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ABSTRACT

Purpose: We studied the functions of sodium tanshinone IIA sulfonate (TSA) in inducing tumor growth in
obstructive sleep apnea (OSA)-mimicking intermittent hypoxia (IH) xenograft mice and the underlying potential
molecular mechanism.

Methods: RNA sequencing was conducted to screen the differentially expressed microRNAs in cell lines exposed
to IH with or without TSA treatment. As part of the 5-week in vivo study, we treated xenograft mice with 8-h IH
once daily. TSA and miR-138 inhibitors or mimics were administrated appropriately. In addition, we performed
real-time quantitative polymerase chain reaction (RT-PCR), Western blotting, enzyme-linked immunosorbent
assay (ELISA), immunohistochemistry (IHC), microvessel density (MVD), and terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assays.

Results: RNA sequencing and RT-PCR results demonstrated that TSA increased the levels of miR-138 under IH
conditions in vitro. TSA reduced the IH-stimulated high levels of hypoxia-induced factor-la and vascular
endothelial growth factor. Furthermore, IH contributed to high tumor migration, invasion, MVD, and low
apoptosis. TSA attenuated IH-mediated tumor proliferation, migration, invasion, MVD, and increased
apoptosis, whereas miR-138 inhibitor interrupted the effect of TSA on treating IH-induced tumor behaviors.
Conclusions: OSA mimicking IH facilitates tumor growth and reduces miR-138 levels. TSA inhibits IH-induced
tumor growth by upregulating the expression of miR-138.

INTRODUCTION As a non-coded RNA, increasing evidence has
demonstrated that miR-138 protects against tumor
Increasing evidence has demonstrated that obstructive growth [8, 9]. Sustained hypoxia contributes to reduced
sleep apnea (OSA) is independently linked to cancer miR-138 levels, whereas upregulated miR-138 levels
incidence and mortality [1-4]. Our previous studies protect the cells against hypoxia-induced injury [10, 11].
and those conducted by other researchers confirmed IH is significantly different from sustained hypoxia and
that intermittent hypoxia (IH), an OSA marker, is closer to ischemia—reperfusion damage [12, 13]. The
promotes tumor growth and progression [5-7]. The changes and relevant pathophysiological effects of miR-
potential molecular mechanism of IH aggravating 138 in IH or OSA subjects have poorly been studied.
tumor progression is still elusive, and it is speculated
that IH-induced systemic inflammation, oxidative Sodium tanshinone IlA sulfonate (TSA), extracted
stress, and immune dysfunction could be involved. from the Chinese herbal medicine Salvia miltiorrhiza,
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is a natural compound with anti-oxidation and anti-
inflammatory properties [14]. We have previously
demonstrated that TSA can reverse the IH-induced
tumor high oxidative stress and low apoptosis levels [6].
However, the exact mechanism remains unclear.

In the present study, we elucidated how IH affected
miR-138 levels and explored the therapeutic functions
of TSA in IH-induced mice.

MATERIALS AND METHODS
Chemicals and reagents

The Lewis lung cancer (LLC) cell lines were
purchased from the Cell Center of Shanghai Institutes
for Biological Sciences, China. The TSA injection
was obtained from Shanghai No. 1 Biochemical and
Pharmaceutical Co. Ltd. (Shanghai, China). TRIzol
reagent was brought from Invitrogen, Carlsbad, CA,
USA. Radioimmunoprecipitation assay (RIPA) lysis
buffer was provided by Solarbio, Beijing, China.
Bicinchoninic acid (BCA) protein assay kit was
from Beyotime, Beijing, China. MIiR-138 agomir
and antagomir were provided by RiboBio Company
(Guangzhou, China). SYBR Premix Ex Taq was
from Takara, Dalian, China. Anti-hypoxia-induced
factor-1o. (HIF-1a), anti-B-cell lymphoma 2-associated
protein X (Bax), and anti-Caspase-3 were provided by
Abcam Company, Waltham, MA, USA. Anti-vascular
endothelial growth factor (VEGF), anti-N-cadherin,
anti-catenin, anti-matrix metalloproteinase 9 (MMP9),
anti-matrix metalloproteinase 3 (MMP3), anti-CD34,
and anti-p-actin antibodies were provided by Santa Cruz
Biotechnology, Santa Cruz, CA, USA. The TUNEL
assay kit was purchased from Roche Diagnostics
Corporation, Shanghai, China. The C57BL/6J mice
were acquired from the Laboratory Animal Center of
Xiamen University.

Cell lines

Cells were routinely cultivated in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum
and kept in a 5% CO- incubator at 37° C under routine
passage.

IH exposure in vitro and TSA administration

We later categorized the cells as control (CTL), IH, and
IH + TSA groups. The cells in IH and IH + TSA groups
were incubated in an oxygen control incubator (Smartor
118, Guangzhou, China) with 1%, 1%-21%, 21%, and
21%-1% O, for 5 min each during the 24-h period.
Cells in the CTL group were cultured under a 5% CO>
atmosphere. The cells were co-incubated with TSA
(10 pg/mL) [15] in the IH + TSA group.

RNS sequencing and miR-138 differential expression
analysis

The TRIzol reagent was used to extract the total RNA
from LLC cells. RNA sequencing was completed
in RiboBio company. Briefly, we used the total
RNA (50 ng) to construct a library. Thereafter, library
amplification and sequencing were completed with
the HiSeqTM 2500 system using the HiSeq Rapid
SBS Kit V2 and HiSeq Rapid SR Cluster Kit V2.
Reads mapping to the miRNAs were counted using
the high-throughput sequencing software. Differential
expression (DE) of miRNAs was evaluated using the
DE gene sequence (DEGseq) algorithm, and DEGseq
software was used to obtain the statistically significant
DE genes with thresholds of | log2 (fold_change) | >2
and adjusted p-value < 0.05.

Animal groups and IH exposure

Animal experiments were conducted in line with the
Guidelines for the Care and Use of Laboratory
Animals [16]. Altogether, 30 male C57BL/6J mice
were kept in standard cages under the 12-h/12-h
light/dark cycles, with free access to food and water.
According to the IH exposure, TSA administration,
miR-138 agomir, and antagomir injection, the animals
were randomized as CTL, IH, IH + TSA, IH + TSA +
miR-138 mimic, and IH + miR-138 inhibitor groups.
Under IH conditions, mice were placed in a chamber,
with oxygen content altering from 21% to nadir 6%-
8% within 120 s for an 8-h period every daytime for 5
weeks consecutively, as mentioned previously [6].
During the experiment, animals were kept in standard
cages with the 12-h/12-h high-dark cycle, with free
access to food and water. The body weights of mice
were determined weekly.

Tumor implantation, TSA intraperitoneal injection,
and miR-138 agomir and antagomir intratumoral
injection

At 1-week post-IH exposure, mice were subcutaneously
injected with LLC cells (1 x 105100 pL of PBS) in the
right flank. After the tumor grew to an appropriate
volume (around 5-7 days post-LLC administration), TSA
(10 mg/kg) was administered to the animals in IH + TSA
and IH + TSA + miR-138 inhibitor groups daily through
intraperitoneal injection [6]. Mice in the IH + TSA +
miR-138 inhibitor group received miR-138 antagomir
intratumoral injection (25 nmol diluted in 100 uL of PBS
per mouse), whereas those in the IH + miR-138 mimic
group received miR-138 agomir injection (25 nmol per
mouse). The tumor length and width were measured per
3 days to calculate the tumor volume using the following
formula: tumor volume = width x length/2.
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Serum and tumor tissue sample preparation

At the end of IH exposure (5 weeks), pentobarbital
was injected to anesthetize the mice. Mice were
administered cardiac puncture for exsanguination, and
the serum was extracted for further analysis. The
tumor was excised, weighed, either immersed in liquid
before transfer onto the —80° C freezer or immersed in
buffered 10% formalin for histological examination.

Real-time quantitative polymerase chain reaction
(RT-gPCR)

TRIzol reagent was used to extract RNA. The miR-
138 expression was detected through RT-gPCR with
SYBR Premix Ex Tag using the following conditions:
15 s at 95° C, 20 s at 60° C, and 25 s at 72° C for
40 cycles on an ABI 7500 (Applied Biosystems,
Foster City, CA, USA). The following primers (5’-3")
were used: miR-138: AGCTGGTGTTGTGAATC
(forward, F) and CAGTGCAGGGTCCGAGGTAT
(reverse, R), U6: CTCGCTTCGGCAGCACA (F)
and AACGCTTCACGAATTTGCGT (R). The 2-44¢T
approach was used for data analysis.

Enzyme-linked immunosorbent assay (ELISA)

We conducted an enzyme-linked immunosorbent assay
(ELISA) to detect VEGF (pg/mL) concentration in the
serum, following the instructions of the manufacturer
(R&D Systems, Minneapolis, MN, USA).

Western blotting

The tumor tissue was used to extract the proteins
using the RIPA lysis buffer (Solarbio, Beijing, China)
in a glass homogenizer on ice. The BCA assay kit
(Beyotime, Beijing, China) was used to detect the
total protein content. Protein aliquots were separated
through 10% sodium dodecy! sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) before being
transferred into polyvinylidene difluoride membranes.
After 1-h blocking using 5% defatted milk under
ambient temperature, the membranes were subjected
to overnight primary antibody incubation at 4° C:
anti-HIF-1a (1:250), anti-VEGF (1:1000), anti-BAX
(1:1000), anti-cleaved caspase-3 (1:1000), anti-N-
cadherin (1:1000), anti-catenin (1:1000), anti-MMP9
(1:1000), and anti-MMP3 (1:1000) antibodies. After
washing, the membranes were subjected to 1-h
secondary antibody incubation under ambient
temperature.  Thereafter, the enhanced chemi-
luminescent (ECL) kit was applied to detect protein
bands, with [-actin as the endogenous reference.
ImageJ software (version 1.51) was used to quantify
these protein levels.

Hematoxylin—eosin staining and immunohistochemistry

The tumor tissue was embedded into the paraffin and
was sliced into 5 um slices for hematoxylin-eosin (HE)
staining. Afterward, we performed immunohistochemistry
(IHC) with an anti-HIF-1a antibody. The images were
acquired and processed by a microscope. The Image-
Pro Plus (version 6.0, Media Cybernetics, Rockville,
MD, USA) was used to measure the integrated optical
density (IOD).

Microvessel density (MVD) and TUNEL assays

We determined the MVD using the IHC analysis
using an anti-CD34 antibody and counted at 400x
magnification [17]. The average MVD was obtained
by averaging the values of the high-power fields from
every group. In addition, we conducted the terminal
deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay using a TUNEL staining kit according to
the specific protocols. Both the numbers of apoptosis and
total cells within the field of view (400x magnification)
were counted, and the percentage was analyzed.

Statistical analysis

The SPSS 22.0 software (IBM Corp., Armonk, NY,
USA) and GraphPad Prism 5.0 (GraphPad Software,
Inc., San Diego, CA, USA) were used for data analysis.
Results are represented by means xstandard deviation
and compared using the one-way analysis of variance
and the post hoc test. p < 0.05 stood for statistical
significance.

Data and material availability

Data acquired or examined in the present work can be
obtained in the published manuscript.

RESULTS

TSA improved reduced miR-138 levels induced by
IH in vitro

The RNA sequencing results demonstrated that relative
to the CTL group, the cells in the IH group exhibited
low miR-138 fold_change. The administration of
TSA increased miR-138 levels under IH conditions
(Figure 1A). Subsequently, these results were confirmed
by RT-gPCR (Figure 1B, both p < 0.05).

TSA attenuated IH-induced tumor growth
The body weight of mice reduced following the

IH exposure (Figure 2A, p < 0.05). The IH-induced
increased tumor volume can be decreased by TSA or
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miR-138 mimic administration. Furthermore, an miR-
138 inhibitor interrupted the therapeutic efficacy of TSA
in tumor volume (Figure 2B, p < 0.05). Mice in the
IH group displayed the highest tumor weight; TSA intra-
peritoneal injection and miR-138 mimic intratumoral
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injection significantly contributed to reduce tumor weight
(p < 0.05 and p < 0.001). The therapeutic function of
TSA was disturbed following the intratumoral injection
of a miR-138 inhibitor (p < 0.05) (Figure 2C). The tumor
images of each group are displayed in Figure 2D.
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miR-138 expression levels

Figure 1. Effect of IH and TSA on miR-138 expression in vitro. (A) RNA sequence results demonstrate the fold_change in miR-138.

(B) RT-gPCR verified the miR-138 expression in different groups.
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Figure 2. Effect of TSA on tumor growth in IH-exposed xenograft mice. (A) Change in body weight of mice at the indicated week.
(B) Change in the tumor volume on the indicated day. (C) Comparison of tumor weight between different groups. (D) Tumor images in

different groups.
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TSA increased miR-138 expression in IH-exposed
xenograft mice

The RT-gPCR results revealed that IH led to reduce
miR-138 levels (p < 0.05 relative to the CTL group).
The administration of TSA and miR-138 mimic
increased the miR-138 levels following IH (p < 0.05
and 0.01, respectively). The TSA-induced increased
miR-138 levels were inhibited by an miR-138 inhibitor
(p < 0.05) (Figure 3).

TSA decreased IH-induced HIF-1a and VEGEF levels

IHC and Western blotting results demonstrated that IH-
induced high HIF-1a levels. Under the TH condition,
TSA and miR-138 mimic decreased HIF-1a levels (all
p < 0.05), and the miR-138 inhibitor partly abolished
the TSA function by increasing the levels of HIF-1a
(p < 0.05) (Figure 4A, 4B). The expression of VEGF
both in the serum and tumor tissue in the IH
group increased (p < 0.05 and < 0.001). Similar to HIF-
la, the expression of VEGF decreased following the
administration of TSA or miR-138 mimic under IH
conditions. Subsequently, the reduced VEGF levels were
partly upregulated by a miR-138 inhibitor (p < 0.05)
(Figure 4C, 4D).

TSA attenuated tumor migration, invasion, and
MVD, and promoted apoptosis of IH-mediated
xenograft mice

Western blotting results illustrated that the levels of
N-cadherin, catenin, MMP9, and MMP3 increased in IH
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Figure 3. Effect of TSA on miR-138 levels in IH-exposed
xenograft mice. RT-gPCR results demonstrate the miR-138
expression of tumor tissue between different groups.

mice. Similar to the 138-mimic, TSA reduced the
expression under IH conditions. The results demonstrated
that TSA attenuated IH-induced tumor migration and
invasion (Figure 5A). Figure 5B demonstrates that 1H-
induced high MVD levels were partly reversed by TSA
or miR-138 mimic administration. IH contributed to
low apoptosis levels, as evident from the reduced levels
of BAX and Caspase-3, and TUNEL levels in the IH
group; both TSA and miR-138 increased the apoptosis
under IH condition (Figure 5C, 5D). The effect of
TSA on tumor migration, invasion, MVD, and apoptosis
was significantly reversed by miR-138 mimic under
IH conditions, indicating that TSA attenuated tumor
migration, invasion, MVD, and increased apoptosis via
miR-138.

DISCUSSION

In the present work, we demonstrated how TSA
affected IH-induced xenograft mice and its potential
molecular mechanism. IH promoted tumor development
and reduced levels of miR-138. TSA inhibited IH-
mediated tumor development and elevated miR-138
levels. The therapeutic function of TSA on tumors was
reversed by an miR-138 inhibitor administration. The
results indicated that TSA attenuated IH-induced tumor
growth by stimulating the expression of miR-138.

Current evidence has demonstrated that OSA increases
the incidence of cancer and mortality [1, 3, 18-21]. As
a novel pathophysiological hallmark of OSA, IH has
been demonstrated to contribute to tumor growth and
progression in experimental studies [5, 7, 12, 17]. We
have previously reported that IH leads to high levels
of programmed death ligand 1 among mice with tumor
[5]. The IH-induced xenograft mice displayed increased
levels of MVD and VEGF [17]. Low apoptosis levels
and high oxidative stress were observed among IH-
exposed xenograft mice [6]. This study illustrated
that IH enhanced tumor growth, accelerated tumor
migration and invasion, promoted microvascular
hyperplasia, and inhibited apoptosis. Although these
studies provide certain clues, the definite mechanism of
OSA-accelerated tumor growth remains elusive, and no
effective therapeutic approach is available for OSA and
cancer patients.

As the major lipophilic component of the Chinese
Materia Medica Salvia miltiorrhiza Bunge, TSA exerts
promising therapeutic effects on different disorders,
including cancers, brain diseases, coronary heart
disease, sepsis, and pulmonary diseases. Numerous
experimental and clinical studies have demonstrated
that TSA possesses effects against inflammation,
apoptosis, and oxidation [14, 22]. The anti-tumor
function of TSA has been demonstrated in several
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studies. For example, Zhang et al. [23] reported
that TSA inhibited tumor development and enhanced
the anti-tumor efficacy of anti-programmed death 1
antibody. As a therapeutic effect, TSA induced tumor
cell apoptosis in colorectal cancer HCT116 cells
[24]. The administration of TSA synergized with the
inhibition of elongation factor-2 kinase that hindered

CTL

A

IH+TSA+miR-138 inhibitor

IH+miR-138 mi

A549 cell growth, invasion, and migration [25]. Our
previous study [6] addressed the effects of TSA on
tumor biological behaviors under the IH environment,
these results demonstrated that TSA attenuated IH-
mediated oxidative stress and promoted apoptosis of
tumor cells. In the current study, we confirmed that
TSA exerts anti-tumor effects by inhibiting tumor
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Figure 4. Effects of TSA on HIF-1a and VEGF levels in IH-exposed xenograft mice. (A) IHC of HIF-1a expression. (B) Western blotting
results of HIF-1a. (C) Serum VEGF levels between groups with ELISA detection. (D) Western blotting results of VEGF.
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growth, migration, invasion, microvessel hyperplasia,
and enhancing tumor apoptosis. The molecular mecha-
nism underlying the therapeutic effect of TSA on tumor
cells under IH conditions requires further studies.

Emerging studies [8, 26-29] have confirmed that
miR-138 functions as a tumor suppressor by targeting
several target genes associated with tumor proliferation,
migration, invasion, and apoptosis. Under hypoxic
conditions, miR-138 can serves as a tumor suppressor
miRNA and is associated with hypoxia-induced factors
[30]. For example, Zhang et al. [10] demonstrated
that hypoxia-induced injury in cardiomyocytes resulted
in reduced miR-138 levels. Emodin treatment can
upregulate the levels and alleviate the hypoxia-induced
injury. Gai et al. [11] reported that miR-138 remarkably
reduced hypoxia/reoxygenation myocardial cell injury,
whereas miR-138 mimics improved the injury. Although
OSA-mimicked IH is familiar to hypoxia/reoxygenation
or ischemia—reperfusion, rare study reported elevated
miR-138 levels in tumor exposed to IH condition
and subsequent treatment attempts. We first used the
RNA sequence technology to detect that the fold_change
in miR-138 levels reduced following IH exposure
in vitro. Subsequently, we created OSA-mimicking IH
xenograft mice and treated them with TSA and miR-138
mimic or inhibitor. The results demonstrated that IH
exposure caused reduced miR-138 expression, promoted
tumor proliferation, migration, and invasion, resulted
in high microvessel density and low apoptosis levels.
TSA increased the miR-138 levels under IH conditions.
Similar to the miR-138 mimic, TSA treatment attenuated
IH-induced tumor growth. The effect of TSA was inter-
rupted by a miR-138 inhibitor. These results indicated
that TSA inhibited IH-induced tumor progression by
upregulating the expression of miR-138.

The current study had certain limitations. First, we did
not address the exact molecular mechanism of how TSA
mediates miR-138 expression and how miR-138 affects
the tumor biological behavior under IH conditions.
Second, each group comprised only six mice, and those
under normoxic conditions did not receive TSA and
miR-138 mimic and inhibitor treatment, which could
probably influence the credibility of the results. Third, we
only created an experimental animal model to address
the function of TSA in IH-induced tumor development;
in vitro and clinical studies are required to explore
the possible molecular mechanism of TSA in OSA and
tumor patients and verify its function.

CONCLUSIONS
The levels of miR-138 declined among IH-induced

tumor mice. TSA can attenuate IH-induced tumor
growth via upregulating the expression of miR-138.
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