte populations in BM, peripheral blood, and spleen isolated fromCBS+/�mice after injection of lenti-

TGFB3-AS1, lenti-GFP, or PBS were analyzed by flow cytometry. CD11b+ and Ly-6C+ monocyte subsets were further characterized using anti-CD11b and anti-Ly-6C

antibodies. SSC, side scattered light; FSC, forward-scattered light. (D) The percentages of mononuclear cell (MNC) and CD11b+Ly-6C+ inflammatory monocyte subsets in

(legend continued on next page)
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General Hospital of Ningxia Medical University. Written informed
consent was obtained from all participants enrolled in this study.
Cell culture and PMA-induced differentiation of monocytes

The THP-1 cell line (FDCC, ShangHai, China) was grown in RPMI-
1640 (Gibco, USA) supplemented with 10% FBS (Gibco, USA). THP-
1 monocytes were treated with 100 nmol/L phorbol 12-myristate 13-
acetate (PMA) (Promega, USA) for 24 h to induce differentiation into
macrophages before stimulation with 50, 100, 200, and 500 mmol/L
Hcy (L-homocysteine, Sigma-Aldrich, USA).
Cell transfection

Replication recombinant lentivirus including the intact coding
sequence of TGFB3-AS1 (lenti-TGFB3-AS1) was provided by Hanbio
Biotechnology (Shanghai, China). Lentiviruses expressing GFP were
negative control (lenti-GFP). In addition, three siRNAs targeting hu-
man TGFB3-AS1 were designed and inserted into lentivirus vector to
generate lentivirus constructs (TGFB3-AS1-siRNA); lentiviruses ex-
pressing nontargeting siRNA (TGFB3-AS1-sc) were the negative con-
trol. To establish stable cell lines, cells were transduced with lenti-
TGFB3-AS1 or TGFB3-AS1-siRNA. After 72 h of transduction, cells
were selected with 2.5 mg/mL puromycin.

Cells transfected with adenoviral constructs (Ad-GFP, Ad-Rap1a, si-
NC, and si-Rap1a) were purchased fromHanbio Biotechnology. Cells
were incubated in RPMI-1640 and 10% FBS and transduced with the
adenovirus for 6 h.

miR-144 mimics, miR-144 inhibitors, and controls were obtained
from RiboBio (China). To increase or reduce expression of MiR-
144, the cells were cultured with serum-free medium and transfected
with miRNA mimics and inhibitors using Lipofectamine 3000 (Invi-
trogen, USA) for 8 h. The cells were incubated for 24 h for the
following experiments.
Determination of Hcy levels in blood samples

Blood samples from each mouse were collected and centrifuged at
3,000 rpm immediately. The serumHcy levels were determined using
an Automatic Biochemistry analyzer AU5821 (Beckman Coulter,
Japan).50
Flow cytometry analysis

Cells in peripheral blood, spleen, and BM were isolated from mice.
After combination staining with fluorochrome-conjugated antibodies
against CD11b (0.25 mg/100 mL, BD Biosciences, USA) and Ly-6C
(0.25 mg/100 mL, BD Biosciences), cells were examined by FACS
(BD Biosciences) and analyzed using FlowJo 7.6 software (TreeStar,
Ashland, OR). Live cells were first appraised after eliminating red
MNC were analyzed. (E) The expression levels of miR-144 in peripheral monocytes from

qRT-PCR. (F–H) The expression levels of Rap1a and Wnt signaling pathway-related pro

with lenti-TGFB3-AS1, lenti-GFP, or PBS were analyzed by qRT-PCR and western blo
blood cells. The inflammatory monocyte as further defined as
CD11b+Ly-6C+ MNC.

ELISA analysis of IL-1b, IL-6, and TNF-a

On the basis of the manufacturer’s instructions, human inflammatory
factors ELISA kits (R&D Systems, USA) were used to analyze the
levels of IL-1b, IL-6, and TNF-a in samples.

LncRNA microarray assay

Total RNA was isolated from macrophages using TRIzol reagent (In-
vitrogen, USA), and cDNA libraries were established. All lncRNAmi-
croarray experiments, including labeling with fluorescent dye, micro-
array scan, and data analyses were provided by Biomarker
Technologies (China). Differential expression analysis of lncRNAs
in macrophages (n = 3) treated with or without Hcy were performed
using the R package “limma” (version 3.42.0). Those lncRNAs with |
log2 (FC)| > 1 and false discovery rate adjusted p value < 0.05 were
considered as differentially expressed lncRNAs. Finally, differential
expression data of 82 lncRNAs were obtained for KEGG pathway an-
alyses using the cluster ProFiler package in the R platform.51

Quantitative real-time PCR

Total RNAs from cultured cells from mice were isolated using the
RNA Isolation Kit (QIAGEN, Germany). Reverse transcription and
real-time PCR (SYBER Green Dye, Takara, Japan) for mRNA,
miRNA, and lncRNA were performed following the manufacturer’s
instructions. The following conditions were used in PCR: 95�C for
5min (initial activation step), followed by 45 cycles, 5 s at 95�C (dena-
turing temperature), 15 s at 58�C (annealing temperature), and 15 s at
72�C (extension temperature and fluorescence data collection). Spe-
cific primers for TGFB3-AS1, Rap1a, miR-144, wnt3a, Wnt5a, b-cat-
enin U6, and GAPDH used in the study are listed in Table S1.

FISH

Subcellular localization of TGFB3-AS1 in macrophages was analyzed
using FISH kit (RiboBio, China), which includes an locked nucleic
acid oligodeoxynucleotide probe labeled with Alexa Fluor 594. In
brief, macrophages were cultured on glass coverslips, washed with
PBS, and fixed in 4% paraformaldehyde at room temperature for
30 min. Then, the cells were prehybridized at 37�C for 30 min. Oligo-
deoxynucleotide probes of TGFB3-AS1, U6, and 18S rRNA were
combined with the hybridization buffer in a dark and humid environ-
ment at 37�C overnight. The nucleus was stained with DAPI. Images
were obtained using a confocal laser-scanning microscope (Zeiss,
Germany).

Immunoblotting analysis

Cells were washed with ice-cold PBS and lysed in Nonidet P 40 (NP-40,
Solarbio, China) lysis buffer with 10 mg/mL phenylmethanesulfonyl
CBS+/� mice injected with lenti-TGFB3-AS1, lenti-GFP, or PBS were detected by

teins (wnt3a, wnt5a, b-catenin) in peripheral monocytes from CBS+/� mice injected

t. *p < 0.05, **p < 0.01, compared with lenti-GFP group.
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Table 1. Comparison of clinical parameters between HHcy patients and the

healthy group

Characteristic HHcy patients (n =
50)

Healthy group (n =
50)

p
Value

Age, years (mean ± SD) 66.39 ± 2.32 63.19 ± 1.73 0.2737

Gender (male/female) 29/21 20/30 0.072

BMI (kg/m2, mean ±

SD)
9.85 ± 0.51 8.39 ± 0.83 0.0009

Hyperlipidemia (n, %) 21 (42%) 13 (26%) 0.091

LDL-C (mmol/L) 2.62 ± 0.13 2.57 ± 0.13 0.7798

HDL-C (mmol/L) 1.09 ± 0.05 1.05 ± 0.04 0.5804

TG (mmol/L) 1.70 ± 0.17 1.46 ± 0.14 0.2652

CHO (mmol/L) 4.78 ± 0.16 4.67 ± 0.17 0.6511

HHcy, hyperhomocysteinemia; SD, standard deviation; BMI, body mass index; LDL-C,
low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG,
triglyceride; CHO, cholesterol.
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fluoride (Solarbio, China). The concentration of protein was deter-
mined using the BCA assay (KEYGEN, China) according to the manu-
facturer’s instructions. Protein lysates were loaded and separated by 8%
SDS-PAGE, and transferred to 0.22 mm polyvinylidene fluoride mem-
branes (Millipore, Germany) membranes. After being blocked with 5%
non-fat milk for 2 h at room temperature, the membranes were incu-
bated with the appropriate primary antibodies, including antibodies
against wnt3a (ab81614, 1:1,000, Abcam, UK), Wnt5a (ab179824,
1:1,000, Abcam), b-catenin (ab32572, 1:1,000, Abcam), Vim
(ab92547, 1:1,000, Abcam), Dorsha (ab183732, 1:10,000, Abcam), His-
t1h1a (CSB-PA010429OA91nbutHU, 1:1,000, CUSABIO, CN), Rap1a
(sc-373968, 1:1,000, Santa Cruz Biotechnology, USA), and b-actin (sc-
47778, 1:5000, Santa Cruz Biotechnology) overnight at 4�C. Then, the
membranes were later incubated with secondary antibody: horseradish
peroxidase (HRP)-labeled rabbit antibodies to IgG (ab97051, 1:5,000,
Abcam, USA) or HRP-labeled mouse antibodies to IgG (ab6728,
1:5,000, Abcam, USA) for 2 h at room temperature. The membranes
weredevelopedwith chemiluminescent substrates fromECL (Millipore,
Germany). Densitometry was done on immunoblots using Bio-Rad
(Hercules, CA) equipped with Image Lab5.0.

RNA pull-down assay

Cells were harvested, lysed, and sonicated. Biotinylated TGFB3-AS1
was synthesized by RiboBio (China). In brief, 50 pmol biotinylated
TGFB3-AS1 was incubated with streptavidin beads (Invitrogen,
USA) at 4�C overnight. Then, the cell lysates were incubated with
streptavidin agarose beads (Invitrogen) for 1 h. After washing with
wash buffer, RNA-associated proteins were stained by silver, and
eluted proteins were detected by western blot.

RIP assay

Magnetic beads (Thermo Fisher Scientific, USA) were mixed with the
anti-Rap1a antibody, anti-DGCR8 (ab191875, Abcam, UK) or
normal rabbit IgG for 30 min and the cell lysates was immunoprecip-
itated with beads for 6 h at 4�C. Beads were washed five times and
1332 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
RNAs were isolated from protein-antibody-agarose complexes. RT-
PCR was performed following the manufacturer’s protocol to detect
the enrichment of RNA in the immunoprecipitated samples.

Ubiquitination assay

In brief, cells were treated with or without 5 mmol/L MG132 before
they were collected. The cells were lysed using radio-immunoprecip-
itation assay buffer and incubated with Dynabeads Protein G
(Thermo Fisher Scientific, USA), and subjected to immunoprecipita-
tion with anti-Rap1a antibody at 4�C for 1 h. The precipitated pro-
teins were then released from the beads by boiling for 10 min.
Then, the ubiquitination of Rap1a was detected by western blotting
with anti-ubiquitin antibody (Cell Signaling Technology; no. 3936,
1:1,000).

Dual-luciferase assays

The luciferase reporter constructs containing wild-type or mutant 30

UTR of Rap1a (Rap1a-30 UTR-WT and Rap1a 30 UTR-mut, respec-
tively) were provided by GenePharma (China). Rap1a-30 UTR-WT
or Rap1a 30 UTR-mut, and miR-144 mimic or miR-neg, were co-
transfected into HEK293T cells using Lipofectamine 3000 reagent
(Invitrogen). Cell lysates were collected after 48 h of transfection,
and luciferase activity was analyzed using the Dual-Luciferase Assay
Kit (Promega, USA).

Statistical analysis

GraphPad prism version 8.0 (GraphPad, USA) and SPSS 22.0 (SPSS,
USA) software were used for statistical analysis. All quantitative data
are presented as the mean ± standard deviation (SD). Differences in
gene expression levels were analyzed using the Student’s t test be-
tween two groups. Multiple groups were compared with one-way
ANOVA. The differences of categorical variables between the control
(healthy) and the HHcy groups were analyzed through the chi-square
test. The correlation between the Hcy levels and inflammatory cyto-
kine or lipid levels was assessed by Pearson correlation analysis. p
value < 0.05 was considered as statistically significant.
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