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The MiR-139-5p and CXCR4 axis
may play a role in high glucose-
induced inflammation by

regulating monocyte migration

Weifang Li%"2, Gengchen Xu?, Gregory W. Chai?, Alexander Ball?, Qiuwang Zhang®** &
Michael J. B. Kutryk?**

MicroRNAs, a class of small non-coding RNA molecules that regulate gene expression post-
transcriptionally, are implicated in various pathological conditions including diabetes mellitus (DM).
DM has been increasingly recognized as an inflammatory disease and monocytes play a key role

in propagating inflammation under hyperglycemic conditions. We hypothesize that high glucose
dysregulates microRNAs to promote monocyte inflammatory activity, which may contribute to the
pathogenesis of DM. THP-1 monocytes were cultured in normal (5 mM) and high (25 mM) glucose
conditions. RT-qPCR and Western blotting were performed to assay microRNAs and proteins,
respectively. Monocytes were transfected with microRNA mimics using Lipofectamine RNAIMAX
reagent. THP-1 monocyte growth was assessed using Calcein-AM dye and a Boyden chamber assay
was applied to measure monocyte migration. The results showed that high glucose downregulated
miR-139-5p associated with increased protein expression of CXCR4, an experimentally validated target
of miR-139-5p. Correspondingly, treatment with high glucose resulted in a significant increase in THP-1
cell migration towards SDF-1, a cognate ligand for CXCR4. MiR-139-5p overexpression inhibited high
glucose-induced CXCR4 expression, leading to reduced cell migration towards SDF-1. High glucose did
not affect THP-1 monocyte growth. In conclusion, the miR-139-5p-CXCR#4 axis may play a role in high
glucose-induced inflammation by regulating monocyte migration.
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Global diabetes prevalence has been increasing. It was estimated that there were 529 million people with diabetes
worldwide in 2021; this number was projected to exceed one billion by 2050!. Inflammation is involved in
the pathogenesis of the most common types of diabetes, namely type 1, type 2 and gestational diabetes®.
Monocytes, a critical component of the innate immune system, play a key role in propagating inflammation
under hyperglycemic conditions®™.

MicroRNAs (miRNAs) are a class of short, noncoding, single-stranded RNA molecules approximately 22
nucleotides in length; they regulate gene expression post-transcriptionally by binding to the 3’-untranslated region
of mRNAs!®!. Since their discovery over three decades ago'>!?, miRNAs have been extensively explored for
their involvement in the pathophysiology of various diseases, including cancer'*-1%, cardiovascular disease!”~%,
and diabetes?!~23. Many clinical studies of diabetic patients have shown alterations in circulating miRNAs and
the altered miRNAs were investigated as potential disease biomarkers?*-2%. It has also been shown that miRNAs
participate in various aspects of the actions of insulin that include insulin production, resistance, and cellular
signaling®®-3!. In addition, miRNAs are implicated in the endothelial dysfunction observed in diabetes®?~3%. In
contrast, although a few studies have described miRNA dysregulation in monocytes from patients with type 2
diabetes, they did not examine, or show, miRNA regulation of monocyte inflammatory activity*>-¥. This study
aimed to investigate miRNA dysregulation in THP-1 monocytes in the presence of high glucose and its effects on
cellular inflammatory function. The following miRNAs, i.e., miR-19a, miR-24, let-7b, miR-22, miR-139-5p and
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Fig. 1. MiRNA measurement. RT-qPCR analysis revealed a significantly lower level of miR-139-5p in THP-1
cells treated with 25 mM glucose than in those treated with 5 mM glucose (panel a). In contrast, there was no
significant difference in miR-139-3p levels between 5 mM glucose- and 25 mM mannitol-treated cells (panel

b).
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Fig. 2. c-Jun and CXCR4 protein measurement. c-Jun and CXCR4 levels were determined by Western blotting.
While no significant difference was found in c-Jun levels between THP-1 cells treated with 5 mM and 25 mM
glucose (panels a and b), CXCR4 levels were significantly higher in the 25 mM glucose cell group than in the
5 mM glucose cell group (panels c and d).

miR-152 were chosen for this study as they have been shown to regulate monocyte/macrophage inflammatory
reactions®$7.

Results

miR-139-5p and its target CXCR4 were dysregulated by high glucose

Among the miRNAs assayed, miR-139-5p was significantly downregulated in THP-1 cells by 25 mM glucose
(Fig. 1a), while expression of other miRNAs did not alter substantially (Supplementary Fig. 1). There was
no marked difference in miR-139-5p levels between cells treated with 5 mM glucose and cells treated with
25 mM mannitol (Fig. 1b). CXCR4 and c-Jun, two key regulators of monocyte inflammatory activity, are
predicted targets of miR-139-5p (https://mirdb.org/cgi-bin/search.cgi?searchType=miRNA&full=mirba
se&searchBox=MIMAT0000250). Therefore, they were chosen for further analysis. Western blot analysis
showed that high glucose did not affect c-Jun expression but markedly increased CXCR4 production (Fig. 2).
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Fig. 3. THP-1 cell growth and migration assessment. Cell growth and migration were assayed by Calcein-AM
staining as described in the Materials and Methods section. As shown in panel a, in cell growth analysis, the
fluorescent intensity between the two groups of cells were not significantly different. As shown in panel b, in
the presence of SDF-1, the fluorescent intensity of migrated cells was significantly greater in the 25 mM glucose
cell group than in the 5 mM glucose cell group. * indicates p <0.001 compared to cells treated with either 5 mM
or 25 mM glucose in the absence of SDF-1.
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Fig. 4. CXCR4 protein measurement after miR-139-5p overexpression. CXCR4 protein levels were analyzed by
Western blotting. Panel a shows a representative blot for CXCR4. CXCR4 protein levels were significantly lower
in miR-139-5p mimic transfected cells than in control cells (panel b).

High glucose did not affect THP-1 growth but enhanced cell migration towards SDF-1
(CXCL12)

As shown in Fig. 3a, there were no significant differences in cell growth between 5 and 25 mM glucose treated
cells. We further looked into the ability of cell migration towards SDF-1, a cognate ligand for CXCR4. Of interest,
treatment with 25 mM glucose led to a remarkable increase in THP-1 cell migration towards SDF-1 (Fig. 3b).

Overexpression of miR-139-5p resulted in inhibition of CXCR4 production in the presence of
high glucose

We successfully introduced miR-139-5p in THP-1 cells as RT-qPCR showed a significant increase of miR-139-
5p levels after cell transfection with miR-139-5p mimic oligonucleotides (Supplementary Fig. 2). With the
overexpression of miR-139-5p, CXCR4 protein levels decreased in the presence of high glucose as detected by
Western blotting (panels a and b of Fig. 4).
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Fig. 5. THP-1 cell growth and migration assessment after miR-139-5p overexpression. Cell growth analysis
showed that the Calcein-AM fluorescent intensity was not significantly different between the two groups of
cells (panel a). Cell migration analysis showed that, in the presence of SDF-1, a significantly lower level of
fluorescent intensity was detected for migrated cells overexpressing miR-139-5p compared to control cells
(panel b). *indicates p <0.001 compared to miR-139-5p overexpression cells or control cells in the absence of
SDF-1.

Overexpression of miR-139-5p suppressed THP-1 migration towards SDF-1

We examined if overexpression of miR-139-5p had an impact on cell growth. As shown in Fig. 5a, introduction of
miR-139-5p into THP-1 cells did not significantly affect cell growth in the presence of 25 mM glucose. However,
THP-1 cells overexpressing miR-139-5p showed a remarkable reduction in migration towards SDF-1 (Fig. 5b).

Discussion

In this study, we report the following findings: (1) high glucose downregulated miR-139-5p in THP-1 monocytes,
(2) the decrease of miR-139-5p in the presence of high glucose was associated with the upregulation of CXCR4,
a target of miR-139-5p, (3) high glucose treatment led to a significant increase in THP-1 cell migration towards
SDF-1, a cognate ligand for CXCR4, but did not affect cell growth, (4) transfection with miR-139-5p mimics
significantly increased miR-139-5p levels in THP-1 monocytes and decreased CXCR4 protein production, and
(5) miR-139-5p overexpression reduced THP-1 cell migration towards SDF-1.

Monocyte activation and increased production of pro-inflammatory cytokines are well-recognized
contributors to diabetes®*3-°, It was shown that monocytes from patients with type 2 diabetes expressed
TNF-a and IL-8 detectable by RT-PCR, while monocytes from healthy individuals did not*®. Cipolletta et al.
demonstrated that monocyte chemoattractant protein-1 was increased in monocytes from both type 1 and type
2 diabetic patients compared with control monocytes*’. Enhanced adhesion to endothelial cells was observed
for monocytes from diabetic patients and for high glucose treated THP-1 monocytes as well**>?. Nandy et al.
reported that high glucose promoted monocyte migration®®. Despite the advances of our knowledge about
monocyte participation in diabetes, how monocyte-induced inflammation contributes to the pathogenesis of
diabetes is not fully understood®. MiRNAs have been widely studied in diabetes?*~>’, however, their involvement
in high glucose induced monocyte inflammatory response is poorly described. We selected miR-19a, miR-
24, let-7b, miR-22, miR-139p-5p and miR-152 for investigation as previous studies have shown that these
miRNAs regulate monocyte/macrophage inflammatory reactions®®~*”. Busch et al. revealed that the inhibition
of miR-19a by antagomirs substantially increased lipoxygenase (5-LO) protein production in human Mono
Mac 6 monocytes®. 5-LO is a key enzyme in the biosynthesis of leukotrienes, potent mediators of acute and
chronic inflammation®!. MiR-24 inhibits pro-inflammatory cytokine secretion in response to LPS in human
macrophages?!. Let-7b facilitates Mycobacterium tuberculosis survival in human THP-1 monocytes by
downregulating Fas*2. In another study, let-7b mitigated tumor inflammation by the inhibition of IL-6 in mouse
macrophages®. Chen et al. observed a decrease of miR-22 in monocytes from patients with coronary heart
disease. Furthermore, reduced miR-22 expression led to increased production of monocyte chemoattractant
protein-1, that may contribute to atherogenesis*. MiR-152 represses IL-1, IL-6 and TNF-a expression induced
by ox-LDL in mouse RAW264.7 macrophages*’. Despite these findings, miR-19a, miR-24, let-7b, miR-22, and
miR-152 were not found to be dysregulated in THP-1 monocytes by high glucose in the present study.

The role of miR-139-5p in inflammation has been documented?®>2. Xu et al. reported that Salmonella
infection of RAW264.7 macrophages induced IL-1p and TNF-a expression associated with decreased miR-
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139-5p production?®. The overexpression of miR-139-5p downregulated IL-1f and TNF-a in RAW264.7
macrophages exposed to Salmonella. Furthermore, the luciferase reporter assay validated the TNF-receptor
associated factor 6 (TRAF6) as a target of miR-139-5p. Accordingly, RAW264.7 cells overexpressing miR-139-5p
resulted in decreased TRAF6 protein expression. Of note, RAW264.7 macrophages transfected with a TRAF6
plasmid produced higher levels of IL-1B and TNF-a than cells transfected with a control plasmid. These data
indicate that miR-139-5p inhibits Salmonella induced IL-1{ and TNF-a expression in RAW264.7 macrophages
by targeting TRAF6%. A recent study found that miR-139-5p was enriched in extracellular vesicles derived
from human umbilical cord mesenchymal stromal cells treated with IL-1f and TNF-a in combination. These
extracellular vesicles, when co-cultured with human peripheral mononuclear cells, led to increased expression
of the anti-inflammatory protein FoxP3 in mononuclear cells*. In the present study, we observed miR-139-5p
downregulation by high glucose in THP-1 cells associated with elevated CXCR4 production and enhanced cell
migration towards SDF-1. Moreover, overexpression of miR-139-5p in high glucose treated THP-1 cells led to
decreased CXCR4 expression and cell migration. Our findings are consistent with published data, indicating an
anti-inflammatory role of miR-139-5p.

We detected decreased miR-139-5p levels in THP-1 cells treated with high glucose. CXCR4 and c-Jun,
two critical modulators of monocyte inflammatory activity>>~>’, have been experimentally validated to be
targets of miR-139-5p*. CXCR4 promotes monocyte migration via its cognate ligand SDF-1, to contribute
to inflammation®*. c-Jun, a key component of the transcript factor AP-1 complex, regulates inflammatory
cytokine expression in monocytes®~>’. Western blot analysis revealed that high glucose increased CXCR4 but
did not alter c-Jun expression. Accordingly, THP-1 cells treated with high glucose showed a greater level of
migration towards SDF-1 than control cells. These effects were reversed by miR-139-5p overexpression.

Increased monocyte migration leads to monocyte accumulation in various organs and tissues involved in
the pathogenesis of diabetes, including the pancreas, the vascular endothelium, and adipose tissue®®-%%. Under
hyperglycemia, the recruited monocytes differentiate into macrophages, releasing pro-inflammatory cytokines
and promoting inflammation®. An increased number of macrophages, due to enhanced monocyte migration,
is observed in the islets of patients with type 2 diabetes compared to non-diabetic controls, which leads to
an increase in P cell apoptosis and a reduction in insulin production®®®!. Atherosclerosis is a major vascular
complication of diabetes. Monocytes enter the sub-endothelial space and differentiate into macrophages, driving
the development of atherosclerosis. A postmortem study showed that patients with diabetes and coronary artery
disease (CAD) had a significantly higher number of macrophages in the vascular intima compared to CAD
patients without diabetes®. Enhanced macrophage infiltration into the adipose tissue causing insulin resistance
and diabetes has also been well documented®. Taken together, these findings suggest that increased monocyte
migration plays a critical role in the development and progression of diabetes and its complications.

Of interest, animal and clinical studies have shown elevated levels of SDF-1 in diabetes. In a mouse model
of diabetes, increased SDF-1 expression was found in glomerular podocytes and distal nephrons in the diabetic
mice, but not in control mice®. In patients with type 2 diabetes, blood levels of SDF are significantly higher
compared to those in healthy individuals®®®”. Butler et al. reported that SDF-1 was detectable in vitreous samples
from patients with diabetic retinopathy but not in those from non-diabetic patients®®. These findings, along with
our data, suggest that the SDF-1/CXCR4 system may contribute to increased monocyte infiltration into organs
such as eyes and kidneys, promoting the progression of diabetes and its complications.

In conclusion, high glucose downregulates miR-139-5p in THP-1 cells, that is associated with increased
CXCR4 expression and cell migration towards SDF-1. Overexpression of miR-139-5p reverses the effects of
high glucose. Therefore, the miR-139-5p-CXCR4 axis may play a role in high glucose-induced inflammation by
regulating monocyte migration.

Materials and methods

Materials

RPMI 1640 medium with 25 mM glucose (Cat # A1049101), RPMI 1640 medium without glucose (Cat #
11,879,020), fetal bovine serum (FBS, Cat # A3840301), Lipofectamine RNAiMAX Transfection Reagent (Cat #
13,778,075), OPTI-MEM medium (Cat # 31,985,062), TagMan MicroRNA Assay Kit (Cat # 4,427,975), miR-139-
5p Mimic (Cat # 4,464,066, Assay ID: MC11749), miRNA Mimic Negative Control (Cat # 4,464,058), TagMan
miRNA Reverse Transcription Kit (Cat # 4,366,596), TagMan Fast Advanced Master Mix (Cat # 4,444,557),
and c-Jun monoclonal antibody (Cat # MA5-15,881) were obtained from Life Technologies (Burlington, ON,
Canada). Qiagen RNeasy Mini Kit (Cat # 217,004) was purchased from Qiagen (Toronto, ON, Canada). Anti-
CXCR4 antibody (Cat # 64,837) was provided by Cell Signaling Technology (Whitby, ON, Canada). Anti-beta-
actin antibody (cat # A5316), Calcein-AM fluorescence dye (Cat # C0875-5G), glucose (Cat # G7021) and
mannitol (Cat # M4125) were purchased from Sigma-Aldrich Canada Co. (Oakville, ON, Canada). Fluorescence
labeled IRDye 800CW goat anti-rabbit secondary antibody (Cat # 926-32,211) and IRDye 680CW goat anti-
mouse secondary antibody (Cat # 926-68,070) were purchased from LI-COR Corporate (Lincoln, NE, USA).
Transwell Boyden Chamber Inserts (8 um) were obtained from BD Biosciences (Mississauga, ON, Canada).

THP-1 cell culture and treatment

Human THP-1 monocytes (Cat # TIB-202, ATCC) were maintained in RPMI 1640 medium with 25 mM glucose
and 10% FBS. For treatment with high glucose, cells were pelleted by centrifugation, suspended at a density of 1
million/mL with glucose-free RPMI 1640 medium containing 1% FBS, and seeded into a 12-well plate (1 million
cells/well) followed by addition of glucose at a final concentration of 5 mM (normal glucose) or 25 mM (high
glucose). Cells were cultured for 24 h followed by replacement of spent medium with fresh RPMI 1640 medium
containing 1% FBS and 5 mM or 25 mM glucose. After another 24 h of culture, cells were harvested for analyses.
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For miRNA measurement, cells were also treated with 25 mM mannitol for 48 h, with fresh mannitol-containing
medium replaced every 24 h.

RNA extraction

After THP cells were treated with different concentrations of glucose or 25 mM mannitol for 48 h, cellular
RNA was extracted using a Qiagen RNeasy Mini Kit as described elsewhere®. Briefly, THP-1 cells from each
well were collected into a microtube and pelleted with centrifugation. After removal of the supernatant, cells
were lysed with 700 uL of Qiazol lysis reagent followed by addition of 140 puL of chloroform. The mixture was
then centrifuged at 12,000 x g for 15 min at 4 °C. After centrifugation, 200-300 uL of the upper aqueous layer
containing RNA was carefully extracted, mixed with 1.5 volumes of 100% ethanol and transferred into an
RNeasy Mini column. Subsequently, the column was centrifuged at 10,000 x g for 15 s to allow for RNA binding.
After two washes of bound RNA with 500 pL of Buffer RPE each time by centrifugation at 10,000 x g for 15 s,
RNA was eluted with 30 pL of RNase-free water by centrifugation at 10,000 x g for 1 min. RNA was quantified
using a NanoDrop 2000 spectrophotometer and stored at — 80 °C until analyzed.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

RT-qPCR was performed to measure miRNAs with U6 RNA serving as an endogenous control as described
elsewhere®. Briefly, RT was done with the TagMan miRNA Reverse Transcription Kit in a total reaction volume
of 15 pL, containing 4 pL (20 ng) RNA, 1.5 uL 10x RT buffer, 0.2 pL 100 mM dNTP, 3 uL 5 x individual miRNA
specific primer, 1 uL MultiScribe Reverse Transcriptase, 1 uL RNase inhibitor and 4.4 pL nuclease-free H,O. RT
reaction was completed by incubating the mixture at 16 °C for 30 min, 42 °C for 30 min and 85 °C for 5 min. For
qPCR, 1 pL of RT product was mixed with 0.5 pL 20 x TagMan MicroRNA assay primer, 5 uL 2 x TagMan Fast
Advanced Master Mix and 3.5 uL of nuclease-free H,O. PCR was performed on a QuantStudio 7 Flex Real-Time
PCR System (Life Technologies) according to the following thermocycling protocol: 95 °C for 20 s and 40 cycles
of 95 °C for 1 s and 60 °C for 20 s. The fold change of the miRNA level in the presence of high glucose over that
of normal glucose was calculated using the 2724 method”".

Western blotting

CXCR4 and c-Jun protein levels were determined by Western blot analysis as described elsewhere”!. Briefly,
cellular protein was prepared with RIPA lysis buffer, separated by SDS-PAGE and electrically transferred onto
a nitrocellulose membrane. The membrane was blocked in TBS-T buffer (50 mM TrisHCI, 150 mM NaCl, pH
7.5, 0.1% Tween-20) containing 5% skimmed milk at room temperature for 1 h followed by incubation with
the primary antibodies (1:1000 dilution for c-Jun and CXCR4 antibodies and 1:5000 for beta-actin antibody) at
4 °C overnight. After three washes with TBS-T buffer, the membrane was incubated at room temperature in the
dark for one hour with fluorescence-labeled secondary antibodies (1:5000 dilution). Subsequently, three washes
of the membrane with TBS-T buffer were done and the specific protein band was visualized using the Odyssey
Fluorescence Imaging System (LI-COR Corporate). Fluorescence intensity of the protein band was analysed
using the Empiria Studio Software (LI-COR Corporate). The ratio of target protein fluorescence intensity over
beta actin fluorescence intensity in the experimental cells was compared with that of control cells. The ratio in
the control cells was taken to be 1.0.

miRNA mimic transfection and cell treatment

Cell transfection was done in a 12-well plate as follows: 2 uL of miR-139-5p mimics or mimic control (both at a
stock concentration of 10 uM) and 2 pL of Lipofectamine RNA iMAX transfection reagent were diluted in 125
pL OPTI-MEM medium, respectively; the diluted reagent and miRNA mimics were then mixed and incubated
at room temperature for 15 min. After incubation, 250 uL of the mixture was added to each well of 1.75 mL THP-
1 cells at a density of 1 million cells/mL prepared with fresh RPMI 1640 medium with 25 mM glucose and 10%
FBS. After culture for 24 h, both control and miR-139-5p mimic transfected cells were treated with high glucose
for 48 h as described above for analyses.

Cell proliferation assay

THP-1 cells were suspended at a density of 1 million/mL with glucose-free RPMI 1640 medium containing 1%
FBS, seeded into a 24-well plate (0.5 mL cells/well) and treated with normal or high glucose for 48 h as described
above. Afterwards, to stain live cells, the fluorescent dye Calcein-AM was added to cells at a final concentration of
1 uM and cells were maintained in culture for 30 min. Finally, the fluorescent intensity was measured (excitation
at 485 nm and emission at 538 nm) and compared between different groups of cells.

Cell migration assay

A Boyd chamber cell migration assay was used to examine THP-1 cell response towards the chemoattractant
SDEF-1, the cognate ligand for CXCR4. THP-1 cells were stained with Calcein-AM for 30 min, washed once
with PBS and suspended at a density of 1 million/mL in migration medium, i.e., glucose- and serum-free RPMI
1640 medium. The Transwell Boyden Chamber Inserts were placed in a 24-well plate (one insert/well) and
0.3 mL of cells were added into the top chamber of each insert while 500 uL of migration medium containing
SDF-1 (100 ng/mL) or 500 uL of migration medium alone as control was added into the lower chamber. After
incubation at 37 °C for 3 h, the inserts were removed and the fluorescent intensity of cells migrated in the lower
chamber was measured and compared between different groups of cells.
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Statistical analysis

Data were presented as Mean + SD. Variables between two groups were analyzed with the student’s ¢ test; cell
migration data were analyzed with the ANOVA with post-hoc Tukey test using the GraphPad Prism 8 software
(GraphPad Software Inc., San Diego, CA, USA). A p-value <0.05 was considered statistically significant.

Data availability

Data is provided within the manuscript or supplementary information files.
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