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ABSTRACT Increasing evidence supports the critical role of active stromal adi-
pocytes in breast cancer development and spread. However, the mediators and the
mechanisms of action are still elusive. We show here that cancer-associated adi-
pocytes (CAAs) isolated from 10 invasive breast carcinomas are proinflammatory and
exhibit active phenotypes, including higher proliferative, invasive, and migratory capaci-
ties compared to their adjacent tumor-counterpart adipocytes (TCAs). Furthermore, all
CAAs secreted higher level of interleukin-8 (IL-8), which is critical in mediating the para-
crine procarcinogenic effects of these cells. Importantly, ectopic expression of IL-8 in TCA
cells activated them and enhanced their procarcinogenic effects both in vitro, in a
STAT3-dependent manner, and in vivo. In contrast, inhibition of the IL-8 signaling using
specific short hairpin RNA, anti-IL-8 antibody, or reparixin suppressed the active fea-
tures of CAAs, including their non-cell-autonomous tumor-promoting activities both
on breast luminal cells and in orthotopic tumor xenografts in mice. IL-8 played also
an important role in enhancing the proangiogenic effects of breast adipocytes.
These results provide clear indication that IL-8 plays key roles in the activation of
breast CAAs and acts as a major mediator for their paracrine protumorigenic effects.
Thus, targeting CAAs by inhibiting the IL-8 pathway could have great therapeutic
value.
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Obesity is correlated with highly aggressive tumors and higher mortality rates for
the majority of malignancies, including breast cancer. Indeed, increased inflam-

mation, angiogenesis, hypoxia, and changes in endocrine factors are very frequent in
obese females. Furthermore, several studies have shown that adipocytes adjacent to
cancer cells, or cancer-associated adipocytes (CAAs), exhibit different molecular and
cellular features and can increase the proliferation and invasion capacities of cancer
cells via conferring metabolic advantages (1, 2). In addition, most cancer cells express
receptors for adipocyte-secreted adipokines, which play major roles in tumor onset and
spread in a paracrine fashion (3).

Leptin (LEP product) is a major oncogenic adipokine, which activates several down-
stream cancer-promoting pathways, including JAK2/STAT3, mitogent-activated protein
kinase (MAPK), and phosphatidylinositol 3-kinase (PI3K)/AKT (4). Based on its autocrine,
endocrine, and paracrine effects, leptin acts at different levels of breast tumorigenesis,
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from initiation and primary tumor growth to metastatic progression. Leptin can also
affect breast tumor microenvironment through promoting angiogenesis and recruiting
immune cells such as macrophages and monocytes (5, 6).

Interleukin-8 (IL-8), another key inflammatory adipokine, is a member of the CXC
chemokine family, which plays important roles in breast tumorigenesis, and has im-
portant prognostic and/or predictive values. The expression of IL-8, which is under the
control of nuclear factor �B (7), correlates well with angiogenesis and metastatic
potential of several solid tumors in various animal models (8–11). In breast cancer, IL-8
is most commonly overexpressed in estrogen receptor-negative tumors, and the serum
levels of IL-8 correlate well with advanced disease (12). IL-8 secreted by tumor cells
potentiates tumor progression through inducing the epithelial-to-mesenchymal tran-
sition (EMT) process (13). The IL-8 function is mainly mediated through its association
with specific cell surface G protein-coupled receptors CXCR-1 and CXCR-2 (14). Con-
sidering the presence of both IL-8 receptors in cancer cells, IL-8 could act as an
autocrine motility and growth factor, providing tumors with additional growth and
progression advantages. Furthermore, stress- and drug-induced IL-8 signaling enhances
the resistance of cancer cells to various chemotherapeutic agents (11). Thereby, tar-
geting the IL-8 signaling could constitute a powerful therapeutic approach.

Based on the well-known link between obesity/adipocytes, IL-8, and breast cancer,
we sought in the present report to investigate the role of IL-8 in activating breast
adipocytes and in promoting their paracrine procarcinogenic effects. We have shown
that CAAs from breast cancer are active and express higher levels of IL-8 than their
adjacent tumor-counterpart adipocytes (TCAs). Interestingly, whereas ectopic expres-
sion of IL-8 transactivated TCAs to active adipocytes, IL-8 downregulation in CAAs
“normalized” these adipocytes and repressed their procarcinogenic effects.

RESULTS
Cancer-associated adipocytes display features of active adipocytes. We started

the present study by delineating various molecular and cellular features of CAAs
relative to their TCAs. To this end, adipose tissues were collected from 10 human
invasive ductal carcinomas of different subtypes, which were obtained from patients
with various body mass index (BMI) values (Table 1). Adipose tissues were dissociated,
and preadipocytes were obtained and cultured (CAAs). We also isolated the corre-
sponding preadipocyte populations taken from histologically normal regions of the
same breasts at least 2 cm away from the outer tumor margins (TCAs). CAAs and TCAs
were both differentiated into mature adipocytes. Whole-cell extracts were prepared,
and specific antileptin antibody, as a marker of active adipocytes (15), was utilized for
immunoblotting with anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH)
antibody as an internal control. Figure 1A, upper panel, shows that the level of leptin
was higher in 8 of 10 CAAs (80%) than in their corresponding TCAs. However, the leptin
levels were similar in the two CAA/TCA pairs in patient 2 (P2) and P3. In addition, a great
interindividual variation in the leptin expression was observed between the various
CAAs and also TCAs (Fig. 1A, upper panel). Similarly, the levels of IL-1�, IL-8, and NF-�B
(p65) were also higher in all CAAs (100%) compared to their corresponding TCAs, with

TABLE 1 Patient BMI and pathological characteristics

Patient BMI ER PR Her2neu

P1 37 � � –
P2 33.9 – – �
P3 22.1 � � –
P4 25.9 � � –
P5 30.1 � � –
P6 24.1 � – –
P7 42.4 – – �
P8 22.7 � � –
P9 35.1 � – –
P10 31.4 � � –
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interindividual variations (Fig. 1A, upper panel). Figure 1A, lower panel, shows a clear
difference in the expression of both IL-8 and NF-�B (p65) in TCA cells compared to their
counterpart CAAs. This shows the proinflammatory status of CAA cells compared to
TCA cells.

Next, the levels of the CXCL8 and RELA mRNAs were assessed in the same cells by
quantitative RT-PCR (qRT-PCR). Figure 1B and C show a clear increase in the CXCL8 and

FIG 1 (Continued)
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RELA mRNA levels in all CAAs (100%) compared to their adjacent TCAs. This shows that
the expression of the CXCL8 and RELA mRNA reflects the corresponding proteins in all
TCA/CAA pairs (Fig. 1B and C), indicating that IL-8 and NF-�B upregulation is due, at
least in part, to an increase in the level of their corresponding transcripts.

The expression of IL-8 is primarily regulated by the NF-�B-mediated transcriptional
activity (7). Therefore, to elucidate the molecular mechanism that underlies the IL-8
mRNA upregulation in CAAs, we assessed the binding of NF-�B to the CXCL8 promoter
and the effect of this binding in vivo by the chromatin immunoprecipitation (ChIP)
assay. To this end, the TCA/CAA1, -2, and -5 pairs were utilized to prepare chromatin,
and the NF-�B–DNA and the H3-DNA complexes were pulled down using anti-NF-�B
(p65) antibody. Anti-IgG was used as a negative control. The CXCL8 promoter was then
amplified by qPCR. The GAPDH promoter served as an unlinked locus control. Although
the CXCL8 promoter was robustly amplified when ChIP assayed with anti-NF-�B and
anti-H3 antibodies in CAA cells, this amplification was decreased in TCA cells (Fig. 1F).
However, whereas no amplification product was found with anti-IgG, the GAPDH
promoter was amplified only when chromatin was immunoprecipitated with anti-H3
antibody (Fig. 1D). Thus, the elevated level of the CXCL8 mRNA in CAA cells is due to

FIG 1 Mature breast cancer-associated adipocytes are active. (A) Whole-cell lysates were prepared from the
indicated mature adipocytes and utilized for immunoblotting with antibodies against the indicated proteins.
(Lower panel, left) Quantification of leptin expression levels. (Right) Box plot showing IL-8 and NF-�B (p65)
expression levels in the indicated types of breast adipocytes. (B and C) Total RNA was prepared from the indicated
adipocytes and utilized to assess the levels of the CXCL8 and RELA mRNAs by qRT-PCR using GAPDH as a reference
gene. Error bars represent means � the SD, and values reflect three independent experiments. Upper panels show
the difference in the expression of individual transcripts between CAA and TCA cells isolated from the same
patients, as indicated. Lower panels show the difference between all the CAAs compared to their corresponding
TCAs. (D) ChIP assay. Chromatin was purified from the indicated adipocytes and then immunoprecipitated with the
indicated antibodies. Subsequently, the CXCL8 promoter bearing the NF-�B-p65 binding site was amplified by qPCR
using specific primers. The GAPDH promoter was used as an unlinked locus control, and the abundance of the
promoter was plotted relative to GAPDH after normalization of each sample against its own input. These
experiments were performed three times, and error bars represent means � the SD. *, P � 4.1 � 10�5. (E) The
indicated CAAs and TCAs were seeded in SFM in the upper wells of the CIM plates, and the migration/invasion
abilities were assessed by the RTCA-xCELLigence system. For proliferation, adipocytes were seeded in complete
medium in the E-plate, and the proliferation rate was assessed by the RTCA-xCELLigence system. (F) SFCM from
four subtypes of CAAs and their corresponding TCA cells were utilized to assess the secreted levels of IL-8 by ELISA.
Error bars represent means � the SD; values were determined from three different experiments. *, P � 0.04.
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the binding of the NF-�B protein to its promoter, which enhanced its expression
compared to the TCA counterparts.

Next, we assessed the migration/invasion and proliferation abilities of four subtypes
of CAAs—CAA1, -2, -3, and -5—and their corresponding TCAs using the xCelligence
system. Figure 1E shows that all four CAAs migrate/invade and proliferate more
efficiently than TCAs. Interestingly, the levels of both basal and active forms of the AKT
and STAT3 proteins, the downstream effectors of the IL-8 signaling (16), were higher in
all (100%) CAAs than in TCAs (Fig. 1A, upper panel). These findings suggested the
possible active status of CAAs.

Furthermore, serum-free conditioned media (SFCM) were collected from CAA1, -2,
-3, and -5 and their corresponding TCAs, and the level of the secreted IL-8 protein was
assessed by enzyme-linked immunosorbent assay (ELISA). Figure 1F shows that CAAs
secrete higher levels of IL-8 than their corresponding TCA cells.

CAA cells enhance EMT in normal breast luminal cells in an IL-8-dependent
fashion. Next, we examined the potential paracrine procarcinogenic influence of CAAs
on normal breast luminal cells (LeaL-10). Therefore, the four CAA and TCA pairs were
incubated for 48 h, and the resulting SFCM were applied onto LeaL-10 cells for 24 h
(serum-free medium [SFM] was used as a negative control). Figure 2A shows that CAA1-
and CAA2-SFCM enhanced the proliferation and the migration/invasion abilities of
LeaL-10 cells relative to the slight effect of TCA1- and TCA2-SFCM compared to SFM. In
addition, while the expression level of total AKT was only slightly affected, SFCM from
four CAA cells activated this protein kinase compared to SFM (Fig. 2B). However, SFCM
from four TCA cells did not activate AKT (Fig. 2B). This suggests that CAA cells can
enhance the proliferation, migration, and invasion capacities of normal breast luminal
cells. Similar results were obtained for the breast cancer MCF-7 cells (Fig. 2C).

The exposure of LeaL-10 cells to the four CAA-SFCM strongly reduced the levels of
the epithelial proteins E-cadherin and EpCAM, while they potently increased the levels
of the mesenchymal markers N-cadherin and Twist-1 relative to SFM (Fig. 2B). On the
other hand, the effects of SFCM from the corresponding TCA cells were only minimal
(Fig. 2B). Similar results were obtained for the breast cancer MCF-7 cells (Fig. 2D).

Next, we sought to mimic the in vivo situation, wherein a basement membrane
separates the epithelia from stromal cells. To this end, LeaL-10 cells were cultured for
48 h in 3 dimensions (3D) in a network containing a mesh (basement membrane
simulator), which separated cells from CAAs, TCAs, or SFM. Real-time RT-PCR shows
significant reduction in the expression of E-cadherin and clear upregulation of
N-cadherin and vimentin in cells cultured with CAAs relative to controls (Fig. 2C).
However, the levels of these EMT-related transcripts were only slightly affected in cells
cultured with the corresponding TCAs relative to control cells (SFM) (Fig. 2C). This
shows that CAA cells secrete factors that can cross the basement membrane and
promote gene expression changes in luminal cells, even when cultured in 3D. To
confirm these findings, LeaL-10 cells cultured in 3D and treated as described above
were collected and used to assess the EMT-related proteins by immunofluorescence.
Figure 2D shows that while LeaL-10 cells cultured with TCAs stained positive for
E-cadherin and EpCAM relative to controls, the levels of these proteins decreased when
LeaL-10 cells were exposed to CAA-SFCM. However, the level of vimentin increased
when LeaL-10 cells were exposed to CAA-SFCM relative to SFM but was not affected in
cells cultured in the presence of TCA-SFCM (Fig. 2D). Together, these findings indicate
that CAA cells enhance the procarcinogenic/metastatic EMT process in normal breast
luminal cells in a paracrine manner, which confirms their active status.

Next, we investigated the possible implication of IL-8 in the paracrine pro-EMT effect
of CAA cells on luminal cells. To this end, SFCM from CAA1 and CAA2 cells were
challenged with anti-IL-8 and antileptin neutralizing antibodies either separately or in
combination, using IgG as control, and then applied onto LeaL-10 cells for 24 h. Figure
2E shows that the inhibition of IL-8, leptin, or both in SFCM collected from CAA1
suppressed their promigratory/invasiveness, as well as proliferative effects on LeaL-10
cells. In addition, the EMT-triggering effect of CAA-SFCM was normalized by inhibiting
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FIG 2 CAAs promote EMT in normal breast luminal cells in an IL-8-dependent manner. LeaL-10 cells were exposed to SFM
or SFCM from four CAAs and their four corresponding TCA cells for 24 h. (A and C) Migration/invasion and proliferation
capabilities were assessed for the indicated pairs. The graphs are representative of different experiments. (B and D) Cell
lysates were prepared from the indicated cells and used for immunoblotting. (E) LeaL-10 cells were grown in 3D cultures
and then either exposed to two CAAs and their two corresponding TCAs or SFM. Total RNA was prepared and used to
assess the level of the indicated transcripts by qRT-PCR. Error bars represent means � the SD, and values were drawn from
three different experiments. (F) LeaL-10 cells were treated as for panel E, cytospun, and used for immunofluorescence.
Scale bars, 50 �m. (G) LeaL-10 cells were exposed to SFM or SFCM from CAA1 containing either anti-IL-8, antileptin,
anti-IL-8 plus antileptin, or anti-IgG antibodies and then utilized to assess migration/invasion and proliferation capabilities.
The graphs are representative of different experiments. (H) LeaL-10 cells were treated as indicated, and then whole-cell
lysates were prepared and used to assess the levels of the indicated proteins by immunoblotting. For the immunoblots,
the numbers below the bands indicate the corresponding protein expression levels relative to GAPDH. The levels of
phosphorylated proteins were normalized against the total amounts of the respective nonphosphorylated proteins.
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IL-8 or leptin, with no further inhibition when both neutralizing antibodies were
combined in both CAA1- and CAA2-SFCM (Fig. 2F). This shows that, like leptin, IL-8 also
mediates the paracrine procarcinogenic effects of CAA cells.

IL-8 upregulation activates breast stromal adipocytes. To show the implication
of IL-8 in the activation of breast stromal adipocytes, IL8ORF was introduced into TCA1
and TCA3 cells, while empty vector was used as a control (TCA1-IL8ORF, TCA3-IL8ORF,
TCA1-Ctrl, and TCA3-Ctrl, respectively). Figure 3A shows that the level of the IL-8
protein increased in TCA-IL8ORF cells compared to their corresponding control TCA-Ctrl
cells, reaching a level similar to that observed in CAA cells. Likewise, the secreted level
of IL-8 was also increased upon ectopic expression of IL-8 in TCA cells (Fig. 3B).
Interestingly, as in CAA cells, IL-8 upregulation was accompanied by strong increase in
the levels of JAK2/P-JAK2, STAT3/P-STAT3, and AKT/P-AKT, as well as leptin, while the
level of the p16 protein was reduced, compared to control cells (Fig. 3A). Furthermore,
IL-8 upregulation enhanced the migration, invasion, and proliferation abilities of TCA1
cells (Fig. 3C). This suggests that IL-8 upregulation activates TCA cells.

Next, we sought to investigate the paracrine effects of TCA1-IL8ORF on normal
breast luminal cells. To this end, SFCM were collected and then applied onto LeaL-10
cells for 24 h, using SFM as a negative control. Figure 3D shows that the migration,
invasion, and proliferation capacities of LeaL-10 cells were enhanced in the presence of
TCA1-IL8ORF-SFCM compared to TCA1-Ctrl-SFCM (Fig. 3D). This was confirmed by
showing IL-8-dependent upregulation of the proliferation marker Ki-67, as well as
strong activation of the migration/invasion proteins AKT and STAT3 (Fig. 3E). In
addition, SFCM from TCA1-IL8ORF upregulated the mesenchymal markers (N-cadherin,
Twist-1, and ZEB1), whereas it downregulated the epithelial markers (E-cadherin and
EpCAM) compared to the SFCM from controls (Fig. 3E). This indicates that IL-8-
expressing adipocytes trigger EMT in luminal cells in a paracrine fashion.

IL-8-related paracrine effects of breast stromal adipocytes is STAT3 dependent.
In order to delineate the molecular pathway implicated in the IL-8-dependent paracrine
effect of breast stromal adipocytes, we sought to evaluate the effect of STAT3 knock-
down using specific small interfering RNA (siRNA) on such process in luminal cells.

FIG 2 (Continued)
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Figure 3F, upper panel, shows a 3-fold decrease in the levels of both basal and
phosphorylated forms of STAT3 upon transfection of Leal-10 cells with STAT3-siRNA.
Interestingly, TCA1-IL8ORF-SFCM did not induce EMT in STAT3-deficient luminal cells
relative to controls. Indeed, STAT3-siRNA prevented the downregulation of epithelial
markers and the upregulation of mesenchymal markers in Leal-10 luminal cells (Fig. 3F,
lower panel). This indicates that the IL-8-dependent paracrine effect of breast stromal
adipocytes on luminal cells is mediated through STAT3 signaling.

We have next created orthotopic breast cancer xenografts by coinjecting MDA-MB-
231 cells with TCA1-IL8ORF or TCA1-Ctrl (n � 4/each group) under nude mice nipples.
Although all animals developed tumors 2 weeks postinjection, tumors bearing TCA1-
IL8ORF cells (T-TCA1-IL8ORF) were much bigger and reached a volume 3.3-fold larger
than those containing TCA1-Ctrl cells (T-TCA1-Ctrl) (Fig. 3G). This shows that IL-8
augments the paracrine protumorigenic activity of breast stromal adipocytes in vivo.

Next, whole-cell lysates were prepared from the two tumor groups, and the levels
of various EMT/stemness-related proteins were assessed by immunoblotting. Figure 3H
shows that while T-TCA1-IL8ORF tumors expressed lower levels of the epithelial mark-
ers E-cadherin and EpCAM, the levels of the mesenchymal proteins N-cadherin, Snail,
Zeb-1, and Twist-1 were much higher in these tumors compared to controls. Further-

FIG 3 IL-8 upregulation activates breast stromal adipocytes. (A) TCA1 and TCA3 cells were transfected with
a plasmid bearing IL-8 ORF (TCA1-IL8ORF and TCA3-IL8ORF, respectively; an empty plasmid was used as the
control, TCA1-Ctrl and TCA3-Ctrl, respectively), and cell lysates were prepared and utilized for immunoblot-
ting, using CAA1 and CAA3 as controls, respectively. (B) SFCM were collected from the indicated cells and
utilized to assess the levels of secreted IL-8 by ELISA. Error bars represent the means � the SD of three
different experiments. *, P � 0.018. (C) Same as for Fig. 1F. (D and E) LeaL-10 cells were exposed to SFM, SFCM
from TCA1-IL8ORF, or TCA1-Ctr for 24 h and then were utilized to assess migration/invasion and proliferation
capabilities (D) (the graphs are representative of different experiments) and to prepare whole-cell lysates to
assess the levels of the indicated proteins by immunoblotting (E). (F) LeaL-10 cells were transfected with
STAT3 siRNA and then exposed to SFM, SFCM from TCA1-IL8ORF, or TCA1-Ctrl for 24 h and were then utilized
to prepare whole-cell lysates to assess the levels of the indicated proteins by immunoblotting. (G) Breast
cancer xenografts were created by coinjecting MDA-MB-231 cells with TCA1-IL8ORF or TCA1-Ctrl cells (n �
4/each group) under the nipples of nude mice. (Upper panel) Representative tumor size. (Lower panel) Graph
showing time-dependent tumor growth. Error bars represent the means � the SD, with values from four mice.
*, P � 0.014. (H) Tumors were excised, and whole-tissue lysates were prepared and utilized for immunoblot-
ting. For the immunoblots, the numbers below the bands indicate the corresponding protein expression
levels relative to GAPDH. The levels of phosphorylated proteins were normalized against the total amounts
of the respective nonphosphorylated proteins.
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more, the levels of the AKT/phospho-AKT and Ki-67 proteins were higher in T-TCA1-
IL8ORF tumors relative to T-TCA1-Ctrl tumors (Fig. 3H).

The induction of EMT promotes stem cell features (17). Therefore, we decided to
assess the levels of the major mammary cancer stem cell markers ALDH, CD44, and
CD24. Figure 3H shows that T-TCA1-IL8ORF tumors expressed elevated levels of ALDH1
and CD44 proteins and lower level of the CD24 protein relative to T-TCA1-Ctrl tumors.
This indicates that IL-8 upregulation in TCAs increases their paracrine capacity in
enhancing cancer stem cell attributes in breast cancer cells in vivo.

IL-8 knockdown suppresses active breast stromal adipocytes. Next, we sought
to investigate the effect of IL-8 knockdown on the status of CAAs and their potential
“normalization.” Thereby, mature CAAs were transfected with specific shRNA against
IL-8 (four different sequences), and a scrambled sequence was used as negative control.
Whole-cell extracts were then prepared from the generated cells (CAA1-IL8sh1, -IL8sh2,
-IL8sh3, and -IL8sh4 and CAA1-Ctrl, respectively), and the level of the IL-8 protein was
assessed by immunoblotting using whole-cell lysates from the corresponding TCA1
cells as a control. Figure 4A shows a clear decrease in the level of the IL-8 protein in
CAA1-IL8sh3 and CAA1-IL8sh4 cells compared to controls, reaching a level similar to
that observed in TCA1 cells. The level of the secreted IL-8 was also decreased in

FIG 4 IL-8 downregulation suppresses the activity features of CAA. (A) CAA1 cells were separately transfected with four different specific
IL-8-shRNAs (CAA1-IL8sh1, CAA1-IL8sh2, CAA1-IL8sh3, and CAA1-IL8sh4), as well as a control plasmid bearing a scrambled sequence
(CAA1-Ctrl), and then cell lysates were prepared and used for immunoblotting. (B) SFCM collected from the indicated cells were utilized
to assess the levels of secreted IL-8 by ELISA. Error bars represent means � the SD, and the values represent three independent
experiments. *, P � 0.000246. (C) Same as for Fig. 1F. (D) Cell lysates were prepared from the indicated cells and used for immunoblotting
analysis. For the immunoblots, the numbers below the bands indicate the corresponding protein expression levels relative to GAPDH. The
levels of phosphorylated proteins were normalized against the total amounts of the respective nonphosphorylated proteins. (E) LeaL-10
cells were exposed to SFM or SFCM from the indicated cells and then were utilized to assess the migration/invasion and proliferation
capabilities by the RTCA-xCELLigence system. The graphs are representative of different experiments.
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CAA1-IL8sh3 and CAA1-IL8sh4 cells compared to controls (Fig. 4B). In addition, upon
downregulation of IL-8 in CAA1 cells, the migration/invasion and proliferation capabil-
ities of these cells decreased compared to control cells and became similar to their
TCA1 counterparts (Fig. 4C). Furthermore, the levels of AKT/P-AKT and STAT3/P-STAT3,
as well as leptin, were also reduced in CAA1-IL8sh3 and CAA1-IL8sh4 cells compared to
control cells, reaching levels similar to those observed in TCA1 cells (Fig. 4D). This
implies that IL-8 downregulation suppresses the proliferative and migratory/invasive
abilities of CAAs. Since downregulation of IL-8 in CAA1 significantly reduced their
proliferative ability, we assessed the level of the proliferative marker PCNA, as well as
the cell cycle regulator proteins p16 and p53. Figure 4D shows that while the levels of
p16 and p53 increased in CAA1-IL8sh3 and CAA1-IL8sh4 cells, the levels of PCNA
decreased compared to controls. These results indicate that IL-8 downregulation
repressed CAA cells.

Next, we sought to investigate the paracrine effects of IL-8 downregulation in CAA
cells on normal breast luminal cells. Figure 4E shows that the migration, invasion, and
proliferation capacities of LeaL-10 cells were reduced in the presence of CAA1-IL8sh3-
SFCM compared to CAA1-Ctrl-SFCM. In addition, whereas SFCM from CAA1-Ctrl cells
induced the EMT process, SFCM from CAA1-IL8sh3 cells had an effect similar to SFM
(Fig. 3E). Similar results were obtained for the proliferative marker Ki-67 and the
proinvasive kinase P-AKT (Fig. 3E). This indicates that IL-8 downregulation suppresses
the procarcinogenic effects of CAA cells.

Inhibition of CXCR1/2 persistently suppresses active adipocytes. To further
confirm the role of IL-8, the autocrine binding of IL-8 to its receptors was inhibited by
treating CAA1 cells with serial concentrations of reparixin, a noncompetitive CXCR1/2
dual inhibitor (18). Therefore, CAA1 cells were either sham treated or challenged with
different doses of reparixin (0, 50, and 100 nM) for 24 h, using anti-IL-8 neutralizing antibody
as a control. Cells were then harvested, and whole-cell lysates were prepared for immu-
noblotting analysis using specific antibodies. Figure 5A shows dose-dependent downregu-
lation of IL-8, reaching a level similar to that obtained with neutralizing anti-IL-8 antibody,
compared to nontreated cells. In addition, similar to the effect of anti-IL-8, the levels of
STAT3/P-STAT3 and P-AKT were also strongly decreased in response to reparixin (Fig.
5A). The migration/invasion and the proliferative capabilities of CAA1 cells were also
decreased after treatment with reparixin and anti-IL-8 antibody (Fig. 5B). This indicates
that targeting IL-8 receptors by treatment with reparixin inhibits the activity of CAA
cells.

Next, SFCM were collected from CAA1 treated with reparixin or anti-IL-8 antibody as
described above, and then the level of secreted IL-8 was measured by ELISA. Figure 5C
shows a dose-dependent decrease in the level of secreted IL-8, reaching a level similar
to that obtained with anti-IL-8 relative to the nontreated cells.

We next sought to test whether the effect of reparixin is persistent. To this end,
CAA1 cells were treated as described above for 24 h, and then reparixin- and anti-IL-
8-containing media were removed, and the cells were washed three times with PBS.
The cells were incubated in fresh medium for 24 h and then split and reincubated in
fresh medium for another 72 h. Subsequently, SFCM were collected, and the cells were
utilized to assess the level of the secreted IL-8 by ELISA. Figure 5C shows that,
compared to 24-h treatment, the reduced level of secreted IL-8 was sustained for 72 h
after splitting in fresh medium. In addition, the levels of the CXCL8 and LEP mRNAs
remained also downregulated after splitting, whereas the CDKN2A mRNA remained
upregulated (Fig. 5D). Similar results were obtained when cells were reparixin treated
and then split four times in the absence of the drug (Fig. 5E). These data indicate the
sustained effect of reparixin in suppressing CAA cell activity.

Next, the expression levels of the EMT-related genes were also assessed in LeaL-10
cells exposed to SFCM from CAA1 treated with either reparixin or anti-IL-8 neutralizing
antibody for 24 h. Figure 5F shows that whereas SFCM from mock-treated CAA1 cells
increased the levels of the mesenchymal markers N-cadherin, SNAI-1, TWIST-1, and ZEB1
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FIG 5 Inhibition of CXCR1/2 persistently suppresses the CAA activity. (A) CAA1 cells were treated with different doses of reparixin for 24 h, and
anti-IL-8 neutralizing antibody was used as a positive control. Cell lysates were prepared and utilized to assess the level of the indicated proteins
using specific antibodies. The numbers below the bands indicate the corresponding protein expression levels relative to GAPDH. The levels of

(Continued on next page)

Al-Khalaf et al. Molecular and Cellular Biology

January 2019 Volume 39 Issue 2 e00332-18 mcb.asm.org 12

https://mcb.asm.org


mRNAs and decreased the levels of the epithelial marker E-cadherin mRNA relative to
their levels in SFM-treated Leal-10 cells, SFCM from reparixin- or anti-IL-8-treated CAA1
decreased the levels of the mesenchymal markers N-cadherin, SNAI-1, TWIST-1, and ZEB1
mRNAs and increased the levels of the epithelial marker E-cadherin mRNA (Fig. 5F).
These results indicate that the procarcinogenic effects of CAA can be permanently
repressed by reparixin by downregulating IL-8.

IL-8 activates the IL-6/NF-�B/Lin28B epigenetic feedback loop to maintain the
active status of breast stromal adipocytes. To elucidate the molecular mechanism
underlying the persistent effect of IL-8 inhibition on CAA, we tested the possible
inhibition of the IL-6/NF-�B/Lin28B loop, which has been recently shown to play a
major role in maintaining the active status of active breast cancer-associated fibroblasts
(19). To this end, the total RNA prepared above was utilized to assess the levels of the
components of this loop in reparixin- or anti-IL-8-treated CAA1 cells that were split four
times. Figure 5E shows that the levels of the IL-6, RELA, and Lin28B mRNAs remained
decreased in CAA1-treated cells compared to nontreated cells. In addition, the level of
the Let-7b miRNA, which has been recently shown to be a member of the IL-6/NF-�B/
Lin28B positive-feedback loop (20), was upregulated in reparixin- and anti-IL-8-treated
CAA1 cells compared to controls (Fig. 5E). This indicates that transient IL-8 inhibition
permanently inhibited the IL-6/NF-�B/Lin28B positive-feedback loop in CAA cells,
which suggests the implication of this loop in the persistent active status of CAAs. The
level of Lin28B protein was also assessed in all mature CAAs and TCAs. Indeed, the level
of the Lin28B protein was higher in all CAAs (100%) compared to their corresponding
TCAs (Fig. 1A). Together, these results show that IL-6/NF-�B/Lin28B positive-feedback
loop is active in breast cancer-associated adipocytes and is responsible for the persis-
tent active status of these cells.

CAA cells stimulate breast cancer xenograft growth in mice in an IL-8-
dependent manner. To elucidate the effects of IL-8 inhibition in vivo, orthotopic breast
cancer xenografts were created by coinjecting MDA-MB-231 cells with CAA1-Ctrl,
CAA1-IL8sh3, or CAA1 pretreated with 100 ng of reparixin for 24 h (CAA1-Rep) (n �

4/each group). Although all mice coinjected with MDA-MB-231 and adipocytes devel-
oped tumors by 2 weeks after injection, tumors containing CAA1-IL8sh3 cells (T-CAA1-
IL8sh3) or CAA1 pretreated with reparixin (T-CAA1-Rep) were smaller than those
containing CAA1-Ctrl cells (T-CAA1-Ctrl) (Fig. 6A). Furthermore, T-CAA1-IL8sh3 and
T-CAA1-Rep tumors grew much slower than T-CAA1-Ctrl tumors (Fig. 6A). These results
show that CAAs promote breast cancer formation in vivo in an IL-8-dependent manner.

To further elucidate the role of IL-8 in the paracrine procarcinogenic effects of CAA
cells on tumor growth, whole-cell extracts were prepared from the three tumor groups,
and the levels of various EMT-related proteins were assessed by immunoblotting.
Figure 6B shows that while the levels of the epithelial markers E-cadherin and EpCAM
were much higher in T-CAA-IL8sh3 and T-CAA1-Rep tumors compared to T-CAA-Ctrl
tumor, the levels of the mesenchymal N-cadherin, Snail, Zeb-1, and Twist-1 proteins
were much lower in T-CAA1-IL8sh3 and T-CAA1-Rep tumors relative to T-CAA1-Ctrl
tumors. In addition, the total levels of the AKT protein and its phosphorylated form, as
well as the level of the Ki-67 protein, were lower in T-CAA1-IL8sh3 and T-CAA1-Rep
tumors compared to T-CAA1-Ctrl tumors (Fig. 6B), which explains the lower growth of

FIG 5 Legend (Continued)
phosphorylated proteins were normalized against the total amounts of the respective nonphosphorylated proteins. (B) CAA1 cells were treated
as described above and seeded in SFM in the upper wells of the CIM plates, and the migration/invasion abilities were assessed. For proliferation,
pretreated CAA1 cells were seeded in complete medium in the E-plate, and the proliferation rate was assessed by the RTCA-xCELLigence system.
(C) SFCM were collected from the indicated cells (either 24 h posttreatment [24 h] or 72 h postsplit [split]) and then utilized to assess the levels
of secreted IL-8 by ELISA. Error bars represent means � the SD of three different experiments. *, P � 0.018. (D and E) Total RNA was prepared
from the indicated adipocytes (either 72 h postsplit [split] or after the fourth split [split-4]) and then utilized to assess the levels of the indicated
transcripts by qRT-PCR. Error bars represent means � the SD, and the values represent three independent experiments. *, P � 0.0015. (F) LeaL-10
cells were exposed to SFM or SFCM from CAA1 cells treated either with reparixin or anti-IL-8 antibody, and total RNA was prepared and used
to assess the levels of the indicated transcripts by qRT-PCR. Error bars represent means � the SD, and values represent three different
experiments. *, P � 0.0037.
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T-CAA1-IL8sh3 and T-CAA1-Rep compared to T-CAA1-Ctrl tumor. This also shows that
the pro-EMT effects of CAA cells are IL-8 related in vivo as well.

Next, we assessed the levels of the main mammary cancer stem cell markers ALDH,
CD44, and CD24 by immunoblotting. Figure 6B shows that T-CAA1-IL8sh3 and T-CAA1-
Rep tumors expressed low levels of the ALDH1 and CD44 proteins and higher levels of
the CD24 protein compared to T-CAA1-Ctrl tumor. This indicates that IL-8 downregu-
lation in CAAs decreased their paracrine induction of stemness (stem cell features) in
orthotopic tumor xenografts.

Active adipocytes induce angiogenesis in vivo in an IL-8-dependent manner. To
study the paracrine effect of IL-8-expressing adipocytes on vascular formation in vivo,
the level of CD34, an endothelial cell marker, was assessed in the orthotopic tumor
xenografts by immunohistochemistry using anti-CD34 antibody. Figure 7A shows a
higher density of CD34� cells in tumors containing TCA1-IL8ORF cells compared to
tumors mixed with TCA1-Ctrl cells. Interestingly, the assessment of the averaged
microvascular density in all tumor xenografts showed 2.25-fold-higher levels of blood
vessels in tumor containing TCA1-IL8ORF cells compared to T-TCA1-Ctrl cells (Fig. 7B).
This shows the proangiogenic role of IL-8 in adipocytes in vivo. To explore the
molecular mechanism(s) that underlies the proangiogenic effect of TCA1-IL8ORF cells,
we assessed the level of proangiogenic proteins in the two tumors by immunoblotting.
Figure 7C shows that the levels of hypoxia-inducible factor 1� (HIF-1�), vascular
endothelial growth factor A (VEGF-A), and mTOR/P-mTOR, as well as IL-8, were in-
creased in T-TCA1-IL8ORF compared to T-CAA1-Ctrl tumors. These results show IL-8-
related proangiogenic role of breast stromal adipocytes in vivo through an increase in
the expression of angiogenic factors in a paracrine manner. To further confirm this, the
level of CD34 was assessed in tumors containing CAA1-IL8sh3 or CAA1-Rep by immu-
nohistochemistry. Figure 7D shows lower density of CD34� cells in tumors containing
CAA1-IL8sh3 or CAA1-Rep cells than in tumors containing CAA1-Ctrl cells. Interestingly,
the assessment of the averaged microvascular density in all tumor xenografts showed

FIG 6 CAA cells stimulate breast cancer xenograft growth in mice in an IL-8-dependent manner. (A)
Breast cancer xenografts were created by coinjecting MDA-MB-231 cells with CAA1-Ctrl, CAA1-IL8sh3 or
CAA1 pretreated with reparixin (100 ng) for 24 h (CAA1-Rep) (n � 4/each group) under the nipples of
nude mice. (Upper panel) Representative tumor sizes. (Lower panel) Time-dependent tumor growth.
Error bars represent means � the SD, and the values are derived from four mice. *, P � 0.014. (B) Tumors
were excised, and whole tissue lysates were prepared and utilized for immunoblotting. The numbers
below the bands indicate the corresponding protein expression levels relative to GAPDH.
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FIG 7 CAA cells induce angiogenesis in vivo in an IL-8-depednent manner. (A and D) FFPE tissues were
prepared from the indicated tumors, and immunohistochemistry was carried out with anti-CD34 antibody.
Scale bars, 50 �m. (B and E) Histograms show the average numbers of CD34� microvessels observed in five
different fields from the different tumors. Error bars represent means � the SD. *, P � 0.0013. (C and F)
Same as in Fig. 3H and 6B. The numbers below the bands indicate the corresponding protein expression
levels relative to GAPDH. The levels of phosphorylated proteins were normalized against the total amount
of the respective nonphosphorylated proteins. (G) SFM or SFCM from the indicated adipocytes were
collected and were added independently on HUVEC cells plated on Matrigel (96-well plate), and the
differentiation into capillary-like structures was assessed after 5 h of incubation. Representative photo-
graphs of HUVEC cavities are shown. Scale bars, 30 �m. (H) A histogram shows the average numbers of
microvessels counted in five different fields. Error bars represent means � the SD. *, P � 1.19 � 10�6.
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3.6- and 18-fold-lower levels of blood vessels in T-CAA1-IL8sh3 and T-CAA1-Rep tumors,
respectively, than in T-CAA1-Ctrl tumors (Fig. 7E). In addition, the levels of HIF-1�,
VEGF-A, and mTOR/P-mTOR, as well as IL-8, were decreased in T-CAA1-IL8sh3 and
T-CAA1-Rep tumors compared to T-CAA1-Ctrl tumors. Together, these data show the
role of IL-8 in promoting the paracrine proangiogenic effect of breast stromal adi-
pocytes.

Next, we sought to investigate the paracrine effect of IL-8-expressing adipocytes on
endothelial cell differentiation in vitro. To this end, SFCM collected from CAA1-Ctrl,
CAA1-IL8sh3, CAA1-Rep, TCA1-Ctrl, and TCA1-IL8ORF cells were added separately to
96-well plates seeded with 2 � 104 human umbilical vein endothelial cells (HUVECs) in
Matrigel and used for in vitro angiogenic assay. SFM was also added as negative control.
After 5 h of incubation, the number of closed cavity constructions was significantly
lower in the presence of SFCM from CAA1-IL8sh3 and CAA1-Rep cells compared to
SFCM from CAA1-Ctrl cells. However, SFCM from TCA1-IL8ORF significantly increased
the number of closed cavity constructions compared to SFCM from TCA1-Ctrl or SFM
cells (Fig. 7G and H).

DISCUSSION

The breast ductal epithelial cells are immersed in a fatty environment, and during
the invasive stages of breast carcinogenesis, adipocytes come into close contact with
cancer cells (21–23). Thus, adipocytes may play important roles in both the onset and
the spread of breast tumors. In the present report, we have shown that breast
cancer-associated adipocytes show several tumor-specific features compared to their
adjacent counterparts isolated from histologically normal part of the same breast. Like
tumor cells, CAAs exhibited high proliferation rate and had strong migratory and
invasive capabilities. Furthermore, all CAAs expressed high levels of the cancer/inflam-
matory transcription factor NF-�B, as well as several of its proinflammatory targets such
as leptin, IL-8, and IL-1�. In fact, the binding of NF-�B (p65) to the CXCL8 promoter was
found to be more pronounced in CAAs compared to their respective TCAs. This
indicates that CAAs have proinflammatory potential and thus can promote tumorigen-
esis. Indeed, we have shown that CAAs secrete high level of IL-8, and media condi-
tioned with CAAs promoted the procarcinogenic EMT process in normal breast luminal
cells in an IL-8/leptin-dependent manner. Together, these findings have clearly shown
that breast cancer-associated adipocytes are active stromal cells that possess potent
procarcinogenic potential. The presence of modified adipocytes that exhibit pheno-
typic changes and express high levels of matrix metalloproteinase (MMP-11), PAI-1, IL-6,
IL-1�, and tumor necrosis factor alpha (TNF-�) has been previously shown by immu-
nohistochemistry and qRT-PCR in breast tumors (1). Furthermore, breast cancer-
associated adipose tissue has been shown to promote F-actin remodeling, cellular
scattering, invasiveness, and spheroid reorganization of breast cancer cells in vitro (24).

In addition to their protumorigenic effects, active CAAs may also modulate tumor
response to various therapeutics. Indeed, it has been shown that tumor-surrounding
adipocytes have role in fostering a radioresistant phenotype in breast tumors (25). In
addition, a recent study has shown that adipocytes actively catabolize the chemother-
apeutic agent daunorubicin to a therapeutically less effective metabolite, daunorubi-
cinol (26).

The observed differences between CAAs and their corresponding TCAs suggest a
role of cancer cells in the activation of CAA cells. In fact, several lines of evidence
suggest the ability of neoplastic cells in affecting their microenvironment and modu-
lating gene expression in the surrounding stromal cells, either directly through secreted
factors or indirectly via persistent proliferative stress (27–29). We have recently shown
that IL-6, secreted from highly invasive breast cancer cells, activates breast stromal
fibroblasts in a paracrine manner (30). Dirat et al. (1) have also shown that coculturing
adipocytes with cancer cells altered their phenotype, decreased the levels of adipocyte
markers, and promoted an activated state characterized by the overexpression of
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proteases such as MMP-11 and the proinflammatory cytokines IL-6 and IL-1�, as well as
Ptx3 (31).

Importantly, CAA cells, like cancer-associated fibroblasts, remained active despite
their separation from tumor cells and their propagation in vitro. This could result from
genetic and/or epigenetic changes. Indeed, we have recently shown that cancer-
associated fibroblasts remain active owing to the induction of the IL-6/STAT3/NF-�B
positive-feedback loop (19). Since CAAs express active STAT3, AKT, NF-�B, and Lin28B,
it is plausible that this epigenetic inflammatory loop is also responsible for the
persistent activity of CAAs. Indeed, transient inhibition of the NF-�B and STAT3 target
IL-8 (32) by reparixin blocked this signaling circuit through potent and sustained
inhibition of IL-6, RELA, and Lin28B, as well as increased the level of Let-7b for several
passages and also reverted active adipocytes to a normalized state (Fig. 5). This
suggests that IL-8 mediates the positive IL-6/STAT3/NF-�B feedback loop-dependent
activation of cancer-associated adipocytes, which is responsible for their sustained
active status, and that reversion of the active status of CAAs by disrupting this feedback
loop could be of great therapeutic value. Furthermore, we have found that Lin28B,
which acts mainly as an oncogene (33), is highly expressed in 100% of CAAs relative to
their respective TCAs. This suggests that Lin28B upregulation may play a major role in
the activation of breast stromal adipocytes. In addition, the increase in the levels of
NF-�B in CAAs may constitute a major change in these cell populations that could
explain, in great part, the significant modulation in gene expression found in our
present study, as well as what has been previously reported in adipocytes cultivated in
vitro with cancer cells (1).

Furthermore, we have shown that IL-8 plays a major role in the activation of breast
stromal adipocytes. Although the ectopic expression of IL-8 promoted the proinflam-
matory/carcinogenic effects of adipocytes both in vitro and in vivo, IL-8 inhibition
suppressed these effects in CAA cells. This indicates that IL-8 has both cell autonomous
and non-cell-autonomous protumorigenic effects. These paracrine effects on primary
breast luminal cells were mediated through activation of the STAT3 signaling, which
plays a major role in breast carcinogenesis. In fact, the active/phosphorylated form of
STAT3 has been found highly expressed in about 40% of all breast cancers (34).

A high level of IL-8 in the sera of breast cancer patients correlates well with early
dissemination, poor disease outcome, bad prognosis, and earlier distant metastasis (12,
14). Thereby, suppressing the effects of IL-8 signaling could constitute a potent
therapeutic approach through targeting cancer microenvironment. Indeed, novel ther-
apeutics aimed at inhibiting CXCR1/2 signaling may pause the progression of the
disease in tumors driven by IL-8 and other CXCR1/2 ligands. We have shown here that
targeting breast adipocytes CXCR1/2 by reparixin treatment deactivates CAAs and
blocks their IL-8-dependent procarcinogenic effects both in vitro and in vivo. This
provides a proof of principle that the active status of CAAs can be normalized, which
also indicates the possible targeting of these procarcinogenic cells for more efficient
treatment of breast cancer.

Similarly, coculturing adipocytes with breast cancer cells has been shown to en-
hance their migratory and invasive abilities in an IL-6-dependent fashion (35, 36). In
addition, inhibition of adipocyte-secreted IL-6 with specific antibody reduced the
proliferation, migration, and invasion abilities of breast cancer cells and reduced the
expression of mesenchymal markers, including TWIST1 and SNAIL. However, an increase
in the level of secreted IL-6 from adipocytes cultured with cancer cells promotes
angiogenesis through the upregulation of STAT3 and VEGF, as well as Src activation.
This leads to the upregulation of Sox2, c-Myc, and Nanog, which results in the
emergence of stem cell traits (37). These studies indicate that, like IL-8, adipocyte-
secreted IL-6 also plays important roles in the interaction between adipocytes and
breast cancer cells.

In addition, we have shown that IL-8 enhances the proangiogenic effect of breast
stromal adipocytes in orthotopic breast tumor xenografts. Although ectopic expression
of IL-8 increased the number of microvessels in tumors, IL-8 inhibition with specific
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shRNA or with reparixin inhibited the formation of these vessels (Fig. 7). This could be
mediated through the proangiogenic protein VEGF-A, since the expression level of this
protein in tumor cells was modulated in an IL-8-dependent manner. This IL-8-
dependent paracrine upregulation of VEGF-A could result from the activation of its
upstream effectors mTOR and HIF-1�, whose levels were affected by the IL-8 status. In
addition, a high level of IL-8 can directly promote angiogenesis in breast tumors (38);
when secreted from breast cancer cells, IL-8 cooperates with VEGF-A to establish and
enhance tumor neovascularization (14). On the other hand, IL-8 downregulation sig-
nificantly reduced the microvessel density in breast tumors in vivo (39). These results
suggest the possible use of reparixin to suppress CAA-dependent induction of angio-
genesis through inhibiting the IL-8 signaling either directly or indirectly through
VEGF-A. As a case in point, a reducing tumor cell proliferation, angiogenesis, apoptosis,
and metastasis have been shown in CXCR-negative mice relative to wild-type animals
(40).

In summary, the present data indicate that breast cancer-associated adipocytes
exhibit active and proinflammatory features, in addition to cancer-promoting functions.
Importantly, whereas IL-8 upregulation activates breast stromal adipocytes, the inhibi-
tion of IL-8 signaling normalizes the active phenotypes of these stromal cells. Therefore,
targeting CAAs via suppression of the IL-8 signaling pathway could enhance the
efficiency of breast cancer therapeutic approaches.

MATERIALS AND METHODS
Tissue collection. Breast cancer (invasive ductal carcinoma) specimens were collected from primary

tumors of 10 patients who underwent lumpectomy at King Faisal Specialist Hospital and Research Centre.
Signed informed consent was obtained from all patients under Research Ethical Committee Project
RAC#2140017. Processing of tissues was performed after routine examination by certified anatomical
pathologist using hematoxylin-eosin-stained sections.

Generation of primary adipocytes and luminal cells from breast tissues. The obtained tissues
were immediately digested with collagenase to separate preadipocytes from the stroma vascular
fraction, as previously described (41). Preadipocytes were first cultured in special medium (PAGM)
containing fetal calf serum (0.05 ml/ml), endothelial cell growth supplement (0.004 ml/ml), epidermal cell
growth factor (10 ng/ml), hydrocortisone (1 �g/ml), and heparin (90 �g/ml) and used until reaching
confluence. Preadipocytes were then differentiated into mature adipocytes by replacement of the
preadipocyte medium with serum-free preadipocytes differentiation medium, supplemented with
D-biotin (8 �g/ml), insulin (0.5 �g/ml), dexamethasone (400 ng/ml), IBMX (44 �g/ml), L-thyroxine (9 ng/
ml), and ciglitazone (3 �g/ml). Mature adipocytes were then cultured using adipocyte nutrition medium
containing fetal calf serum (0.03 ml/ml), D-biotin (8 �g/ml), insulin (0.5�g/ml), and dexamethasone
(400 ng/ml). All supplements were purchased from PromoCell GmbH, Germany. Cancer-associated
adipocytes were derived from tumor areas of the samples, while tumor-counterpart adipocytes were
developed from histologically noncancerous region of the breast at least 2 cm away from the outer
tumor margin.

Normal breast luminal cells (LeaL-10) were developed from a tissue collected from reduction
mammoplasty and were cultured as previously described (42). Signed informed consent was obtained
from all patients under Research Ethical Committee Project RAC#2140017.

Cell lines, cell culture, and chemicals. MDA-MB-231 and MCF-7 cells were obtained from the
American Type Culture Collection (Manassas, VA) and were cultured according to the instructions of the
company. Human CXCL8/IL-8 antagonist (MAB208), human super leptin antagonist (MBS400098), and
IgG were purchased from MyBioSource. Blocking antibodies were used at 2.5 �g/ml. Reparixin was
purchased from Cayman Chemical.

Cellular lysate preparation and immunoblotting. Cellular lysate preparation and immunoblotting
were performed as previously described (43). Antibodies directed against E-cadherin (4E2), N-cadherin,
AKT (C73H10), P-AKT (Thr308), EpCAM (VU1D9), NF-�B (p65), STAT3, P-STAT3-Tyr705 (D3A7), JAK2
(D2E12)XP, P-JAK2 (Tyr1007/1008), Lin28B (D4H1), HIF-1� (H1�67), mTOR (7C10), P-mTOR (Ser2448), and
Snail (C15D3) were purchased from Cell Signaling Technology (Danvers, MA). GAPDH (FL-335) was
obtained from Santa Cruz (USA). p16 was from BD Biosciences (San Jose, CA). Leptin, vimentin (RV202),
Twist-1, IL-8, Ki-67, VEGF-A, and IL-1� were from Abcam (Cambridge, MA). ZEB-1 (4C4) was obtained from
Abnova (Taipei, Taiwan). p53 (DO-1), ALDH1/2 (H-85), and CD24 (C-20) were obtained from Santa Cruz
Biotech (Dallas, TX), and CD44 was obtained from Sigma-Aldrich (St. Louis, MO).

RNA purification and qRT-PCR. Total RNA was purified using an RNeasy minikit (Qiagen, UK)
according to the manufacturer’s instructions and treated with RNase-free DNase. Then, 1 �g of RNA was
used to synthesize cDNA utilizing an Advantage RT-PCR kit (Clontech Laboratories, Mountain View, CA).
Quantitative RT-PCR was performed in triplicate using 4 �l of cDNA mixed with 2� FastStart Essential
DNA Green qPCR Mastermix (Roche, New York, NY) and 0.3 �M concentrations of forward and reverse
primers. Amplifications were performed utilizing a LightCycler 96 real-time PCR detection system (Roche)
with the following cycle conditions: 95°C for 10 min (1 cycle), followed by 95°C for 10 s, 59°C for 20 s, and
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72°C for 30 s (45 cycles). GAPDH expression levels were used for normalization, and gene expression
differences were calculated using the threshold cycle (CT). The obtained values were plotted as means �
the standard deviations (SD). Three independent experiments were performed for each reaction (see
Table 2 for the sequences of the primers).

Transfection/viral infection. pGFP-C-sh-IL-8-Lenti, pLenti-C-Myc-DDK-CXCL8 (expressing IL-8; Ori-
gene), and their control plasmids were used at 1 �g/ml each for the transfection of 293FT cells. Lentiviral
supernatants were collected at 48 h posttransfection. Culture media were removed from the target cells
and replaced with the lentiviral supernatant, followed by incubation for 24 h in the presence of 1 �g/ml
Polybrene (Sigma-Aldrich). Transduced cells were selected after 48 h with puromycin.

STAT3-siRNA transfection. Signal silence STAT3-siRNA and control-siRNA were obtained from Cell
Signaling Technology. The transfections were carried out using the High Perfect reagent (Qiagen), as
recommended by the manufacturer. Cells were incubated for 3 days after transfection, recovered, and
then were recultured for another 3 days before collection for subsequent experiments.

ChIP. Cells (106) were treated with 2% formaldehyde for 10 min at room temperature to cross-link the
transcription factor to DNA. The cross-linking was terminated by addition of glycine (0.125 M). After a
wash with phosphate-buffered saline, the cells were collected and resuspended in sodium dodecyl
sulfate (SDS) lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH 8.1]) with protease inhibitors. The
sonicated lysate was processed using a ChIP assay kit according to the manufacturer’s instructions (Cell
Signaling Technology). ChIP experiments were performed using antibodies against NF-�B (p65) (1C12;
Cell Signaling Technology), IgG, and H3. The input was an aliquot of sheared chromatin before
immunoprecipitation, which represents the starting genomic DNA that was used to normalize the
sample to the amount of chromatin added to each ChIP. Immunoprecipitated chromatin was analyzed
by qPCR using a GAPDH promoter as the unlinked locus control. Each experiment was performed three
times. The sequence of the primers used for the ChIP assay can be found in Table 2.

Immunofluorescence. Cells were fixed with 4% paraformaldehyde for 10 min, permeabilized with
0.2% Triton X-100 for 10 min, and quenched in 100 mM glycine for 10 min at room temperature. The cells
were then blocked in 10% fetal calf serum, incubated with primary antibody, washed, and incubated with
the Alexa Fluor 594- or Alexa Fluor 488-conjugated antibodies (Life Technologies, Carlsbad, CA). Nuclei
were stained with DAPI (4=,6=-diamidino-2-phenylindole;Vector Laboratories, Inc.), and images were
captured using a Floid cell imaging station (Life Technologies). Antibodies against Ki-67 and vimentin
(RV202) were purchased from Abcam (Cambridge, MA); antibodies against EpCam (D13B) and E-cadherin
(HECD-1) were purchased from Cell Signaling Technology (Danvers, MA).

Immunohistochemistry. Formalin-fixed/paraffin-embedded (FFPE) tissues were utilized for immu-
nohistochemistry as previously described (44). Tissues were incubated overnight with anti-CD34 anti-
body (Abcam) at a dilution of 1:500, followed by peroxidase-conjugated antibody (Dako). Sites of
antibody binding were visualized based on the deposition of a brown polymer of 3,3=-diaminobenzidine
chromogen (Novocastra Laboratories, Ltd., Buffalo Grove, IL).

Cell migration, invasion, and proliferation. These assays were performed in a label-free real-time
settings using xCELLigence RTCA technology (Roche, Germany) that measures impedance changes in a
meshwork of interdigitated gold microelectrodes located at the well bottom (E-plate) or at the bottom
side of a microporous membrane (CIM plate 16) (45, 46). Cell migration and invasion were assessed
according to the manufacturer’s instructions. In brief, 2 � 104 cells in SFM were added to the upper wells
of the CIM plate coated with a thin layer of Matrigel (BD Biosciences) basement membrane matrix diluted
1:20 in SFM (invasion) or noncoated (migration). Complete medium was used as a chemoattractant in the
lower chambers. Subsequently, the plates were incubated in the RTCA for 24 h, and the impedance value
of each well was automatically monitored by the xCELLigence system and expressed as the cell index

TABLE 2 Sequence of the primers utilized for qRT-PCR

Gene or promoter

Sequence (5=–3=)

Forward Reverse

GAPDH GAGTCCACTGGCGTCTTC GGGGTGCTAAGCAGTTGGT
CDKN2A CAACGCACCGAATAGTTACG CAGCTCCTCAGCCAGGTC
LEP TTTGGCCCTATCTTTTCTATGTCC TGGAGGAGACTGACTGCGT
CXCL8 GATCCACAAGTCCTTGTTCCA GCTTCCACATGTCCTCACAA
E-cadherin CCA GAA ACG GAG GCC TGA T CTG GGA CTC CAC CTA CAG AAA GTT
N-cadherin CCT CCA GAG TTT ACT GCC ATG AC GTA GGA TCT CCG CCA CTG ATT C
Vimentin gene TTC CAA ACT TTT CCT CCC TGA ACC TCA AGG TCA TCG TGA TGC TGA G
ZEB1 GGC AGA GAA TGA GGG AGA AG CTT CAG ACA CTT GCT CAC TAC TC
Twist-1 GGA CAA GCT GAG CAA GAT TCA GA GTG AGC CAC ATA GCT GCA G
Snail CCT CAA GAT GCA CAT CCG AAG ACA TGG CCT TGT AGC AGC CA
RELA CACGATGGTGACCTCCTTCT GCAGGTGCGTTTCTATGACA
Lin28B CCTGTTTAGGAAGTGAAAGAAGAC CACTTCTTTGGCTGAGGAGGTAG
IL-6 AGACAG CCA CTC ACC TCT TCA G TTC TGC CAG TGC CTC TTT GCT G
Mature Let-7b TGAGGTAGTAGGTTGTGTGGTT
U6 CGCAAGGATGACACGCAAATT
IL-8 promoter (ChIP) CAT CAG TTG CAA ATC GTG GA TGC ACC CTC ATC TTT TCA TT
GAPDH promoter (ChIP) TACTAGCGGTTTTACGGGCG TCGAACAGGAGGAGCAGAGAGCGA
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value, which represents the cell status based on the measured electrical impedance change divided by
a background value. Each assay was performed in triplicate.

For the proliferation assay, the differentiated preadipocytes in culture (exponentially growing cells
[2 � 104]) were seeded in an E-plate with complete medium according to the manufacturer’s instructions.
Cell proliferation was assessed for 48 h. All data were recorded and analyzed by the RTCA software. The
cell index was used to measure the change in the electrical impedance divided by background value,
which represents cell status. Each assay was biologically performed in triplicate (47).

Conditioned media. Cells were cultured in SFM for 48 h, and then the media were collected and
centrifuged. Conditioned media were used either immediately or were frozen at –80°C until needed.

ELISA. ELISA was performed according to the manufacturer’s instructions. IL-8 was obtained from
Abcam (Cambridge, MA). An optical density at 450 nm was used with a standard ELISA plate reader
(Bio-Rad, Hercules, CA). These experiments were performed in triplicate.

Tumor xenografts. Animal experiments were approved by the KFSH&RC Institutional Animal Care
and Use Committee and were conducted according to relevant national and international guidelines.
Female nude mice were randomized into different groups, and breast cancer xenografts were created by
coimplantation of the MDA-MB-231 cells (2 � 106) with adipocytes (4 � 106) under the nipple. The
growth of the tumors was then monitored weekly. Tumor size was measured with a caliper according to
the formula “length � width � height.” At the end of the experiments, the animals were sacrificed, and
tumors were excised and weighed.

Quantification of protein expression level. The protein signal intensity of each band was deter-
mined using ImageQuant TL software (GE Healthcare). Next, dividing the obtained value of each band by
the value of the corresponding internal control allowed a correction of the loading differences.

Statistical analysis. Statistical analysis was performed using GraphPad software. The results are
presented as means � the SD of at least three independent experiments. The statistical significance was
determined using a two-tailed Student t test, and P values of �0.05 were considered statistically
significant.
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