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Abstract
In breast cancer, tumor-associated macrophages with activated phenotypes promote

tumor invasion and metastasis. The more aggressive mesenchymal-like breast cancer

cells have a selective advantage, skewing macrophages toward the more immunosuppres-

sive subtype. However, the mechanism underlying this shift is poorly understood. Cyclin

D1b is a highly oncogenic variant of cyclin D1. Our previous study showed that non-

metastatic epithelial-like breast cancer cells were highly metastatic in vivo when cyclin

D1b was overexpressed. The present study determined whether cyclin D1b contributed

to the interaction between breast cancer cells and macrophages. The results showed that

cyclin D1b promoted the invasion of breast cancer cells in vitro. Specifically, through over-

expression of cyclin D1b, breast cancer cells regulated the differentiation of macrophages

into a more immunosuppressive M2 phenotype. Notably, tumor cells overexpressing cyclin

D1b activated macrophages and induced migration of breast cancer cells. Further inves-

tigations indicated that SDF-1 mediated macrophage activation through breast cancer cells

overexpressing cyclin D1b. These results revealed a previously unknown link between

aggressive breast cancer cells and Tumor-associated macrophages, and highlighted the

importance of cyclin D1b activity in the breast cancer microenvironment.
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Introduction

Recent studies have shown that the development of inflam-
matory environment in tumors is crucial for tumor progres-
sion.1 Tumor microenvironment is composed of many
kinds of cells, and their interaction with tumor cells is the
key factor determining tumor progression.2 Tumor-
associated macrophages (TAMs) are an important
component of leukocyte infiltration into tumor

microenvironment.3 Macrophage polarization is a continu-
um, spanning two extremes from classic activated M1 mac-
rophages to alternatively activated M2 macrophages.4

TAMs in breast cancer (BRC) microenvironment usually
exhibit an M2 phenotype, whose primary function is to pro-
mote tumor growth, remodel tissue, promote angiogenesis,
and inhibit adaptive immunity.5,6 However, the interaction
between TAMs and tumor cells requires further study.

Impact statement
Cyclin D1b is a highly carcinogenic variant

of cyclin D1. Non-metastatic epithelial-like

breast cancer cells have been shown to be

highly metastatic in vivo when cyclin D1b

was overexpressed. Tumor-associated

macrophages are important components

of leukocyte infiltration into tumor micro-

environment. Tumor-associated macro-

phages in breast cancer microenvironment

usually exhibit an M2 phenotype, and their

primary function is to promote tumor

growth, remodel tissue, promote angio-

genesis, and inhibit adaptive immunity.

Using overexpression of cyclin D1b in non-

metastatic epithelial-like breast cancer

cells, we show that breast cancer cells

modulate the differentiation of macro-

phages into a more immunosuppressive

M2 phenotype. The interaction between

tumor-associated macrophages and tumor

cells further revealed that high cyclin D1b-

expressing breast cancer cells promote

macrophage M2-like polarization, and

macrophages activated by high cyclin

D1b-expressing breast cancer cell induce

migration of breast cancer cells in return.

Interestingly, SDF-1 mediated the activa-

tion of macrophages induced by high

cyclin D1b-expressing breast cancer cells.
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Wyckoff et al.7 identified the existence of a paracrine
loop between TAMs and cancer cells in breast tumor.
Tumor cell-derived factors, such as chemokines, may per-
form an indispensable role in macrophage recruitment and
differentiation.8 Interestingly, the more aggressive
mesenchymal-like BRC cells showed a selective advantage,
skewing macrophages toward the more immunosuppres-
sive subtype.9 Epithelial-mesenchymal transition (EMT)
has been shown to be associated with the induction of
immunosuppression.10 In addition, TAMs and invasive
cancer cells appear at the same time in the invasive front
of advanced tumors.11–13 These data suggest that aggres-
sive cancer cells may have a selective advantage in modu-
lating TAM polarization. However, the underlying
mechanisms of these findings are still poorly understood.

Cyclin D1 is a highly expressed oncogene in several solid
tumors, including BRC.14 It exists as two isoforms: conven-
tional cyclin D1 (referred to cyclin D1a) and cyclin D1b.
Cyclin D1b, derived from alternative splicing of CCND1
transcript, is a highly carcinogenic variant of cyclin D1.15

Our previous studies showed that cyclin D1b may perform
an aggressive role in BRC as a metastasis-inducing factor
through transcriptional regulation.16,17 These data indicate
the presence of communication between aggressive BRC
cells and promonocytes. In the present study, we assessed
whether cyclin D1b contributes to the interaction between
BRC cells and macrophages. Specifically, we focused on the
ex vivo differentiation of humanmacrophages in the presence
of BRC conditioned media (CM) in order to explore the role
of cyclin D1b in promoting tumor metastasis by activating
macrophages and pushing them toward a TAM-like pheno-
type. Overexpression of cyclin D1b in non-metastatic epithe-
lial-like BRC cells was used to show that BRC cells
modulated the differentiation of macrophages into a more
immunosuppressive M2 phenotype. The potential mecha-
nism underlying crosstalk between BRC cells and macro-
phages induced by cyclin D1b through transcriptional
regulation of secretory factors of BRC cells was further eval-
uated to highlight the importance of cyclin D1b activity in the
BRC microenvironment.

Materials and methods

Animals and cells

BALB/c athymic nude mice (nu/nu) aged 6–8weeks,
approximately 20 g, were purchased from Shanghai SLAC
Laboratory Animal Co. Ltd, and raised in an accredited
animal facility. Human BRC cell lines MCF-7 and MDA-
MB-231 were purchased from China Center for Type
Culture Collection (CCTCC No. GDC0055 and GDC0297,
respectively) and cultured as described by CCTCC.

Plasmid and cell transfection

As described in our previous study,17 pcDNA3.1-cyclin
D1b plasmid and cyclin D1b-expressing MCF-7 cells were
established. MCF-7 cell expressing exogenous cyclin D1b
was termed MCF-7-D1b. The sequence of small interfering
(si)RNA against cyclin D1b was 50-UCUUCCACUG
CUCCUAGAAdTdT-30.18 According to the manufacturer’s

protocol (Invitrogen; Thermo Fisher Scientific, Inc.), trans-
fection of the plasmid and small interfering (si)RNA was
performed using Lipofectamine PLUS reagent and
Lipofectamine 3000, respectively. Puromycin (0.2–5 mg/
mL) or G418 (100–200mg/mL) was used to screen cells for
further experiments.

Macrophage differentiation and co-culture
experiments

Human myeloid leukemia mononuclear cells (THP-1) cells
treated with 100nM phorbol-12-myristate-13-acetate (PMA)
for threedays were differentiated into macrophages. The mac-
rophageswere further cultured in RPMI 1640medium supple-
mentedwith 15% fetal bovine serum (FBS; Invitrogen; Thermo
Fisher Scientific, Inc.) in the presence or absence of 50% CM
from different BRC cells for sixdays. AMD3100 (Plerixafor)
(10lg/mL; Sigma-Aldrich; Merck KGaA), a specific CXCR4
antagonist, was added along with the BRC cell CM.

For the co-culture experiments, both BRC cells and dif-
ferentiated macrophages were respectively added to the
lower and upper chambers of a 12- or 6-well Transwell
apparatus with a 0.4-lm pore size (Corning, Inc.).

Matrigel invasion and Boyden chamber assay

Boyden chambers (Transwell; Corning, Inc.) were used for
Matrigel invasion assays. Briefly, Transwell inserts were
coated with the Matrigel. RPMI 1640 medium containing
10% FBS was added to the lower chamber. In total, �5� 104

differentiated macrophages were placed in the upper
chamber. The non-invading cells were removed after 24 h
of incubation at 37�C with 5% CO2. To quantify invasion,
five fields of each membrane were randomly selected for
examination, and the invasive cells attached to the lower
surface of the membrane insert were fixed, stained, and
counted. The number of cells per field was calculated and
averaged for each insert. The differences among groups
were analyzed.

For Boyden chamber assay, differentiated macrophages
were isolated by addition of a cell eluant (0.02% versene)
and collected. Similar to the protocol described above,
�5� 104 macrophages were added to the upper well of
Boyden chamber. The lower well contained supplemented
BRC-conditioned medium (RPMI 1640 medium with 50%
CM from different BRC cells). The two wells were separat-
ed by an 8.0-lm polycarbonate polyvinylidene fluoride
(PVDF) membrane. After incubation at 37�C for 4 h, the
non-migrated cells were removed, and the membrane
with migrated cells was fixed and stained, as described
above.

Analysis of gene expression

Based on the manufacturer’s protocol, total RNA of cells
was extracted by TRIzolVR reagent (Invitrogen; Thermo
Fisher Scientific, Inc.). Reverse transcription (RT)-quantita-
tive polymerase chain reaction (PCR) was used to assess
gene expression. In brief, 100 ng RNA was used for RT by
Superscript II RNase H (Invitrogen; Thermo Fisher
Scientific, Inc.) in a final volume of 25 lL. After that, 2lL
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cDNA was amplified using SYBR Green Universal PCR
MasterMix (Bio-Rad Laboratories, Inc.) in duplicate with
three repetitions. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used as the loading control. The target
gene expression was relatively evaluated using the 2–��Cq

method.19 The sequences of the primers used were as fol-
lows: IL-8 (CXCL8) forward, 50-GAATTCTCAGC
CCTCTTCAAAAAC-30 and reverse, 50-GCCAAGGAGTG
CTAAAGA ACTTAG-30; hIL-4 forward, 50-CCACGGACA
CAAGTGCGATA-30 and reverse, 50-CCCTG CAGAAGG
TTTCCTTCT-30; hIL-10 forward, 50-GTGATGCCCCAAGC
TGAGA-30 and reverse, 50-CACGGCCTTGCTCTTGTTTT-
30; hIFN-c forward 50-TCAGCTCTGCATCGTT TTGG-30

and reverse, 50-GTTCCATTATCCGCTACATCTGAA-30;
hTNF-a forward, 50-TCT TCTCGAACCCCGAGTGA-30 and
reverse, 50-CCTCTGATGGCACCACCAG-30; and GAPDH
forward, 50-TCATTGACCTCAACTACATGGTT T-30 and
reverse 50-GAAGATGGT GATGGGATTTC-30. PCR was per-
formed with the following conditions: 4min at 95�C, fol-
lowed by 30 cycles of 95�C (60 s), 52�C (55 s), and 72�C (50 s).

Flow cytometry

According to the manufacturer’s instructions, non-specific
antibodies to Fc receptors on harvested cells were blocked
by BD Fc BlockTM (BD Bioscience, San Jose, CA, USA), and
the cells were stained using mouse anti-human antibodies
for examining the expression of M2 cell markers such as
CD206 or co-regulatory molecules such as CD68. All anti-
bodies were directly bound to allophycocyanin or phyco-
erythrin. The corresponding IgG homotype matched
control was used as negative control. In phosphate-
buffered saline (PBS) containing 1% heat inactivated fetal
bovine serum (FBS; Life Technologies, Carlsbad, CA, USA)
and 0.1% sodium azide (Sigma-Aldrich, St. Louis, MO,
USA) at 4�C and dark, the antibody was stained for
30min. Antibodies came from eBioscience (San Diego,
CA, USA) and BD Bioscience, BioLegend (San Diego, CA,
USA). Intracellular staining for CD68 was performed by
Cytofix/CytopermTMKit (BD Bioscience). Samples after
washing were immediately tested by flow cytometry
using an AttuneVR Acoustic Focusing Cytometer (Life
Technologies). The acquired data were assessed by
FlowJo software (TreeStar, Ashland, OR, USA).

Matrix metalloproteinase assay using gelatin
zymography

For assaying matrix metalloproteinase (MMP) activity using
gelatin zymography, tumor cells or macrophages were cul-
tured for 24h in a culture medium containing 1% FBS in
plates pre-coated with Matrigel, and the supernatants were
collected. MMP-2 and MMP-9 expression in supernatants
was detected as described previously.20 The band gray
values of different groups were analyzed by Iamge J software.

Breast tumor metastasis in mice

MCF-7 cells transfected by pcDNA3.1-cyclin D1b were
co-cultured with macrophages using the 6-well Transwell
co-culture system for six days. For the sake of assaying

tumor cell arrest in lungs during blood flow, the collected
tumor cells were labeled using CFSE (carboxyfluorescein
succinimidyl ester)21 and then injected into mice via the
tail vein (1� 106 cells/mouse, n¼ 8 for each group) after
mice were anesthetized. Mice were anesthetized by intra-
peritoneal injection of sodium pentobarbital saline (6.7mg/
mL) based on their body weight (50mg/kg). All mice were
euthanized by the anesthesia method (100mg/kg pento-
barbital) to obtain the lungs. For alleviating their pain,
mice before sacrifice were prevented from observing the
execution process. In order to test for CFSE-labeled fluores-
cence, the lungs of a group of mice were obtained 24h after
tumor cell injection. According to the manufacturer’s
instructions,21 the lungs were embedded with a cryoem-
bedding agent at –30�C for 15min. Subsequently, 5-mm
sections were obtained at –15�C and analyzed using fluo-
rescence microscopy (200�; Zeiss Axioscope and
AxioVision software; Carl Zeiss Microscopy GmbH, Jena,
Germany). To examine the formation of tumor nodules in
mice lung, the lungs of another group of sacrificed mice
were harvested 28 days after tumor cell injection and
fixed in Bouin’s solution for 16 h at 25�C. Similar to routine,
pathological examinations were performed. Mice lungs’
paraffin-embedded blocks were continuously sliced into
4-mm-thick sections and stained using hematoxylin and eosin
(HE).Magnified lung pathological imageswere captured by an
Axiophot microscope (Zeiss, Austin, TX, USA) and a digital
camera (Leaf Systems Lumina, Southborough, MA, USA).
The images were assayed with Optima Imaging Analysis
Systems (Version 6.5, Media Cybernetics, Silver Springs, MD,
USA). Tumor nodules onmice lung surface were counted in
each group. The fluorescence and HE positive spots of
different groups were analyzed by Iamge J software.

Western blotting analysis16,17

In 0.5mL of cold lysis buffer (50mM NaCl, 10mM Tris,
1mM ethylenediaminetetraacetic acid, 1mM phenylme-
thylsulfonyl fluoride, 0.5mM Na3VO4�12H2O, 50mM NaF,
and 1mM benzamidine), the cells in every group were
homogenized and centrifuged at 12,500� g for 15min at
4�C. The protein concentration was tested by bicinchoninic
acid (BCA) reagent kit. Twenty micrograms of equal
amounts of lysate protein for each sample were loaded on
7.5% sodium dodecyl sulfate-polyacrylamide gels for elec-
trophoresis and then blot transmembrane. At room temper-
ature (RT), 3% bovine serum albumin was used to block the
nonspecific binding with the membrane in Tris-buffered
saline for 1 h. The membranes were then respectively incu-
bated with different primary antibodies overnight at 4�C, as
follows: anti-E-cadherin rabbit polyclonal antibodies
(1:1000, no. SAB4503751, Sigma-Aldrich, Shanghai,
China), anti-Vimentin rabbit polyclonal antibodies
(1:1000, no. SAB4503081, Sigma-Aldrich, Shanghai,
China), and anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; 1:1000, no. sc-25778, Santa Cruz, CA,
USA). Horseradish peroxidase-conjugated secondary goat
anti-rabbit IgG2a antibodies (1:1000, no. sc-2061, Santa
Cruz) were used as the secondary antibodies. Based on
the manufacturer’s instructions, Western blots were
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colored by an enhanced chemiluminescence kit (Sigma, St.
Louis, MO, USA). Using Bio-Rad GelDoc XR and Chemi
Doc XRS systems (Bio-Rad, Hercules, CA, USA),
Quantification of protein bands was performed and ana-
lyzed with Quantity One 1-D Analysis Software Version
4.6.3 (Bio-Rad).

Detection of cell-derived cytokines using antibody
arrays (human cytokine antibody array G-Series 5
cat# AAH-CYT-G5-4)

BRC cells and different BRC cell-activated macrophages
were cultured in medium with 1% FBS for 24 h. The CM
was collected and used for Human Cytokine Antibody
Array. Human Cytokine Antibody Array 5 (G-Series;
RayBio, Inc.) was used according to the manufacturer’s
protocol. Briefly, the arrays were blocked at RT by incubat-
ing them with 100mL of CM overnight, and then incubated
with biotin-conjugated antibodies (1/250) for 2 h and with
Streptavidin-Fluor reagent while avoiding exposure to
light. After allowing the glass chip to dry in a laminar
flow hood, a laser scanner (Innopsys, InnoScanVR ) of Cy3
fluorophore or the “green” channel (excitation frequency,
532 nm) was used to scan the glass chip.

Statistical analysis

SPSS 19.0 software (SPSS, Chicago, IL, USA) was used for
statistical analysis. All data are presented as the mean�
standard deviation of three independent repeats, and the
mean results of different groups were compared by LSD
and Tukey’s tests following ANOVA to determine

statistical significance. P< 0.05 was considered statistically
significant difference.

Results

Cyclin D1b promote invasiveness of BRC cell

To investigate the effect of cyclin D1b on the invasiveness of
human BRC cell, pcDNA3.1-cyclin D1b was transfected
into non-metastatic MCF-7 cells with low cyclin D1b tran-
script expression. In another experiment, cyclin D1b
expression in the metastatic MDA-MB-231 cells was down-
regulated by transfection of siRNA (Figure 1(a)). To quan-
titatively evaluate the invasive ability of these cancer cell
lines, Transwell assay was used, and the results showed
that ectopic cyclin D1b increased the invasive ability of
MCF-7 cells in vitro. Matrigel invasion assay also showed
that MDA-MB-231 cell invasiveness was significantly
reduced in the cells transfected with cyclin D1b siRNA,
but not in the siRNA control group (Figure 1(b) and (c)).
MMP-9 is related to higher invasiveness and metastatic
potential of BRC cells.20 The production of MMP-9 was
increased by cyclin D1b overexpression in MCF-7 cells
and decreased by the cyclin D1b siRNA in MB-231 cells
(Figure 1(d) and (e)). These data suggest that cyclin D1b
is related to increased tumor invasion of BRC cells.

High cyclin D1b-expressing tumor cell promote

macrophage M2 polarization

In order to establish a macrophage differentiation model
in vitro, the human monocyte cell line THP-1 was

Figure 1. The cyclin D1b variant promotes invasion of BRC cells. (a) Cyclin D1b expression was assessed using reverse-transcription PCR analysis. MCF-7 cells were

transfected with plasmid DNA containing the cyclin D1b sequence. MDA-MB-231 cells were transfected with siRNA against cyclin D1b. (b, c) Invasion of cells was

assessed using a Matrigel invasion assay. Magnification, �100. (d, e) MMP-9 expression was assessed in the indicated BRC cells. MMP-9 production was evaluated

using a zymography assay (48-h culture). The MMP-9 optical density ratio of the left three groups is relative to MCF-7. The MMP-9 optical density ratio of the right three

groups is relative to MB-231. BRC: breast cancer; siRNA: small interfering; RNAi: RNA interference (siRNA); MMP: matrix metalloproteinase. The differences between

the two groups were analyzed by ANOVA. **P<0.01. (A color version of this figure is available in the online journal.)
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Figure 2. Differentiation of M2 macrophages derived from the human monocyte cell line (THP-1). (a) Expression of CD206/CD68 in macrophages. THP-1 cells were

differentiated using different conditional culture media. The percentage of CD206þ/CD68þ positive cells was detected using flow cytometry. (b) Expression of CD206

or HLA-DR on the cell surface of macrophages was detected and calculated using flow cytometry. (c) mRNA expression of the cytokine profiles of THP-1-derived

macrophages. (d) MMP production in the THP-1-derived macrophages. THP-1-derived macrophages were incubated in the presence of different BRC culture media

for six days and then cultured for 24 h in DMEM supplemented with 1% FBS. Conditioned media (supernatant) and indicated macrophages (cell lysates) were

collected, and gelatinase production was assessed using a zymography assay. The MMP-9 optical density ratio of different groups is relative to the control group,

respectively. The MMP-2 optical density ratio of different groups is relative to the cell lysates control group. (e, f) Invasion and migration of macrophages. Invasion of

macrophages induced by different BRC culture media was assessed using a Transwell invasion assay (upper panel). The Transwell migration assay demonstrated that

the number of macrophages migrating toward the MCF-7D1b-conditioned medium (lower panel) was highest. BRC: breast cancer; MMP: matrix metalloproteinase.

The differences between the two groups were analyzed by ANOVA. *P< 0.05, **P< 0.01. (A color version of this figure is available in the online journal.)
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differentiated into macrophages by administration of PMA
following culture filtrates of different tumor cells. In the
process of differentiation, THP-1 cells gradually changed
from suspended growth to adherent diffusion, and the
increase in CD68 expression indicated that the cells had
differentiated into macrophage-like cells. In flow cytomet-
ric analyses, the CD206 expression of M2 marker was sig-
nificantly higher in MCF-7-D1b cells than in other three
groups (Figure 2(a)). Expression of HLA-DR, M1 macro-
phage marker, was lower in MCF-7-D1b cells (Figure 2
(b)). Macrophages treated with CM from MCF-7-D1b cells
exhibited a CD206high/HLA-DRlow phenotype, similar to
primary TAMs, suggesting that CM from MCF-7-D1b
cells may be a potent activator of macrophage differentia-
tion. To confirm the expression of characteristic cytokines in
these macrophages, the mRNA levels of the macrophage
cytokines (IL-8, IL-10, TNF-a, IFN-c) were investigated.
The mRNA levels of these cytokines showed a similar
expression pattern as that of macrophage marker expres-
sion (Figure 2(c)). Secretion of MMPs by TAMs has been
well documented.22 To determine whether MCF-7-D1b
cells induced macrophage M2 polarization, MMP activity
of the indicated macrophages treated with different CMs
was assessed using the zymography assay. CM from MCF-
7-D1b cells resulted in an increase in both MMP-9 and
MMP-2 activity (Figure 2(d)). Accordingly, Transwell inva-
sion assay was used to evaluate the degradation of extra-
cellular matrix (ECM) and basement membrane by seeding
macrophages into the upper well, and a similar tendency
was observed, as shown in Figure 2(e) (upper panel) and
Figure 2(f) (left). Tumor cells are known to be able to recruit
macrophages.23 In the present study, Boyden chamber
assay showed that more macrophages migrated towards
the MCF-7-D1b cancer cell CM, in comparison with
other tumor cell groups (Figure 2(e), lower panel and
Figure 2(f), right).

Macrophage activated by high cyclin D1b-expressing
tumor cell and induce migration of BRC cell in return

TAMs have been previously reported to enhance metastasis
of BRC cells, which is often associated with EMT of BRC
cells.24 Thus, we observed whether macrophage activated
by high cyclin D1b-expressing tumor cell induced migra-
tion of BRC cell in return. MCF-7-D1b cell co-cultured with
THP-1 derived macrophage for six days changed from a
rounded shape to an elongated one (Figure 3(a)) and
showed reduced E-cadherin expression as well as increased
Vimentin expression (Figure 3(b)). Conversely, MCF-7 cells
co-cultured with macrophages which have been co-
cultured with MCF-7-D1b cells for another 24 h changed
from a rounded shape to an elongated one, too. The protein
levels of E-cadherin and Vimentin showed a similar expres-
sion pattern as that of co-culturedMCF-7-D1b cell (Figure 3
(b)), revealing that MCF-7-D1b cell activated macrophage-
mediated induction of EMT in BRC cell in return. To assess
the effect of the activated macrophages on tumor cell reten-
tion in lungs under dynamic flow conditions, CFSE-labeled
tumor cells were injected into nude mice via the tail vein. A
total of 24 h after injection, cell extravasation in the lungs

was assessed by counting the fluorescent spots in lung tis-
sues. As shown in Figure 3(c), 24 h after injection, the reten-
tion of MCF-7-D1b cells co-cultured with macrophages in
lung tissue was increased, and this may have contributed to
BRC metastasis in vivo. Similarly, the number of metastatic
nodules in the lungs was also increased 28days after
inoculation.

Cyclin D1b promotes SDF-1 secretion from BRC cells

To identify the mechanism underlying activation of macro-
phage by critical cytokines secreted by high cyclin D1b-
expressing BRC cell, the cytokine profiles of CM from
MCF-7-D1b and MCF-7-3.1 cell were analyzed using
RayBio Human Cytokine Antibody Array. The levels of
three cytokines, SDF-1, GM-CSF, and GCP-2, were signifi-
cantly increased in the CM of MCF-7-D1b cell in compari-
son with the CM of MCF-7-3.1 cell (Figure 4(a)). The
cytokine profiles of CM from MCF-7-D1b cell-activated
macrophage showed M2 subtype cytokine TNF-bhigh

GROhigh IL-10high characteristics (Figure 4(b)). Cyclin D1b
expression in the MDA-MB-231 cell was reduced by the
siRNA, and the cytokine profile of CM from MDA-MB-
231-siD1b cell was assessed. The levels of four cytokines
(SDF-1, MCP-1, CCL24, and IL-a) in the CM of MDA-MB-
231-siD1b cell were significantly decreased compared with
those in the control cell (Figure 4(c)), of which SDF-1, MCP-
1, and CCL24 were associated with monocyte accumulation
or M2-macrophage polarization.8,25 Collectively, SDF-1
secreted by high cyclin D1b-expressing BRC cell may be a
critical factor mediating the activation of macrophage.

SDF-1 mediates the activation of macrophage induced
by high cyclin D1b-expressing BRC cell

To investigate the role of SDF-1 in augmenting crosstalk
between BRC cell and macrophage, AMD3100, a specific
antagonist of SDF-1 receptor CXCR4, was used in the co-
culture system. AMD3100 (10lg/mL) was added to the
CM from BRC cell, and this abrogated the enhanced ability
of macrophage to degrade the ECM. In Boyden chamber
assay, when AMD3100 was added to the lower well, the
number of migrating macrophages was significantly
lower than that with the untreated controls (Figure 5(a)
and (b)). Consistent with this result, the increased
release of MMP-9 from macrophage was abrogated as
well (Figure 5(c) and (d)). These results show that SDF-1
may serve a critical role in the process of macrophage polar-
ization induced by cyclin D1b-expressing BRC cell.

Discussion

The present study showed that the cyclin D1b splice variant
facilitated tumor metastasis by promoting SDF-1-mediated
macrophage polarization.

In tumor microenvironment, cancer cells actively mod-
ulate nonmalignant stromal cells, such as macrophages,
to enhance tumor development and metastasis.26

Interestingly, distinct types of cancer cells exhibit differing
abilities to modulate the tumor microenvironment. In BRC,
the highly aggressive cancer cells may have a selective
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advantage in modulating the tumor microenvironment.27

The relationship between cancer cell and nonmalignant
stromal cell is the focus of clinical attention. Cyclin D1b
has been reported to be associated with worse disease

outcomes, and its influence is not dependent on the relative
levels of cyclin D1a. In our previous study, the endogenous
and ectopic expression of cyclin D1b in human BRC cell
lines was shown to be correlated with an aggressive

Figure 3. Macrophages activated high cyclin D1b expression in tumor cells, which, in turn, inducedmigration of BRC cells. (a) Co-culture with macrophages increased

the fibroblastic morphology of MCF-7-D1b cells. MCF-7-D1b cell lines and control MCF-7-3.1 cell lines were indirectly co-cultured with THP-1-derived macrophages

using a Transwell system. MCF-7-D1b cells co-cultured with THP-1 derived macrophages for six days changed from a rounded shape to an elongated one ((a) second

line middle panel), but MCF-7-3.1 cells have not morphological change ((a) first line middle panel). MCF-7-3.1 cells co-cultured with macrophages which have been co-

cultured with MCF-7-D1b cells for another 24 h changed from a rounded shape to an elongated one ((a) first line right panel), and MCF-7-D1b cells co-cultured with

macrophages which have been co-cultured with MCF-7-3.1 cells for another 24 h changed from a rounded shape to an elongated one ((a) second line right panel), too.

(b) Protein expression of E-cadherin and Vimentin in the tumor cells pretreated above was analyzed by Western blotting. For MCF-7-3.1 and MCF-7-D1b cells, the

control group, Mu group, and D1b/Mu group were set up for co-culturing respectively. The protein expression of E-cadherin and Vimentin was investigated. (c) Tumor

cell retention in lungs after co-culture with macrophages. MCF-7-D1b cells co-cultured with macrophages were collected, labeled with CFSE, and injected into mice

via the tail vein. Mice were sacrificed after 24 h. Scale bar, 50 lm. After 30 days, lung tissues were dissected and used for histological examination. BRC: breast cancer.

The differences between the two groups were analyzed by ANOVA. *P< 0.05, **P< 0.01. (A color version of this figure is available in the online journal.)
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phenotype via transcriptional regulation of functions other
than that of classical cyclin D1a. The present study is the
first to show that cyclin D1b expression in BRC made non-
metastatic MCF-7 cells metastatic, and its silencing made
metastatic MDA-MB-231 cells less metastatic. Thus, is
cyclin D1b expression in BRC associated with macrophage
polarization-mediated metastasis?

Macrophages have been previously reported to consti-
tute the majority of tumor-infiltrating immune cells in
tumor microenvironment.28 Several different types of
cancer tissues possess numerous M2 macrophage-like
TAMs,29 which express specific markers, such as CD206
and CD163, and CD83, CD80, and HLA-DR for M1 macro-
phages. CD68 is expressed on both M1 and M2 macro-
phages.30–32 The in vitro model system was successfully
established to examine the interaction between macro-
phage and tumor cell. Macrophage could undergo differ-
entiation into M2-like macrophage (CD206high HLA-DRlow)
in response to CM from high cyclin D1b-expressing tumor

cell. The secretion of MMP-9 by TAMs has been well docu-
mented.25 Increased MMP-9 expression in cancer tissues
via degradation of the ECM and basement membrane, lib-
eration of matrix-bound growth factors, and activation of
tumor-promoting agents is considered to be an important
step in promoting invasiveness and angiogenesis.33 The
present study revealed that THP-1-derived macrophages
treated with MCF-7-D1b CM showed an altered proteolytic
profile, including increased MMP-9 production and
enhanced ECM degradation ability. Furthermore, the CM
of MCF-7-D1b cancer cell attracted more macrophages,
suggesting that BRC cell with high expression levels of
cyclin D1b may both recruit tumor-supportive macro-
phages and promote their polarization toward the M2
phenotype.

With the colocalization of TAMs and cancer cells that
had undergone EMT at the invasive front of tumors, both
BRC cells and macrophages co-migrated and were depen-
dent upon each other to be invasive in vivo.34 When co-

Figure 4. Cytokine array of the CM of different BRC cells and co-cultured macrophages. (a) Cytokine array of the CM of the MCF-7-D1b and control MCF-7-3.1 cells.

(b) Cytokine array of CM of MCF-7-D1b and control MCF-7-3.1 cells were respectively co-cultured with activated macrophages. (c) Cytokine array of the CM of MDA-

MB-231-siD1b and control MDA-MB-231 cells. CM: conditioned media; BRC: breast cancer; si: small interfering; GM-CSF: granulocyte-macrophage colony stim-

ulating factor; IL-8: interleukin 8; MIG: monokine induce by INF-c; SDF-1: stromal cell-derived factor-1; GCP-2: granulocyte chemotactic protein 2; MIF: macrophage

migration inhibitory factor; GRO: growth regulated protein; IL-10: interleukin 10; ANG: angiopoietin; TNF-b: tumor necrosis factor-b; OPG: osteoprotegerin; IL-1a:
interleukin 1a; MCP-1: monocyte chemoattractant protein-1; CCL24: C-C motif chemokine 24. (A color version of this figure is available in the online journal.)
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cultured with macrophages, MCF-7-D1b cells transformed
from a rounded to a more elongated morphology and
exhibited decreased E-cadherin and increased Vimentin
expression, resulting in increased migration and invasive-
ness. Furthermore, metastasis was also increased following
intravenous injection transplantation. These results suggest
that tumor metastasis is augmented by crosstalk between
aggressive BRC cell and TAM, and this may be promoted
by the cyclin D1b splice variant.

In tumor microenvironment, the cytokine communica-
tion exists between tumor cells and pro-monocytes, e.g.
CCL2-mediated recruitment of monocytes35 and the role
of GROs in neutrophil recruitment36 and IL-8 in angiogen-
esis,37 and this was an important factor increasing the
expression of genes associated with tumor malignancy.
Another report recently showed that tumors specifically
alter tumor cells to interact with virtually all host cells pre-
sent in the microenvironment to promote malignancy via
functional communication through cytokines.38 This study
showed that the interactions between macrophage and
cancer cell with high cyclin D1b expression resulted in
upregulation of numerous cytokines, particularly SDF-1.
Expression of SDF-1 (CXCL12) by tumor cell has been
shown to result in an increase in macrophage and micro-
vessel density and in vivo invasiveness.8 Furthermore,
CXCR4, the only receptor for CXCL12, was essential for
M2-skewed TAM differentiation.39 Slug transcriptional
induction is essential for cyclin D1b-mediated invasive
properties,40 and Snail family members (Snail and Slug)
promote EMT and mediate myeloid cell recruitment
by increasing the release of soluble factors, including
SDF-1.41 These data suggest that cyclin D1b induces pro-
tumorigenic phenotypes and a unique gene expression

program associated with metastasis. Cyclin D1 has been
confirmed to have transcriptional function in vivo.42

However, studies have found that the main function of
cyclin D1b is to induce nuclear receptor dependent tran-
scription events related to tumor cell migration, invasion,
or differentiation.40 In fact, gene expression profiles show
that cyclin D1b alters some cellular processes, including
transcriptional and translational regulation.43 It is speculat-
ed that cyclind1b may cause changes in cytokines through
transcriptional regulation.

The previous studies on cyclin D1b were mainly limited
to the tumor cells themselves.42,43 This study further eval-
uated the role and mechanism of cyclin D1b in remodeling
the tumor microenvironment by changing the biological
characteristics of tumor cell. A large number of studies
have shown that stromal tumor cells play an important
role in remodeling the tumor microenvironment.44

Because of the heterogeneity of tumor itself, our study fur-
ther explored the specific molecular targets of this cell pop-
ulation, thereby placing more emphasis on studying the
tumor microenvironment and tumor cell dialogue mecha-
nisms. However, there are some limitations associated with
the in vivo experiments in this study. In order to replicate
the experimental model in vivo and further study the role of
cyclin D1b tumor cells in the process of interaction with
macrophages, an immune reconstitution model must be
used for in vivo experiments, which has some limitations.
Studies have shown that different subpopulations of BRC
cells have different induction effects on macrophages.45

The highly invasive BRC cells with stromal-like character-
istics show a stronger induction effect. Aggressive cancer
cells may have a selective advantage in modulating the
tumor microenvironment.9 When macrophages polarize

Figure 5. Functional alteration of macrophages treated with AMD3100. (a, b) Invasion assay and Boyden chamber assays. Macrophages were incubated with CM

from MCF-7-D1b treated with or without AMD3100. Invasion of macrophages was measured using a Transwell invasion assay (upper panel). Boyden chamber assays

were used to measure macrophage migration toward MCF-7-D1b-CM which had been treated with or without AMD3100 (lower panel). (c, d) MMP-9 production in

THP-1-derived macrophages incubated with CM from MCF-7-D1b with or without AMD3100 administration. CM: conditioned media; MMP: matrix metalloproteinase.

The differences between the two groups were analyzed by ANOVA. *P< 0.05, **P< 0.01. (A color version of this figure is available in the online journal.)
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into tumor-promoting subtypes, this vicious circle pro-
motes tumor development. Thus, clarification of the char-
acteristics of the dominant BRC cell subpopulation induced
by macrophage polarization and identification of the spe-
cific molecular targets of the subtype are of great signifi-
cance for BRC treatment.

Previous studies have shown that the positive feedback
loop between aggressive cancer cells and macrophages is
critical for metastasis of BRC.9,24 The present study showed
that cyclin D1b in aggressive BRC cell promotes the release
of soluble factors from cancer cell to recruit and “train”
macrophage. These results provide insight into the extent
of interactions between cancer cell and macrophage,
highlighting the convergence networks of cyclin D1b
expression in cancer cells and TAMs and promoting phe-
notypes implicated in progression of metastasis. This unex-
pected pathway highlights a potentially novel means of
therapeutic intervention for treatment of metastatic cancer.
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