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promotes TAM polarization to regulate
cancer cell proliferation and migration
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The phenotypic switch in tumor-associated macrophages
(TAMs) mediates immunity escape of cancer. However, the un-
derlying mechanisms in the TAM phenotypic switch have not
been systematically elucidated. In this study, long noncoding
RNA (IncRNA)-Xist, CCAAT/enhancer-binding protein (C/
EBP)a, and Kruppel-like factor 6 (KLF6) were upregulated,
whereas microRNA (miR)-101 was downregulated in M1 mac-
rophages-type (M1). Knockdown of Xist or overexpression of
miR-101 in M1 could induce M1-to-M2 macrophage-type
(M2) conversion to promote cell proliferation and migration
of breast and ovarian cancer by inhibiting C/EBPa and KLF6
expression. Furthermore, miR-101 could combine with both
Xist and C/EBPa and KLF6 through the same microRNA
response element (MRE) predicted by bioinformatics and veri-
fied by luciferase reporter assays. Moreover, we found that
miR-101 knockdown restored the decreased M1 marker and
the increased M2 marker expression and also reversed the pro-
motion of proliferation and migration of human breast cancer
cells (MCF-7) and human ovarian cancer (OV) cells caused by
silencing Xist. Generally, the present study indicates that Xist
could mediate macrophage polarization to affect cell prolifera-
tion and migration of breast and ovarian cancer by competing
with miR-101 to regulate C/EBPa and KLF6 expression. The
promotion of Xist expression in M1 macrophages and inhibi-
tion of miR-101 expression in M2 macrophages might play
an important role in inhibiting breast and ovarian tumor pro-
liferation and migration abilities.

INTRODUCTION

Tumor-associated macrophages (TAMs) in the tumor microenviron-
ment (TME)' are closely associated with tumor proliferation, metas-
tasis, invasion, and angiogenesis® * and have gradually become
valuable therapeutic targets for cancers.”® TAMs are divided into
M1 and M2 phenotypes based on their activation status and function.
The former exert proinflammatory and anti-tumor properties,
induced by lipopolysaccharide (LPS) and interferon-y (IFN-y), and
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highly express interleukin (IL)-1B, CD86, tumor necrosis factor-o
(TNF-0), and so on.””’ The latter, alternatively activated macro-
phages, play anti-inflammatory and protumorigenic roles, induced
by IL-10, IL-4, and IL-13, and highly express CD206, CD163, and
so on.'” In the early stage, a majority of macrophages are manifested
as an M1 phenotype, which plays a role in inhibiting tumor growth.
With the continuous progress of tumor cells, macrophages gradually
tend to be M2 phenotype, promoting tumorigenesis and progres-
sion."" Increasing evidence demonstrated that inducing macrophages
from M1 to M2 phenotypes might boost cancer initiation and pro-
gression by promoting cell proliferation, metastasis, drug reliance,
and immune evasion.'>'® Therefore, the discovery of mechanisms
and targets that mediate TAM phenotypic transformation will pro-
vide a new approach for malignant tumor treatment.

Long noncoding RNA (IncRNA), as a type of endogenous nonpro-
tein-coding RNA longer than 200 nt, could regulate occurrence and
progression of many aspects of tumors at epigenetic modification,
transcription, or post-transcription.'* Xist is an essential IncRNA
for maintaining the stable inactivation of the X chromosome in fe-
male mammals.'” It is increasingly recognized that Xist plays an
important role in the regulation of tumor progression.'® Many studies
have shown that Xist was a pathogenic gene in colorectal, gastric, and
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Figure 1. IncRNA Xist is highly expressed in M1 macrophages
(A) Quantitative real-time PCR results showing the relative mRNA expression of IL-18, TNF-a, CCL17, CCL22, CD163, and Xist in M1 and M2 macrophages. (B) The surface
expression of CD86 and CD206 in M1 and M2 macrophages was measured by flow cytometry. (C) The relative mRNA expression of IL-18, TNF-a, CCL17, CCL22, CD163,

(legend continued on next page)
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non-small cell lung cancers.'”'” However, it was considered as a tu-
mor suppressor in other cancers, including liver, breast, ovarian, and
2072 Recently, Li et al.** found that Xist could
promote proinflammatory M1 macrophages on osteoarthritis chon-
drocyte apoptosis by competing with Osteopontin (OPN) for micro-
RNA (miR)-376-5p, suggesting that Xist could influence progression
of the disease by modulating macrophage polarization. So far, it has
not been reported whether Xist can affect tumorigenesis and progres-
sion through mediating macrophage phenotypic transformation.

cervical cancers.

In this study, we found that Xist was highly expressed in M1 macro-
phages, and knockdown of Xist could increase M1-to-M2 conversion,
whereas miR-101 was highly expressed in M2 macrophages. Further-
more, CCAAT/enhancer-binding protein (C/EBPa) and Kruppel-like
factor 6 (KLF6), critical factors regulating TAM phenotypic transfor-
mation, have the same microRNA (miRNA) response element (MRE)
sequence binding to miR-101 as Xist. Therefore, the purpose of this
study is to investigate whether Xist could regulate macrophage polar-
ization and tumor progression and illustrate its function as a
competing endogenous RNA (ceRNA) to regulate the expression of
C/EBPa and KLF6 by competing for miR-101 binding.

RESULTS

IncRNA Xist is highly expressed in M1 macrophages and
participates in the maintenance of the macrophage phenotype
First, human monocyte cells (THP-1 cells) were differentiated to mac-
rophages by treating with phorbol 12-myristate-13-acetate (PMA) for
24 h.***7 Then, macrophages were activated to the polarized M1
phenotype by treating with LPS and IFN-y and to the M2 phenotype
by treating with IL-4 for 24 h. To confirm whether we successfully
induced M1 and M2 phenotype macrophages, we tested the mRNA ex-
pressions of M1 macrophage markers IL-1B and TNF-o and M2 macro-
phage markers C-C motif chemokine 17 (CCL17), C-C motif chemo-
kine 22 (CCL22), and CD163. The quantitative real-time PCR results
showed the IL-1B and TNF-o. expression was higher in M1 than in
M2 macrophages, whereas CCL17, CCL22, and CD163 expression
was higher in M2 than in M1 macrophages (Figure 1A). We also de-
tected the levels of M1 surface marker CD86 and M2 surface marker
CD206 by flow cytometry. We found the increased CD86 levels in
M1 compared with M2 macrophages and the elevated CD206 levels
in M2 compared with M1 macrophages (Figure 1B). These results sug-
gested that we successfully induced M1 and M2 macrophages.

Furthermore, we found that Xist was upregulated in M1 than M2
macrophages (Figure 1A). When IL-4 was added to M1 macrophages,
the mRNA expression of M2 phenotypic markers CCL17, CCL22,
and CD163 increased, whereas the mRNA expression of M1 pheno-
typic markers IL-1B and TNF-a decreased, suggesting that IL-4 could
promote M1 to M2 macrophages. Simultaneously, we found the Xist
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expression also decreased. Conversely, when LPS and IFN-y were
added to M2 macrophages, the mRNA expression of M1 phenotypic
markers IL-1 and TNF-a increased, and the mRNA expression of
M2 phenotypic markers CCL17, CCL22, and CD163 decreased,
showing that LPS and IFN-v could promote M2 to M1 macrophages.
Meanwhile, the Xist expression also increased (Figure 1C). Addition-
ally, we analyzed the Xist expression in macrophages from chip GEO:
GSE46903 data and found that Xist expression was higher in M1 than
in M2 macrophages (Figure 1D). Taken together, these results sug-
gested that Xist was highly expressed in M1 macrophages and partic-
ipated in the maintenance of the macrophage phenotype.

Previous studies have shown that KLF6 is a novel important factor to
regulate macrophage polarization, which could inhibit the formation
of M2 macrophages by decreasing PPARY expression.”® C/EBPa. is an
important transcription factor that regulates the polarization of M1
macrophages. C/EBPa and its target gene PU.1 take part in activating
MI macrophages induced by Toll-like receptor (TLR) ligands.29 To
verify the function of C/EBPa. and KLF6 on macrophage polarization,
we first analyzed expression of C/EBPa and KLF6 in macrophages
from GEO: GSE46903 data, and results showed that expression of
C/EBPa and KLF6 was higher in M1 than M2 macrophages (Figures
1E and 1F). Next, we detected the expression levels of C/EBPa and
KLF6 in macrophages. The quantitative real-time PCR results showed
that the mRNA expression of C/EBPa. and KLF6 was higher in M1
macrophages (Figure 1G). The western results revealed that the pro-
tein levels of C/EBPa, KLF6, and PU.1 were increased in M1 cells,
whereas the PPARYy protein level was decreased in M1 compared
with M2 macrophages (Figure 1H). Thus, the data showed the suc-
cessfully induced M1 macrophages more highly expressed C/EBPo
and KLF6 than M2 macrophages.

Knockdown of Xist promotes macrophage polarization to the
M2 phenotype and inhibits the expression of C/EBP« and KLF6
To further assess the role of Xist on macrophage polarization, we trans-
fected the silenced Xist plasmid (short hairpin [sh]-Xist-1, sh-Xist-2)
into M1 macrophages for 24 h. The quantitative real-time PCR results
showed that the expression of Xist and M1 markers IL-1$ and TNF-a
decreased, whereas M2 markers CCL17, CCL22, and CD163 increased
in the M1 macrophages transfected with sh-Xist-1 and sh-Xist-2 plas-
mids, compared with the cells transfected with sh-negative control
(NC) (Figure 2A). In addition, the flow cytometry results showed that
the knockdown of Xist resulted in the decreased M1 surface marker
CD86 and increased M2 surface marker CD206 in M1 macrophages
(Figure 2B). These findings suggested that knockdown of Xist in M1
macrophages could promote macrophages to M2 phenotype.

To further investigate whether the regulation of Xist on macro-
phage polarization is associated with C/EBPa, KLF6, and their

and Xist in macrophage and M1, M1-M2, M2, and M2-M1 macrophages by analyzed by quantitative real-time PCR. (D-F) The expression of (D) Xist, (E) C/EBPa, and (F) KLF6
in M1 and M2 macrophages was analyzed from GEO: GSE46903 data. (G) The relative mRNA expression of C/EBPea and KLF6 in M1 and M2 macrophages was analyzed by
quantitative real-time PCR. (H) The protein levels of C/EBPa, KLF6, PU.1, and peroxisome proliferator-activated receptor (PPARY) in M1 and M2 macrophages were tested
by western blot. B-actin was used as an internal control. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001; n = 3; mean + SD.
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Figure 2. Knockdown of Xist reduces M1 macrophages by decreasing the expression of C/EBP«, KLF6, and their target genes

M1 macrophage was transfected with negative control (sh-NC) or sh-Xist-1 or sh-Xist-2 plasmids for 24 h. (A) The relative expression of Xist, IL-1B, TNF-a, CCL17, CCL22,
and CD163 measured by quantitative real-time PCR analysis. (B) Flow cytometry results showing the surface expression of CD86 and CD206. (C) The correlation between
Xist and C/EBPa. and KLF6 expression in macrophage from GEO: GSE46903 data by linear regression analysis. (D) The relative mRNA expression of C/EBPa and KLF6 by
quantitative real-time PCR analysis. (E) Western blot results showing the protein expression of C/EBPa, KLF6, PU.1, and PPARy. *p < 0.05, **p < 0.01, **p < 0.001, ***p <

0.0001 versus sh-NC; n = 3; mean + SD.

target genes, we first analyzed the correlation of Xist with C/EBPa
and KLF6 expression in macrophages from GEO: GSE46903 data.
We found that Xist expression was significantly positively corre-
lated with C/EBPo and KLF6 expression (Figure 2C). Then, we de-
tected the mRNA and protein expression of C/EBPa, KLF6, PU.1,
and PPARy after inhibiting Xist expression in M1 macrophages.
As shown in Figure 2D, the mRNA levels of C/EBPa and KLF6
were obviously reduced in the M1 macrophages transfected with

sh-Xist-1 and sh-Xist-2 plasmids by quantitative real-time PCR
analysis. Consistently, the western results showed that silencing
Xist markedly decreased the protein level of C/EBPa, KLF6, and
PU.1, whereas increased the protein expression of PPARY (Fig-
ure 2E). Thus, the data elucidated that the suppression of Xist in
M1 macrophages could regulate macrophages phenotypic transfor-
mation by inhibiting the expression of C/EBPa, KLF6, and their
target genes.
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Figure 3. Knockdown of Xist promotes tumor proliferation and migration

(A) The comparison of Xist expression between breast cancer tissues and adjacent tissues in TCGA dataset. (B) The comparison of Xist expression between ovarian cancer
tissues and adjacent tissues in the GEO: GSE26712 dataset. MCF-7 and OV cells were cocultured with M1 conditional medium after transfected with sh-NC or sh-Xist-1 or
sh-Xist-2 plasmids. (C) The cell viabilities of MCF-7 and OV cells were analyzed by MTT assays. (D) Wound-healing results showing the migration ability of MCF-7 and OV
cells. (E) Transwell results showing the migration ability of MCF-7 and OV cells. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 versus sh-NC; n = 3; mean + SD.

Knockdown of Xist promotes cell proliferation and migration of
breast and ovarian cancers

Several studies have shown that Xist has low expression and plays an
anti-cancer role in gynecological diseases, such as breast cancer,
ovarian cancer, and cervical cancer.” %> We analyzed the differential
expression of Xist among breast, ovarian cancer tissues, and their
adjacent tissues in The Cancer Genome Atlas (TCGA) and GEO:
GSE26712 datasets. The expression of Xist is higher in breast and
ovarian cancer tissues, which is consistent with previous reports (Fig-
ures 3A and 3B). Furthermore, many studies confirmed M2 macro-
phages could promote tumor cell proliferation and migration.”"**
Therefore, to explore whether Xist could promote tumor proliferation
and migration by regulating macrophage polarization, we cocultured
human breast cancer cells (MCF-7) and human ovarian (OV) cancer
cells with M1 conditional medium after transfection with sh-NC or
sh-Xist-1 or sh-Xist-2 plasmids. The 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assays showed that the
cell viabilities of MCF-7 and OV cells in sh-Xist-1 and sh-Xist-2
groups were increased compared to the sh-NC group (Figure 3C).
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Further, we observed that the migration abilities of MCF-7 and OV
cells in sh-Xist-1 and sh-Xist-2 groups were strengthened compared
to the sh-NC group by the wound-healing and Transwell analysis
(Figures 3D and 3E). Taken together, the suppression of Xist expres-
sion in M1 macrophages could improve the proliferation and migra-
tion abilities of MCF-7 and OV cells.

miR-101 induces transformation of M1 to M2 to promote tumor
proliferation and migration by directly inhibiting C/EBP« and
KLF6

miR-101 is predicted to bind to Xist, C/EBPa, and KLF6 with the
same MRE through starBase 2.0, TargetScan, and miRDB databases
(Figure 4A). To investigate whether Xist regulates macrophage polar-
ization, and expression of C/EBPa and KLF6 is associated with miR-
101, we first detected the targeted regulation of miR-101 on C/EBPa
and KLF6. We, respectively, cloned the 3’ UTR of C/EBPa and 3’
UTR of KLF6 with wild-type (WT) and mutation (MT) binding sites
into luciferase reporter. Then, we cotransfected WT/MT-C/EBPa. or
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Figure 4. miR-101 inhibits the expression of C/EBP« and KLF6

(A) The binding sites of miR-101-3p to KLF6 and C/EBPa.. (B) Dual luciferase reporter assays were measured in the 293T cells cotransfected with the miR-101-mimic and
luciferase reporter plasmid that was inserted with the wild-type (WT)/mutation (MT)-C/EBPa. 3" UTR or WT/MT-KLF6 3’ UTR. Lug, firefly luciferase. (C) Quantitative real-time
PCR results showing the relative expression of miR-101 in M1 and M2 macrophages. (D—F) miR-101-mimic or NC-mimic was transfected into M1 macrophages for 24 h.
Quantitative real-time PCR results showing the relative expression of miR-101 (D), quantitative real-time PCR results showing the relative mRNA expression of C/EBPa. and

(legend continued on next page)
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WT/MT-KLF6 luciferase reporter plasmids with miR-101-mimic or
NC-mimic into 293T cells. We found that compared with NC groups,
miR-101 downregulated luciferase activity of the reporter that con-
tained 3’ UTR of C/EBPa or KLF6. Conversely, luciferase activity
has little change in cells transfected with miR-101 and MT-C/EBPa.
or MT-KLF6 plasmids (Figure 4B). These results suggested that
miR-101 could directly target C/EBPo. and KLF6 3’ UTR regions.

To further explore whether miR-101 regulates the expression of
C/EBPa and KLF6 in macrophages, we first detected the differential
expression of miR-101 in M1 and M2 macrophages and found that
miR-101 had a higher expression in M2 than in M1 macrophages
(Figure 4C). Then, we transfected miR-101-mimic or NC-mimic
into M1 macrophages to detect the expression of C/EBPo, KLF6,
and their target genes. The overexpression of miR-101 (Figure 4D)
markedly decreased mRNA expression of C/EBPa and KLF6 (Fig-
ure 4E), the protein levels of C/EBPa, KLF6, and PU.1 were increased,
and PPARY protein expression was decreased in miR-101-mimic-
transfected M1 macrophages (Figure 4F). We also transfected
miR-101-inhibitor or NC-inhibitor into M2 macrophages. The
downregulation of miR-101 (Figure 4G) obviously increased the
mRNA expression of C/EBPa and KLF6 (Figure 4H). The miR-
101-inhibitor also notably elevated the protein expression of
C/EBPa, KLF6, and PU.1 and reduced the PPARY protein expression
(Figure 4I). The data confirmed the targeted inhibitory function of
miR-101 to C/EBPa and KLFé.

Furthermore, to examine whether miR-101 regulates macrophage po-
larization, we detected the expression of M1 and M2 markers after
transfecting miR-101-mimic in M1 macrophages and transfecting
miR-101-inhibitor in M2 macrophages. The quantitative real-time
PCR results showed that enhanced miR-101 expression reduced the
mRNA expression of IL-1p and TNF-o. and improved the mRNA
expression of CCL17, CCL22, and CD163 (Figure 5A), whereas
knockdown of miR-101 increased the mRNA expression of IL-1B
and TNF-a and decreased the mRNA expression of CCL17,
CCL22, and CD163 (Figure 5B). These results suggested that miR-
101 could promote macrophage polarization to M2 phenotype.

In addition, we assessed the effects of miR-101-activated macrophage
polarization to the M2 phenotype on the tumor proliferation and
migration abilities. We cocultured MCF-7 and OV cells with M1 con-
ditional medium after transfected with the miR-101-mimic and co-
cultured MCF-7 and OV cells with M2 conditional medium after
transfected with the miR-101-inhibitor. We found that the cell viabil-
ities of MCF-7 and OV cells cocultured with miR-101-mimic-trans-
fected M1 macrophages were increased compared to the NC-mimic
group (Figure 5C), whereas the proliferation abilities of MCF-7 and
OV cells cocultured with miR-101-inhibitor-transfected M2 macro-
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phages were decreased compared to the NC-inhibitor group (Fig-
ure 5D). The wound-healing and Transwell results showed that the
migration abilities of MCF-7 and OV cells in miR-101-mimic groups
were strengthened compared to the NC-mimic group (Figures 5E and
5F), whereas the migration abilities of MCF-7 and OV cells in miR-
101-inhibitor groups were weakened compared to the NC-inhibitor
group (Figures 5G and 5H). Overall, miR-101 could promote prolif-
eration and migration abilities of MCF-7 and OV cells by inducing
polarization of macrophages to the M2 phenotype.

The Xist/miR-101-3p/KLF6/C/EBPa axis mediates macrophage
polarization to promote tumor cell proliferation and migration
We cotransfected WT/MT-Xist plasmids with miR-101-mimic or
NC-mimic into 293T cells and performed a luciferase reporter assay
to investigate the correlation between Xist and miR-101. The results
showed that compared with NC groups, miR-101 could significantly
reduce the luciferase activity of a reporter that contained a binding
site. Conversely, luciferase activity had little change in cells trans-
fected with miR-101 and MT-Xist plasmids (Figure 6A). Additionally,
the expression of miR-101 was increased after transfecting sh-Xist
plasmids in M1 macrophages (Figure 6B). These results suggested
that the interaction of Xist and miR-101 was realized by the putative
binding site. Next, we, respectively, transfected sh-NC + NC-inhibi-
tor, sh-Xist + NC-inhibitor, sh-NC + 101-inhibitor, and sh-Xist +
101-inhibitor in M1 macrophages and detected the mRNA expression
of Xist, miR-101, C/EBPa, and KLF6 and the protein expression of C/
EBPa, KLF6, PU.1, and PPARY. Compared with the sh-NC + NC-in-
hibitor group, the expression of Xist, C/EBPa, and KLF6 was
decreased, whereas miR-101 expression was increased in the sh-
Xist + NC-inhibitor group. However, the expression of Xist, C/
EBPa, and KLF6 was increased, whereas miR-101 expression was
decreased in the sh-NC + 101-inhibitor group, and the expression
of Xist, C/EBPa, KLF6, and miR-101 had little changes in the sh-
Xist + 101-inhibitor group (Figure 6C). The data suggested that the
suppression of miR-101 expression could restore the inhibition of
C/EBPa and KLF6 expression caused by silencing Xist. These consis-
tent changes were also observed from the protein expression of C/
EBPa, KLF6, PU.1, and PPARY (Figure 6D). In addition, we also de-
tected the protein levels of C/EBPa and PPARY in MCF-7 and OV
cells and found that the suppression of miR-101 expression in M1
macrophages could restore the inhibition of C/EBPa and KLF6
expression in MCF-7 and OV cells caused by silencing Xist in M1
macrophages (Figure S1).

Next, we detected the changes of M1 and M2 marker expression. As
expected, silencing Xist decreased the expression of M1 markers IL-
1B, TNF-a, and CD86, whereas increased the expression of M2
markers CCL17, CCL22, CD163, and CD206. However, 101-inhib-
itor blocked the effects of silencing Xist on these marker expressions

KLF6 (E), and western blot results showing the protein expression of C/EBPa, KLF6, PU.1, and PPARY (F). (G—I) miR-101-inhibitor or NC-inhibitor was transfected in M2
macrophages for 48 h. Quantitative real-time PCR results showing the relative expression of miR-101 (G), quantitative real-time PCR results showing the relative mRNA
expression of C/EBPa. and KLF6 (H), and western blot results showing the protein expression of C/EBPa, KLF6, PU.1, and PPARY (l). *p < 0.05, **p < 0.01, **p < 0.001,

****p < 0.0001; n = 3; mean + SD.
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Figure 5. miR-101 activates M2 macrophages to promote tumor proliferation and migration

(A and B) Quantitative real-time PCR was performed to detect the mRNA expression of M1 markers IL-1B and TNF-a and M2 markers CCL17, CCL22, and CD163 after
transfecting miR-101-mimic in M1 macrophages (A) and transfecting miR-101-inhibitor in M2 macrophages (B). (C and D) The cell viabilities of MCF-7 and OV cells cocultured
with miR-101-mimic/NC-mimic-transfected M1 macrophages (C) and cocultured with miR-101-inhibitor/NC-inhibitor-transfected M2 macrophages (D) by MTT assays. (E
and F) The migration abilities of MCF-7 and OV cells cocultured with miR-101-mimic/NC-mimic-transfected M1 macrophages were validated by wound-healing (E) and
Transwell (F) assays. (G and H) The migration abilities of MCF-7 and OV cells cocultured with miR-101-inhibitor/NC-inhibitor-transfected M2 macrophages were validated by
wound-healing (G) and Transwell (H) assays. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001; n = 3; mean + SD.

(Figures 6E and 6F). Furthermore, we cocultured MCF-7 and OV
cells with the M1 conditional medium transfected with sh-NC +
NC-inhibitor, sh-Xist + NC-inhibitor, sh-NC + 101-inhibitor, or
sh-Xist + 101-inhibitor to explore the changes of tumor prolifera-
tion and migration abilities. The MTT assay results showed that
silencing Xist resulted in the increased cell viabilities of MCF-7

and OV cells, and the suppression of miR-101 expression restored
the promotion of proliferation of MCF-7 and OV cells caused by
silencing Xist (Figure 6G). Consistently, the migration abilities of
MCF-7 and OV cells were significantly strengthened by silencing
Xist, and the increased migration abilities were restored by the
101-inhibitor (Figure 6H). Taken together, these results indicated
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Figure 6. The Xist/miR-101/C/EBP«/KLF6 axis mediates macrophage polarization to regulate tumor cell proliferation and migration

(A) The sequence of Xist with a highly conserved putative miR-101-binding site from the starBase 2.0 prediction and the luciferase activity of the 293T cells cotransfected
with the miR-101-mimic or NC-mimic and containing WT/ MT-Xist by dual luciferase reporter assays. (B) The relative expression of miR-101 in the M1 macrophages after
silencing Xist by quantitative real-time PCR analysis. (C—F) sh-NC + NC-inhibitor, sh-Xist + NC-inhibitor, sh-NC + 101-inhibitor, and sh-Xist + 101-inhibitor were,
respectively, transfected in M1 macrophages. (C) Quantitative real-time PCR results showing the relative mRNA expression of Xist, miR-101, C/EBPa, and KLF6. (D)
Western blot results showing the protein expression of C/EBPa, KLF6, PU.1, and PPARY. (E) Quantitative real-time PCR results showing the relative mRNA expression of
IL-1B, TNF-a, CCL17, CCL22, and CD163. (F) Flow cytometry results showing the surface expression of CD86 and CD206. (G and H) MCF-7 and OV cells were
cocultured with M1 conditional medium transfected with sh-NC + NC-inhibitor, sh-Xist + NC-inhibitor, sh-NC + 101-inhibitor, and sh-Xist + 101-inhibitor. (G) MTT results
showing the proliferation abilities of MCF-7 and OV cells. Transwell results showing the migration abilities of MCF-7 and OV cells (H). *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001; n = 3; mean = SD.
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that the Xist/miR-101/C/EBPa/KLF6 axis could mediate macro-
phage polarization to regulate cell proliferation and migration of
breast and ovarian cancer.

The Xist/miR-101-3p/KLF6/C/EBPo«. axis mediates macrophage
polarization to promote breast and ovarian cancer development
To verify the Xist/miR-101-3p/KLF6/C/EBPa. axis in vivo, MCF-7 and
M1 macrophages transfected with the sh-NC + NC-inhibitor,
sh-Xist + NC-inhibitor, sh-NC + 101-inhibitor, and sh-Xist + 101-in-
hibitor or OV and M1 macrophages transfected with the sh-NC + NC-
inhibitor, sh-Xist + NC-inhibitor, sh-NC + 101-inhibitor, and
sh-Xist + 101-inhibitor were inoculated into mice to construct subcu-
taneous tumors, respectively. After tumor formation, M1 macro-
phages transfected with the sh-NC + NC-inhibitor or sh-Xist + NC-in-
hibitor, sh-NC + 101-inhibitor, and sh-Xist + 101-inhibitor were
injected into tumor tissues once per 3 days until the mice were killed.
Tumor volume was measured after the tumor volume of the control
group reached 125 mm?®. During the process, tumor volumes were
measured every 3 days.”” The results showed that compared with
the sh-NC + NC-inhibitor group, the tumor volumes and weights
were increased in the sh-Xist + NC-inhibitor group, were decreased
in the sh-NC + 101-inhibitor group, and were not obviously changed
in the sh-Xist + 101-inhibitor group (Figure 7A). Furthermore, bone
marrow-derived macrophages (BMDMs)** were isolated from breast
or ovarian cancer-bearing mice to detect the mRNA expression of Xist,
miR-101, C/EBPa, and KLF6 and the protein expression of C/EBPa,
KLF6, PU.1, and PPARY. We found the consistent changes of these
markers with the above in vitro test (Figures 7B and 7C).

Furthermore, we cocultured MCF-7 and OV cells with macrophages
isolated from human medium transfected with the sh-NC + NC-in-
hibitor, sh-Xist + NC-inhibitor, sh-NC + 101-inhibitor, or sh-
Xist + 101-inhibitor to explore the changes of tumor proliferation
and migration abilities. The MTT assay results showed that silencing
Xist resulted in the increased cell viabilities of MCF-7 and OV cells,
and the suppression of miR-101 expression restored the promotion
of proliferation of MCF-7 and OV cells caused by silencing Xist (Fig-
ure S2A). Consistently, the migration abilities of MCF-7 and OV cells
were significantly strengthened by silencing Xist, and the increased
migration abilities were restored by the 101-inhibitor (Figure S2B).
Taken together, these results indicated that the Xist/miR-101/C/
EBPo/KLF6 axis could mediate macrophage polarization to regulate
cell proliferation and migration of breast and ovarian cancer.

DISCUSSION

Increasing evidence has shown that TAMs play a crucial role in
tumorigenesis and tumor treatment, especially M2 macrophages,
which exert anti-inflammatory and tumor-promoting effects.’> Apart
from TAM-derived cytokines and chemokines,”*” some common
signaling pathways are also involved in the interaction between mac-
rophages and cancer cells.*>*' However, it is still necessary to further
explore specific mechanisms of how macrophages affect tumorigen-
esis and development. Therefore, targeting TAMs is an extremely
promising immunotherapy strategy to inhibit cancers. Over the

past few years, noncoding RNAs, including IncRNAs and miRNAs,
have been shown to play important roles in tumorigenesis.*>** Never-
theless, it is rarely reported that these noncoding RNAs can promote
or suppress cancers by regulating macrophage polarization.

Xist is an essential IncRNA for maintaining the stable inactivation of
the X chromosome in female mammals.'” In recent years, increasing
studies demonstrated that Xist had a low expression and played a sup-
pressed role in breast cancer, ovarian cancer, and cervical cancer.’! "
In this study, we found that Xist was significantly higher in M1 mac-
rophages (TAM-M1) successfully induced by LPS and IFN-vy than in
M2 macrophages (TAM-M2) successfully induced by IL-4. The results
were verified in the GEO: GSE46903 dataset, which was a macrophage
expression chip. When IL-4 was added to TAM-MI, Xist was
decreased, accompanied by the enhanced expression of M2 markers
CCL17, CCL22, and CD163 and the reduced expression of M1
markers IL-1B and TNF-a. In contrast, the addition of LPS and
IFN-y to TAM-M2 increased Xist expression, accompanied by
enhanced expression of M1 markers and reduced expression of M2
markers. Furthermore, the knockdown of Xist expression in TAM-
M1 could result in the decreased expression of M1 markers and the
increased expression of M2 markers and also obviously promote the
proliferation and migration abilities of conditioned cultured MCE-7
and OV cells. Our study indicated that Xist could inhibit the prolifer-
ation and migration of breast and ovarian cancer cells by regulating
TAM polarization, which had some differences from the previous re-
ports that Xist directly inhibited the development of breast and
ovarian cancer proposed by Zheng et al.*’ 1.* Recently,
several studies have proven that IncRNA could regulate tumorigenesis
and progression by altering TAM polarization. For example, IncRNA-
GNAS-AS1 promoted migration and invasion of non-small cell lung
cancer cells by altering macrophage polarization.”* Knockdown of
IncRNA-p21 could alleviate breast cancer development by promoting
macrophages to the M1 phenotype.”” These reports and our study
have suggested that IncRNA plays an essential role in regulating tumor
progression by mediating macrophage polarization.

and Benoit et al

KLF6 and C/EBPa. are important regulators of macrophage polariza-
tion.”® KLF6 is a member of the KLFs family. In human and mouse
macrophages, LPS and IFN-y, which stimulate M1 macrophages,
can increase the expression of KLF6, whereas IL-4 and IL-13, which
stimulate M2 macrophages, can decrease the expression of KLF6.
Additionally, KLF6 can inhibit M2 polarization by decreasing PPARYy
expression.”® C/EBPa. is highly expressed in M1 macrophages. C/
EBPa. and its target gene PU.1 take part in activating M1 macro-
phages induced by TLR ligands.** In this study, we detected that C/
EBPa, KLF6, and PU.1 had a higher expression, whereas PPARy
had a lower expression in M1 macrophages. Furthermore, the sup-
pression of Xist expression in M1 macrophages reduced the protein
expression of C/EBPa, KLF6, and PU.1, whereas promoted the pro-
tein expression of PPARY. These results indicate that silencing Xist
in M1 macrophages stimulates TAM to M2 polarization and pro-
motes the proliferation and migration of breast and ovarian cancer
cells by inhibiting C/EBPa and KLF6 expression. In addition, several
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Figure 7. The Xist/miR-101-3p/KLF6/C/EBPq« axis mediates macrophage polarization to promote breast and ovarian cancer development

MCF-7 and macrophage with sh-NC + NC-inhibitor, MCF-7 and macrophage with sh-Xist + NC-inhibitor, MCF-7 and macrophage with sh-NC + 101-inhibitor, MCF-7 and
macrophage with sh-Xist + 101-inhibitor, OV and macrophage with sh-NC + NC-inhibitor, OV and macrophage with sh-Xist + NC-inhibitor, OV and macrophage with sh-
NC + 101-inhibitor, and OV and macrophage with sh-Xist + 101-inhibitor were inoculated into mice to construct subcutaneous tumors, respectively (n = 6 mice in each
group). After inoculation, the macrophage with sh-NC + NC-inhibitor, macrophage with sh-Xist + NC-inhibitor, macrophage with sh-NC + 101-inhibitor, and macrophage
with sh-Xist + 101-inhibitor were injected into tissues one time/3 days until the mice were killed; the volumes of tumors were measured every 3 days. (A) Tumor size, tumor
weight, and tumor volumes after treatment. (B) Quantitative real-time PCR results showing the relative mRNA expression of Xist, miR-101, C/EBPa, and KLF6. (C) Western
blot results showing the protein expression of C/EBPa, KLF6, PU.1, and PPARY. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001; n = 3; mean = SD.

studies have shown that C/EBPa had a low expression in many kinds
of tumors, such as liver cancer,"” breast cancer,*® and lung cancer.*’
Furthermore, Sarker et al.*’ reported that MTL-CEBPA, a first-in-
class small activating RNA (saRNA) oligonucleotide drug that upre-
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gulates C/EBPa, showed an acceptable safety profile and potential
synergistic efficacy with tyrosine kinase inhibitors (TKIs) in Hepato-
cellular carcinoma (HCC). Thus, it will provide a new method for
cancer treatment by targeting CEBPa. In our study, it might be
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another novel idea to suppress breast and ovarian cancer proliferation
by targeting Xist to activate CEBPa in macrophages.

Some studies have illustrated that IncRNAs, as a new class of noncod-
ing RNA, can be considered as miRNA sponges.48 For example,
IncRNA-MT1]JP inhibited the proliferation, invasion, and metastasis
of gastric cancer cells by regulating FBXW?7 through competitively
binding to miR-92-3p.*” IncRNA-HOXD-AS] facilitated liver cancer
metastasis by regulating the HOXD-AS1/miR-130a-3p/SOX2 axis.”’
According to bioinformatics analysis, we found that Xist had an
MRE that competed with C/EBPa and KLF6 to bind miR-101. More-
over, dual luciferase reporter assays verified that miR-101 was able to
bind to both Xist and C/EBPa. and KLF6, which provide direct evi-
dence for Xist as an miR-101 sponge to regulate the expression of
C/EBPa and KLF6.

It has been reported that miR-101 played a positive or negative role in
tumorigenesis and progression, including breast cancer, ovarian can-
cer, and other cancers. Med19/miR-101 promoted breast cancer pro-
gression by regulating the epidermal growth factor receptor (EGFR)/
mitogen-activated protein kinase kinase (MEK)/extracellular signal-
regulated kinase (ERK) signaling pathway.”’ miR-101 could inhibit
the proliferation and invasion of ovarian cancer cells by reducing
the expression of SOCS2.7? Additionally, Chen et al.”® and Li
et al.>* revealed that miR-101 could increase the risk of breast cancer
and was associated with poor prognosis of breast cancer. Neverthe-
less, it is imperative to explore the expression of miR-101 in macro-
phages and its effects on regulating macrophage polarization. In the
present study, we found that miR-101 was highly expressed in M2
macrophages, and inhibition of miR-101 expression in M2 macro-
phages could polarize macrophages to M1 macrophages. In contrast,
overexpression of miR-101 in M1 macrophages could promote M1 to

Bl @

miR-101 -|nh|l;V
promote

phages. These results indicated that miR-101
and Xist had a reverse effect on macrophage po-
larization and promoting tumor proliferation
and migration. Furthermore, suppression of
miR-101 expression could restore a series of
changes caused by silencing Xist, including stim-
ulating M1 to M2 macrophages and the func-
tions of promoting tumor cell proliferation and
migration.

In conclusion, our study elucidates the mecha-

nism by which IncRNA-Xist mediates macro-
phage polarization and affects cell proliferation and migration of
breast and ovarian cancer by competing with miR-101 to regulate
the expression of C/EBPa and KLF6 (Figure 8). Therefore, the pro-
motion of Xist expression in M1 macrophages and inhibition of
miR-101 expression in M2 macrophages might play important roles
in inhibiting breast and ovarian tumor proliferation and migration
abilities.

MATERIALS AND METHODS

Cell culture

Cell lines were purchased from Cell Resource Center of the
Shanghai Institute for Biological Sciences, Chinese Academy of
Sciences (China), including human monocyte cell lines (THP-1),
human breast cancer cell lines (MCF-7), human OV cancer cell
lines (OVCAR3), and human embryonic kidney cell lines
(HEK293T). These cells were cultured at 37°C with 5% CO,, ac-
cording to the standard protocols. THP-1 was grown in suspension
culture flasks and cultured in RPMI-1640 medium (HyClone, Lo-
gan, UT, USA), supplemented with 10% fetal bovine serum (FBS)
(HyClone, Logan, UT, USA), antibiotics (penicillin 100 U/mL,
streptomycin 0.1 mg/mL), and 1% N-2-hydroxyethylpiperazine-
N9-2-ethanesufonic acid (HEPES). MCF-7 and OV cells were
adherent cultured in RPMI-1640 medium with 10% FBS and anti-
biotics. The HEK293T cell was adherent cultured in DMEM with
10% FBS and antibiotics.

Generation of M1 and M2 macrophages

THP-1 cells were seeded into six-well plates with a density of 15 x 10°
cells/well and differentiated to macrophages by treating with 200 ng/
mL PMA (Sigma-Aldrich, St. Louis, MO, USA) for 24 h. After the
above-described treatment, the obtained macrophages were activated
to an M1 phenotype by treating with 50 ng/mL IFN-y (PeproTech,
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Princeton, NJ, USA) and 100 ng/mL LPS (Sigma-Aldrich, St. Louis,
MO, USA) for 24 h and M2 phenotype by treating with 20 ng/mL
IL-4 (PeproTech, Princeton, NJ, USA) for 24 h.

Preparation of conditional medium

M1 or M2 macrophages were further cultured in RPMI 1640 without
FBS for 24 h. The supernatant was centrifuged at 2,000 x g for 15 min
and collected for use as a conditional medium in subsequent
experiments.

Cell transfection

The shRNA targeting IncRNA-Xist and NC plasmids was purchased
from Shanghai GeneChem. Human miR-101-mimic, NC-mimic,
miR-101-inhibitor, and NC-inhibitor were purchased from RIBOBIO
(Guangzhou, China). M1 macrophages were transfected with 1.5 g/
well plasmids or 2 nM (final concentration) miR-101-mimic or NC-
mimic in six-well plates. M2 macrophages were transfected with 2 nM
(final concentration) miR-101-inhibitor or NC-inhibitor in six-well
plates. Above-mentioned oligonucleotides and plasmids were trans-
fected by using Lipofectamine 3000 (Invitrogen, Eugene, OR, USA),
according to the manufacturer’s instruction.

Quantitative real-time PCR

Total RNA was extracted using TRIzol (Invitrogen, Eugene, OR,
USA). The miRNA was extracted using TRIzol and the miRNA Puri-
fication Kit (CWBIO, Beijing, China). The mRNA was reverse tran-
scribed into cDNA using the TaKaRa kit, and the reaction conditions
were as follows: 37°C for 15 min and 85°C for 5 s. The miRNA was
reverse transcribed into cDNA using Moloney Murine Leukemia Vi-
rus (M-MLV) reverse transcriptase (TaKaRa, Japan), and the reaction
conditions were follows: 42°C for 1 h and 70°C for 10 min. The PCR
primers of U6 and miR-101 were purchased from RIBOBIO
(Guangzhou, China). The expression levels of mRNA and miRNA
were determined using the SYBR Green PCR Master Mix Kit
(TaKaRa, Japan) and quantitative real-time PCR instrument (Applied
Biosystems, USA). B-actin and U6 were used as endogenous control
for the quantification of the mRNA and miRNA levels. The reaction
conditions were followed by 95°C for 30 s, 56°C for 45 s, and 72°C for
20 s for 40 cycles of amplification. Primer sequences were as follows:
Xist forward 5'-CATTGCTAGGCATTGGGGATG-3/, reverse 5'-CC
AGGAAGCATGTATCTTCTGG-3'; B-actin forward 5-TCCTCCC
TGGAGAAGAGCTA-3, reverse 5-TCCTGCTTGCTGATCCAC
AT-3; IL-1B forward 5-CTCGCCAGTGAAATGATGGCT-3/,
reverse 5'-GTCGGAGATTCGTAGCTGGAT-3'; TNF-o forward
5'-CCAGCTGGAGAAGGGTGAC-3', reverse 5-AGGCGTTTGG
GAAGGTTG-3'; CCL17 forward 5-CTTCTCTGCAGCACATC
CAC-3', reverse 5'-AGTACTCCAGGCAGCACTCC-3'; CCL22 for-
ward 5-TGCCGTGATTACGTCCGTTA-3, reverse 5-AAGGTTA
GCAACACCACGCC-3; CD163 forward 5-CAATGGGGTG
GACTTACCTG-3/, reverse 5-AACCAGTCTGGGTTCCCTGT-3;
C/EBPa. forward 5'-TTGTGCCTTGGAAATGCAAC-3/, reverse 5'-T
CGGGAAGGAGGCAGGAAAC-3'; KLF6 forward 5'-CAAGG
GAAATGGCGATGCCT-3/, reverse 5'-CTTTTCTCCTGTGTGCG

548 Molecular Therapy: Nucleic Acids Vol. 23 March 2021

Molecular Therapy: Nucleic Acids

TCC-3'. The 244" methods were used to analyze the relative fold
changes.

MTT assays

Cells (2 x 10? cells/mL) were seeded into 96-well plates (200 pL/well)
and placed into an incubator with 5% CO, at 37°C for 24 h. Then, the
cells were incubated with 50% RPMI 1640 containing 10% FBS and
50% conditioned medium without FBS for 12 h, 24 h, 48 h, and 72
h, respectively. After the cells were cultured for different time periods,
20 puL of MTT solution was added into cells of each well for 4 h. After
removing the culture medium, the precipitate was dissolved in 200 pL
of DMSO. The absorbance at 570 nm was measured to evaluate cell
viability using the Anthos 2010 Microplate Reader (Anthos Labtec In-
struments, Austria).

Dual luciferase reporter gene assays

For the construction of WT and MT of C/EBPa 3’ UTR, KLF6 3’
UTR, or XIST luciferase reporter vectors, the fragment of C/EBPa
3’ UTR, KLF6 3’ UTR, or XIST was cloned downstream of the
GV272 vector, purchased from Shanghai Jikai Gene Chemical Tech-
nology (China). The C/EBPa 3’ UTR, KLF6 3’ UTR, or XIST MT re-
porter vectors contained a 7-bp or 9-bp MT in the putative miR-101-
3p binding site. HEK293T cells were cotransfected with the indicated
vectors and miR-101-mimic or NC-mimic. Firefly and Renilla lucif-
erase activities were measured using the Dual Luciferase Reporter
Gene Assay Kit (Promega, Madison, W1, USA). Relative luciferase ac-
tivity normalized to the NC was used for comparison among groups.

Transwell assays

Transwell chambers (8 pm pore size; Corning Costar, USA) were used
to measure cell migration ability according to the vendor’s instruc-
tions. MCE-7 or OV cells (10* cells/well) were seeded into the upper
chambers with 100 pL of serum-free RPMI-1640 medium, which had
been inserted into wells of 24-well plates containing 10% FBS-supple-
mented conditional medium. After 24 h, the cells were fixed with 4%
paraformaldehyde for 30 min and stained with 0.1% crystal violet for
30 min. The migrated cells in the upper chambers were photographed
under a phase-contrast microscope and counted.

Wound-healing analysis

Wound-healing assay was performed to analyze the cell migration
ability. MCF-7 or OV cells (5 x 10° cells/well) were seeded into
six-well plates. After 24 h, the cells were incubated with conditioned
medium without FBS. Images of a specific position on the scratched
areas were taken using an inverted microscope (Nikon Eclipse
TE2000-U, Japan) at 0 h, 12 h, 24 h, and 48 h. Image] software was
used to measure the scratched area at different incubation times.
The wound-closure percent was calculated as (the scratch area before
incubation - the scratch area after incubation)/(the scratch area
before incubation) x 100%.

Flow cytometry assay
Macrophages were trypsinized and suspended in phosphate-buffered
saline (PBS), followed by incubation with 1 pg/mL fluorescein
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isothiocyanate-conjugated human anti-CD206 (BioLegend, San
Diego, CA, USA) or phycoerythrin-conjugated human anti-CD86
(BioLegend, San Diego, CA, USA) monoclonal antibodies for
30 min at 4°C in the dark. The samples were subjected to flow cyto-
metric analysis within 1 h.

Immunoblotting analysis

Immunoblotting analysis was conducted as previously described.’
Cells were lysed in radioimmunoprecipitation assay (RIPA) (Beyo-
time, Shanghai, China) buffer. Protein concentrations were deter-
mined using a bicinchoninic acid (BCA) protein quantification kit
(Beyotime, Jiangsu, China). The primary antibodies included B-actin
(1:1,000; Absin, China), KLF6 (1:1,000; Abcam, UK), C/EBPa«
(1:1,000; Abcam, UK), PU.1 (1:1,000; CST, USA), and PPARYy
(1:1,000; CST, USA). The secondary antibodies were horseradish
peroxidase-linked goat anti-rabbit or goat anti-mouse secondary an-
tibodies (Santa Cruz, CA, USA). Protein expression was detected us-
ing a chemiluminescence detection system (ProteinSimple, USA).
B-actin was used as an endogenous protein for normalization. Gray
intensity analysis was performed using Image] software.

TCGA and GEO dataset collection and process

TCGA breast cancer expression profiles (HTSeq-Counts) were down-
loaded from TCGA database (https://www.cancer.gov/about-nci/
organization/ccg/research/structural-genomics/tcga). GEO: GSE26
712, including ovarian cancer expression profiles, and GEO:
GSE46903, including macrophages expression profiles, were down-
loaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/).
The differential expression and correlation analyses were performed
using GraphPad Prism 7 software (GraphPad Software, USA).

Animal models of tumors

Specific pathogen-free (SPF) female BALB/c nu/nu mice (4—6 weeks
old) were purchased from Beijing Huafukang. All of the mice were
bred in the Animal Research Center of China Medical University
(Liaoning, China) in compliance with the Guide for the Care and
Use of Laboratory Animals. All of the protocols were approved by
the Committee for Ethical Affairs of China Medical University
(Liaoning, China), and the methods were carried out in “accordance”
with the approved guidelines. To establish different tumor models,
BALB/c nu/nu mice were subcutaneously injected in the flank with
MCF-7 or OV cells (1 x 10%/mouse) and macrophages with/without
IncRNA-Xist knockdown and miR-101-inhibitor (1 x 10°/mouse) in
100 pL of PBS. Tumor volume was measured after the tumor volume
reached 125 mm®. Tumor growth was observed with tumor measure-
ments using a caliper every 3 days, and tumor volume was calculated
using the formula volume = length x width? x 0.5 cm®. All of the tu-
mor-bearing mice were killed, and every tumor was isolated and
weighed.”

Isolation of macrophages from mice

Mice were sacrificed by cervical dislocation. Bone marrow cells were
recovered from tibiae and femora, and erythrocytes were lysed. For
differentiation, cells were cultured on nontissue-culture dishes in

RPMI-1640 medium (HyClone, Logan, UT, USA), supplemented
with 10% FBS (HyClone, Logan, UT, USA), antibiotics (penicillin
100 U/mL, streptomycin 0.1 mg/mL), and 20 ng/mL mouse recombi-
nant macrophage colony-stimulating factor (M-CSF) (MedChemEx-
press, Shanghai, China). After 7 days in culture, cells were used to de-
tected expression of mRNAs and proteins.**

Statistics

All experiments were repeated at least three times. All data of three
independent experiments were presented as the mean + SD. Statistical
analysis was performed by using SPSS22.0 software (SPSS, Chicago,
IL, USA) and GraphPad Prism 7 software (GraphPad Software,
USA). Two-tailed Student’s t test was used between two groups.
The p <0.05 was considered statistically significant.
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