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Introduction

Chemokines are 8 to 12 KDa pro-inflammatory cytokines that 
act through specific G-protein coupled receptors regulating cell 
activation, differentiation and trafficking. CXC chemokine 
receptor 4 (CXCR4) is expressed on hematopoietic cells, 
endothelial and epithelial cells. CXCR4 binds the chemokine 
CXCL12 (stromal cell-derived factor-1, SDF-1), which is 
constitutively produced by bone marrow stromal cells and 
epithelial cells in several other organs including lymph nodes, 
liver, lung, spleen, heart, skin, kidney and brain. The binding 
of CXCL12 to CXCR4 activates several divergent intracellular 
pathways regulating chemotaxis, survival, proliferation, gene 
transcription and intracellular calcium flux. Activation of the 
chemokine receptor CXCR4 through its ligand CXCL12 has been 
shown to induce migration and/or survival in multiple human 
cancer cell lines.1 A prognostic role of CXCR4 overexpression 
has been described in many neoplasms, including renal cancer,2,3 
brain tumors,4 neuroblastoma,5 colorectal cancer,6 prostate 
cancer,7 melanoma,8 pancreatic tumor,9 lung cancer10 and ovarian 
cancer.11

The CXCR4/CXCL12 pathway may be a reasonable target 
in renal cancer given that overexpression of CXCR4 has been 
identified in RCC tumor samples.12 Pan et al. demonstrated that 

The stromal cell-derived factor-1α SDF-1α (CXCL12)/CXCR4 axis has been linked to poor prognosis in some cancers. As 
histone deacetylase inhibitors (HDIs) exert antitumor effects by targeting proteins affecting cell migration, we sought to 
evaluate the effects of the HDIs apicidin, vorinostat, entinostat (MS-275) and romidepsin on the expression and function 
of CXCR4 in human cancer cell lines. After treatment with romidepsin, CXCR4 mRNA expression increased 12‑fold in 
UOK121 renal cancer cells, 16-fold in H460 non-small cell cancer cells and 4-fold in SF295 glioma cells; treatment with 
other HDIs yielded similar effects. CXCR4 induction was not observed in MCF7 breast cancer cells or SW620 colon cancer 
cells. To evaluate the corresponding functional increase, the effect of CXCR4 ligand, CXCL12, on ERK1/2, STAT3 and 
c-SRC activation and cell migration was examined in UOK121, SF295 and H460 cells. Alone, the HDIs increased pERK1/2, 
while reducing pSTAT-3 and pSRC. Following CXCL12 exposure, pERK1/2 induction was maintained, but STAT3 and 
SRC phosphorylation was impaired. These findings resulted in reduced basal and CXCL12-mediated cell migration. In 
conclusion, HDIs upregulated CXCR4 mRNA expression but impaired CXCL12-dependent signaling cascades through 
STAT3 and c-SRC, suggesting a potential role for HDIs in delaying or preventing metastatic processes in solid tumors.

CXCR4 was significantly expressed on circulating cytokeratin + 
RCC cells from patients with metastatic RCC and that CXCR4 
expression correlated with the metastatic potential of RCC.13 The 
loss or functional inactivation of VHL results in activation of 
HIF-1α and thereby enhanced CXCR4 and CXCL12 expression, 
presumably increasing migration and metastasis.2,3 Although a 
significant correlation between high levels of CXCR4 expression 
and tumor stage and/or differentiation grade was not detected, 
strong CXCR4 expression was found to correlate with poor 
survival.2,3,14

Histone deacetylase inhibitors represent a promising class 
of antineoplastic agents that affect tumor growth, differentia-
tion and invasion.15 The hydroxamic acid derivative, vorinostat 
and the cyclic peptide, romidepsin, have been approved for the 
therapy of cutaneous T-cell lymphomas,16 although to date, 
the striking activity manifested in T-cell lymphomas has not 
been observed in solid tumors.17,18 In vitro evidence showed 
that romidepsin inhibits cell growth by increasing p21WAF1 and 
phospho-Bcl-2 thus determining apoptosis and cell cycle arrest 
in RCC cell lines.19 Although significant activity in renal cancer 
was not confirmed after follow up, it was the one solid tumor 
showing major response other than T-cell lymphoma during the 
NCI Phase I trial of romidepsin.20,21 In related studies, another 
HDI, valproic acid (VPA), inhibits RCC tumor cell proliferation 
in vitro and in vivo.22 Thus we sought to determine the possible 
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cancer cell lines UOK121, UOK143 and 
UOK181. Renal cancer cell lines were 
treated with romidepsin (10 ng/ml) for 24 
h in the presence of verapamil (5 μg/ml), 
a P-glycoprotein (Pgp) inhibitor added to 
prevent Pgp-mediated efflux of romidepsin, 
since Pgp is readily upregulated in vitro 
by romidepsin.29 Figure 1A shows that 
romidepsin treatment resulted in a 12-fold 
CXCR4 induction in UOK121 and a 
2.5-fold induction in UOK143 cells. 
The expression of CXCL12, the CXCR4 
ligand, was not affected (data not shown). 
Since UOK121 and UOK143 cells have a 
known hypermethylated phenotype, these 
cells were treated with romidepsin in the 
presence of decitabine, a demethylating 
agent; concomitant treatment with 
romidepsin and decitabine led to a further 
increase in levels of CXCR4 expression.

To determine whether induction of 
CXCR4 mRNA expression was a general 
phenomenon, CXCR4 expression was then 

evaluated in non-renal cancer cell lines H460, SF295, SW620 
and MCF7 following incubation with romidepsin. Romidepsin 
treatment (20 ng/ml) in the presence of 5 μg/ml of verapamil for 
24 h was found to induce CXCR4 expression 21.3-fold in H460 
cells and 4.1-fold in SF295 cells, while no CXCR4 induction was 
detected in the MCF7 and SW620 cell lines (Fig. 1B).

Basal CXCR4 expression was compared in UOK121 and 
UOK143, SW620, MCF7, SF295 and H460 cells. Figure S1 
shows that the basal level of CXCR4 expression was comparable 
in UOK121, UOK143, SF295 and H460 cells, while SW620 and 
MCF7 cells had a 3-fold higher CXCR4 basal expression.

To evaluate the specificity of the romidepsin-induced CXCR4 
expression, CXCR4 induction was evaluated by qPCR following 
treatment with romidepsin (2–5–10 ng/ml with verapamil) as 
well as other HDIs such as apicidin (1–2–5 μM), vorinostat 
(2.5–5–7.5 μM) and entinostat (MS-275, 2–4–10  μM). In 
UOK121 cells, CXCR4 induction was greatest, in the range of 
20- to 110-fold when treated with any of the HDIs (Fig.  2). 
In the non-RCC cells, CXCR4 expression was induced from 
5- to 25-fold in H460 cells, from 5- to 15-fold in SF295 cells 
less than 5-fold in MCF7 cells treated with any of the HDIs 
(Fig. 2).

To evaluate the protein level corresponding to the mRNA 
induction, the effect of HDIs on CXCR4 surface expression 
was evaluated in UOK121, SF295 and H460 cells. Although 
detectable expression was observed in the Hut78 positive con-
trol cell line, basal CXCR4 expression could not be detected by 
flow cytometry in UOK121, SF295 or H460 cell lines and was 
slightly detected after treatment with romidepsin (5 ng/ml), 
apicidin (5 μM) and vorinostat (7.5 μM) for 24 h in UOK121 
(data not shown). Functional assays were subsequently per-
formed to detect signaling through CXCR4 in these solid 
tumor cell lines.

interaction between CXCR4 and histone deacetylase inhibition 
and potential significance in renal cell cancer progression and 
metastases.

Previous data showed that the HDIs butyrate and 
vorinostat reduced CXCR4 expression and migration in acute 
lymphoblastic leukemia (ALL),23,24 and in chronic lymphocytic 
leukemia (CLL) cells.24 In contrast, Gul et al. showed that VPA 
increased CXCR4 expression and migration toward a CXCL12 
gradient in hematopoietic stem/progenitor cells (HSPCs)25; 
moreover, Gul reported that VPA repressed CXCR4 expression 
and chemotaxis in more differentiated CD34-negative AML 
(acute myelogenousleukemic) cells, but increased CXCR4 
expression and chemotaxis in immature CD34-positive AML 
cells.26 Another HDI, trichostatin A (TSA), transiently increased 
CXCR4 expression after 24 h treatment, but downregulated it 
after 48 h in melanoma cells.27

The aim of this work was to evaluate whether current 
epigenetic therapies might affect CXCR4 function in human 
renal cancer and other solid tumor cells. In this report, the effect 
of the HDIs romidepsin, apicidin, vorinostat andentinostat was 
evaluated on the CXCR4/CXCL12 axis in human renal cancer 
cell lines UOK108, 121, 127 and 143 as well as in H460 lung 
cancer cells, SF295 glioblastoma cells, MCF7 breast cancer cells 
and SW620 colon cancer cells. Although HDIs upregulated 
CXCR4 mRNA expression, downstream signaling molecules 
pSTAT3 and pSRC were downregulated and, correspondingly, 
cell migration was overall decreased.

Results

HDI treatment increases CXCR4 mRNA expression in 
human cancer cell lines. To evaluate the effect of romidepsin 
on CXCR4, mRNA expression was evaluated in three renal 

Figure 1. Romidepsin induced CXCR4 mRNA overexpression in human cancer cell lines. (A) CXCR4 
expression levels were measured by semiquantitative RT-PCR in renal cancer cell lines UOK121, 
UOK143 and UOK181 treated with romidepsin (10 ng/ml) + verapamil (5 μg/mL) for 24 h, with or 
without decitabine (1 mM) daily for 4 d. (B) CXCR4 mRNA expression in SF295, H460, SW620 and 
MCF7cells treated with romidepsin (20 ng/ml for 24 h) + verapamil (5 μg/mL). GAPDH was used 
as the internal control. Numbers indicate fold increase of CXCR4 relative to the untreated cells. 
Representative results from three independent experiments are shown.
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Discussion

In this manuscript, the role of HDIs in modulating the CXCR4/
CXCL12 axis was evaluated. The CXCR4-CXCL12 axis is 
crucial in promoting cell migration and thus the metastatic 
process in cancer. Since HDIs widely affect gene expression, it 
is possible to hypothesize that HDAC inhibition could promote 
invasion and metastasis, as reported in hepatocellular carcinoma 
cells through upregulation of integrins37 and in melanoma cells 
through upregulation of CXCR4 and CCR7.27 Here it was shown 
that, although the HDIs romidepsin, vorinostat and apicidin 
upregulated CXCR4 mRNA expression, overall migration was 
reduced in renal cancer cells, NSCLC cells and glioblastoma 
cells. HDIs increased CXCL12-mediated ERK activation but 
reduced migration, STAT3 signaling and SRC phosphorylation 
in all cell lines studied.

The variability of the effect of the deacetylase inhibitors in the 
different cell lines is consistent with our experience and with pub-
lished literature. In contrast to the effects of irradiation or DNA 
damage, the response of human cancer cell lines to deacetylase 
inhibitors is highly context dependent. In the study of Kanao 
et al., four different renal cancer cell lines, Caki-1, 769P, ACHN 
and 786-0, showed a different sensitivity to romidepsin in his-
tone H3 acetylation with Caki-1 being the most sensitive and 
769P the least acetylated; moreover, romidepsin induced apopto-
sis in Caki-1, ACHN and 786-0 while a G

2
 arrest was detected in 

769P cells.19 Romidepsin is effective in inducing demethylation 
in the human lung cancer cell lines H719 and H23, human pan-
creatic cancer cell line PANC1 and human colon cancer cell line 
HT29 but not in human colon cancer cell lines HCT116 and 
SW480.38 In cells lines SF295 and H460, romidepsin induced 
CXCR4 but no induction was registered in SW620 and MCF7 
cells. It is interesting to note that the two cell lines not further 
induced in CXCR4 mRNA expression by HDIs, MCF7 and 

HDI treatment reduced cell migration in response to 
CXCL12. Since CXCR4 activation determines migration toward 
the specific ligand CXCL12, migration assays were conducted 
in HDI-pretreated cells to correlate the increased expression to 
function. In Figure 3 the basal and CXCL12-mediated migration 
of UOK121, H460 and SF295 is shown following exposure to 
three HDIs. Fewer UOK121 cells migrated overall, compared 
with H460 and SF295 cells. In general the HDIs reduced basal 
migration and decreased migration in the presence of CXCL12 
(Fig. 3A). The one exception was romidepsin in UOK121, 
where basal migration was consistently increased. The percent 
stimulation of migration following CXCL12 is shown in the 
right hand panels.

HDI effects on phosphorylation of ERK1/2, STAT3, FAK 
and c-SRC in RCC and other cancer cell lines. Previous stud-
ies have shown that CXCR4 activation affects proliferation and 
migration through extracellular signal-related kinase (ERK) and 
AKT phosphorylation,30,31 c-SRC phosphorylation32,33 and the 
Janus Kinase/signal transducer and activator of transcription 3 
(JAK/STAT3) pathway.34,35 Moreover, CXCL12 treatment can 
induce the phosphorylation of focal adhesion kinase (FAK) regu-
lating cell flexibility and migration.36

To evaluate the HDI effect on CXCR4 function, the 
phosphorylation status of ERK1 and 2, c-SRC, FAK and 
STAT3 was evaluated following HDI treatment. Figure 4 plots 
the densitometry values obtained from three immunoblots, 
normalized to a control value of 1; representative immunoblots 
are shown in Figure S2. Treatment with romidepsin, apicidin and 
vorinostat in UOK121, SF295 and H460 for 24 h in serum-free 
medium induced phospho-ERK1/2, while decreasing phospho-
STAT3 and phospho-SRC. All but two points were statistically 
significantly different. No significant effect of HDIs was 
observed on FAK phoshorylation in UOK121, SF295 or H460 
cells (data not shown). Taken together, these results suggest that 
the transducers of CXCR4 signaling, other than pERK1/2, were 
inhibited by the HDIs.

HDI treated-CXCL12 induced effect on phosphorylation 
of ERK1/2, STAT3 and c-SRC in RCC and other cancer cell 
lines. Next, the impact of HDI treatment on CXCL12 response 
was assessed. Figure 5A shows that ERK1/2 activation occurred 
in UOK121 cells following exposure to CXCL12. Induction 
in response to CXCL12 after romidepsin (5 ng/ml for 24 h) + 
verapamil (5 μg/ml) treatment was maintained (6.8-, 2.5- and 
1.4-fold, respectively, at 2, 7 and 20 min of CXCL12 exposure). 
Similar results were observed following vorinostat and apicidin. 
In contrast, pretreatment with romidepsin, vorinostat or apicidin 
markedly inhibited CXCL12-induced SRC phosphorylation. 
STAT3 could not be detected in these cells. In Figure 5B the 
effect of HDIs were evaluated in SF295 cells. Romidepsin, 
vorinostat and apicidin treatment maintained CXCL12-
dependent p-ERK1/2 activation while effects on pSTAT3 and 
pSRC were attenuated. Similar results were observed in H460 
cells (Fig. 5C). Acetylated H3 and p21 induction confirmed the 
activity of all three HDIs in UOK121, SF295 and H460 cells. 
Together, these results suggest attenuation of CXCL12 signaling 
through CXCR4.

Figure 2. Other HDIs similarly induced CXCR4 mRNA in human cancer 
cells. CXCR4 mRNA was measured by qPCR in H460, SF295, MCF7, 
UOK121 cells treated with apicidin (1–2–5 μM), vorinostat (2.5–5–
7.5 μM), MS-275 (2–4–10 μM) or romidepsin (1–2–5 ng/ml + verapamil 
5 μg/mL) for 24 h. rRNA was used as the internal control. Results from 
three independent experiments are shown.
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This fits with broad evidence regarding cell context-specific 
effects of HDIs.

CXCL12 binding to CXCR4 promotes activation of multiple 
G protein-dependent signaling pathways, resulting in diverse 
biological responses such as migration, adhesion, survival and/
or proliferation and transcription activation. Activation of the 
MAP kinase cascade through Gαi can lead to the phosphoryla-
tion of ERK1/2. Phospho-ERK1/2 is an important downstream 
effector of proliferative, survival31 and metastatic pathways.30 
Interestingly, romidepsin, vorinostat and apicidin were shown to 
induce ERK1/2 phosphorylation in UOK121, SF295 and H460. 
While the MAPK pathway is generally associated with survival, 
in some models activation of the pathway has resulted in cell 
death. Park et al. suggest that apicidin induced cell cycle arrest 
by activation of the ERK pathway in Ras-transformed breast epi-
thelial cells.41 Abnormal retention of p-ERK in cytoplasm after 

SW620, express elevated basal CXCR4 levels. This variable gene 
response to romidepsin is similar to that observed for ABCG2, 
a drug transporter not involved in romidepsin efflux.39 In earlier 
studies, although global histone acetylation was detected in all 
cell types tested following exposure to romidepsin, the induc-
tion of ABCG2 was variable and associated with a permissive 
configuration of the promoter’s epigenetic code.39 We postulated 
that constraints in the promoter in some cell lines prevented 
induction of gene expression. Similarly, Baylin et al., have shown 
that bivalent marks present on some gene promoters represent 
an intermediate state between an active and inactive promoter, 
i.e., a promoter poised to respond to initiate transcription.40 The 
same gene promoter in different cell types may be differentially 
able to respond to HDAC inhibition. Our results with CXCR4 
presented here extend that observation, again showing cell-line 
specific patterns of gene expression following HDAC inhibition. 

Figure 3. HDIs reduced migration in human cancer cells. CXCL12-specific cell migration was assessed in romidepsin (4 ng/ml), vorinostat (7.5 μM), 
or apicidin (5 μM) treated UOK121 (A), SF295 (B) or H460 (C) cells. Cells were treated for 24 h with the indicated HDI and then plated on transwell in 
medium with 0.5% BSA in the upper well vs. CXCL12 (100 ng/ml) containing medium into the lower well. On the left, the data are given as mean ± SD 
of migration from three independent experiments. On the right hand panels, the percentage of migrated cells over basal migration (in the absence of 
CXCL12) are shown. **p < 0.05, *p < 0.01 vs. control value.
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of matrix metalloproteinases47 or downregulation of hepatocyte 
growth factor.48

Our results extend these findings by showing that critical 
signaling molecules in pathways involved in cell migration are 
downregulated. Only p-ERK is increased and, as we note above, 
the upregulated p-ERK has been associated with cytotoxicity in 
other model systems.

In conclusion, despite induction of CXCR4 and activation of 
pERK in three solid tumor cell lines, the net effect of HDI treat-
ment was to reduce signal transduction. It appeared that romidep-
sin, vorinostat and apicidin reduced migration overall in an effect 
that dominated or neutralized any activation of CXCR4. These 
data lend support for developing therapies that employ the HDIs 
in solid tumors, aiming at combination strategies that exploit the 
unique activities of deacetylase inhibition in cancer.

Materials and Methods

Materials. Entinostat (MS-275) and romidepsin were obtained 
from the National Cancer Institute Anticancer Drug Screen. 
Vorinostat was purchased from Cayman Chemicals. Apicidin 
was purchased from EMD Bioscience. Verapamil was obtained 
from Sigma-Aldrich Co. Recombinant feline/human/rhesus/
macaque CXCL12/SDF1α was purchased from R&D Systems.

Cell lines. UOK108, 121, 127 and 143 renal cell carcinoma 
cell lines were provided by Dr Marston Linehan (National 

stimulation of D1 dopamine receptors, for example, culminated 
in a cytotoxic response, rather than a mitogenic response in neu-
ronal cells.42 Pettersson et al. showed that ERK activation was 
required for MDA-MB-231 cell death due to a retinoid-protein 
kinase C inhibitor combination.43

Moreover, the binding of CXCL12 to CXCR4 through G-α 
protein can activate c-SRC32 and Src family kinases can medi-
ate cell proliferation via Ras/ERK/MAPK pathway and cell 
adhesion and migration via interaction with integrins, actins, 
GTPase-activating proteins and kinases as FAKs.33 CXCR4 has 
also been reported to activate the G-protein independent JAK/
STAT3 pathway.34 Association between CXCR4 and STAT3 
protein was found in hematopoietic progenitor cells and activa-
tion of JAK2 is required for SDF-1-induced migration.44 In this 
report we observed that HDIs such as romidepsin, vorinostat and 
apicidin reduced the amounts of pSTAT3 and p-SRC proteins in 
UOK121, SF295 and H460. These results are consistent with the 
key finding of inhibition of cell migration.

In UOK121, SF295 and H460 cells, despite CXCR4 induc-
tion in romidepsin, vorinostat and apicidin-treated cells, there 
was a decrease in basal and CXCL12-induced migration. These 
findings are in accordance with previous results where HDIs 
affected cell motility through molecular events such as down-
regulation of endothelial nitric oxide synthetase,45 suppression of 
nuclear factor-B activity,46 inhibition of matrix metalloproteinase 
2 activation through upregulation of RECK, a negative regulator 

Figure 4. HDIs induced ERK1/2 activation but inhibited c-SRC and STAT3 activation in human cancer cells. UOK121, SF295 and H460 cells were treated 
with romidepsin (1–2–5 ng/ml) + verapamil (5 μg/mL), vorinostat (2.5–5–7.5 μM), or apicidin (1–2–5 μM) for 24 h and ERK1/2 phosphorylation, c-SRC 
phosphorylation and STAT3 phosphorylation were detected by western blot analysis. Protein levels were normalized to GAPDH and plotted as mean 
± SD from three independent experiments. **p < 0.05, *p < 0.01 vs. control value. Representative immunoblots are shown in Figure S2.
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Figure 5. Effects of HDIs on signaling patways induced by CXCL12. ERK1/2, STAT3 and c-SRC phosphorylation was detected by immunoblotting 
(A) UOK121, (B) SF295 and (C) H460 cells following stimulation by CXCL12 (100 ng/ml) for 2–7 and 20 min. Cells were serum starved for 24 h and then 
pretreated with romidepsin (5 ng/ml) + verapamil (5 μg/mL), vorinostat (7.5 μM), or apicidin (5 μM). Representative western blots are shown and 
numbers at the bottom indicate the fold variations relative to the respective starvation value. Immunoblots with anti-GAPDH antibody were used for 
normalization. The experiments were repeated more than three times with similar results.
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IRDye 800CW goat anti-mouse secondary antibody or IRDye 
680CW goat anti-rabbit secondary antibody (LI-COR).

RNA isolation and PCR analysis. Total RNA was isolated 
with Trizol reagent (Invitrogen). RNA (1 μg) was reverse tran-
scribed using a commercially available cDNA synthesis kit 
(Bioline). CXCR4 and CXCL12 expression levels were quantified 
by semi-quantitative RT-PCR using primers specific for CXCR4, 
5'-GGT GGT CTA TGT TGG CGT CT-3' (forward) and 
5'-TGG AGT GTG ACA GCT TGG AG-3' (reverse); CXCL12, 
5'-GGG CTC CTG GGT TTT GTA TT-3' (forward) and 
5'-GTC CTG AGA GTC CTT TTG CG-3' (reverse). CXCR4 
and CXCL12 levels were normalized to GAPDH, 5'-ACA TGT 
TCC AAT ATG ATT CCA-3' (forward) and 5'-TGG ACT 
CCA CGA CGT ACT CAG-3' (forward). Each experiment was 
repeated 3–4 times. Representative results are shown. Induction 
of CXCR4 was expressed relative to the untreated control, after 
normalization with GAPDH. Quantitative PCR was also per-
formed on RNA that was reverse transcribed with random prim-
ers (Invitrogen) and amplified in a LightCyclerThermocycler 
using probes from the Roche Universal ProbeLibrary (Roche 
Diagnostics) and primers for CXCR4, 5'-AGG ATA TAA TGA 
AGT CAC TAT GGG AAA-3 (forward) and 5'-AAG GGC 
ACA AGA GAA TTA ATG TAG A (reverse). Induction of 
CXCR4 was expressed relative to untreated control after nor-
malization to rRNA, 5'-TTA CCC TAC TGA TGA TGT GTT 
GTT G-3' (forward) and 5'-CCT GCG GTT CCT CTC GTA-
3' (reverse).

Flow cytometry analysis. To evaluate the expression of 
CXCR4 (CD184), adherent cancer cells at subconfluency (60– 
70% confluent) were detached with 2 mmol/L EDTA in PBS, 
washed, re-suspended in ice-cold PBS and incubated for 30 min 
at 4°C with anti-CD184-PE antibody (FAB 173P, clone 44717, 
R&D Systems) or PE-labeled mouse IgG2b as negative con-
trol. Cells to be used for staining with the antibody were first 
Fc-blocked by treatment with human IgG for 15 min at room 
temperature.28 After three washes in PBS, the cells were analyzed 
by a FACSort flow cytometer.
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Institutes of Health). SW620 colon carcinoma, SF295 human 
glioblastoma, H460 human NSCLC, A498 renal carcinoma and 
MCF7 breast cancer cell lines were obtained from the National 
Cancer Institute Anticancer Drug Screen. Identity was confirmed 
by short tandem repeat analysis (RADIL). The Hut78 T-cell lym-
phoma cell line was obtained from ATCC. All cells were main-
tained in DMEM supplemented with 10% fetal bovine serum, 
2 mmol/l l-glutamine, 100 units/ml penicillin and 100 μg/ml 
streptomycin. Cells were grown at 37°C with 5% CO

2
.

Cell migration assay. Migration was assayed in 24-well 
Transwell chambers (Corning, Inc.) using inserts with an 8-μm 
pore membrane. Membranes were precoated with collagen 
(human collagen type I/III) and fibronectin (10 μg/ml each). 
Test cells were placed in the upper chamber (2.0 × 105 cells/
well) in DMEM containing 0.5% BSA (migration media) and 
100 ng/ml CXCL12 was added to the lower chamber or to the 
upper and lower chamber (chemokinesis). After 16 h, cells on 
the upper surface of the filter were removed using a cotton wool 
swab. SN12C cells were used as a positive control. The cells were 
counted in ten different fields (original magnification, 40×). For 
each experiment, results were expressed as the mean of three 
replicates ± the standard deviation (SD). The net number of 
migrated cells was calculated by subtracting the number of cells 
migrating toward CXCL12 from the number of cells migrating 
toward medium with 0.5% BSA.9

Immunoblot analysis. Cells were scraped into cold PBS fol-
lowed by centrifugation at 1200 RPM for 10 min at 4°C. The 
cell pellet was then re-suspended in cold lysis buffer (40 mM 
Hepes pH 7.5, 120 mM NaCl, 5 mM MgCl2, 1 mM EGTA, 
0.5 mM EDTA, 1% Triton X-100) containing protease (Protease 
Inhibitor Cocktail, Sigma-Aldrich) and phosphatase inhibitors 
(50 mM NaF and PhosphoSTOP Phosphatase Inhibitor Cocktail 
Tablets, Roche Diagnostics). After 15 min on ice, unlysed cells 
and nuclei were pelleted at 14,000 RPM for 20 min at 4°C. After 
determination of protein concentration in cell lysates with Bio-
Rad’s Protein Assay Reagent (Bio-Rad), 50 μg of protein were 
loaded onto precast 4–12% (w/v) NuPAGE Novex Bis-Tris Mini 
gels (Invitrogen), subjected to electrophoresis andelectrotrans-
ferred onto PVDF membranes (Millipore). Membranes were 
stained with 0.1% Ponceau S (Sigma) and checked for compa-
rable loading. Blots were probed with the following primary 
antibodies: rabbit polyclonal anti-CXCR4 (ab2074, Abcam); 
rabbit polyclonal anti-phosphorylated p44/42 MAPK, rab-
bit polyclonal anti-phosphorylated STAT3, rabbit polyclonal 
anti-phosphorylated SRC (Tyr 416) (all from Cell Signaling 
Technology); anti p-21CIP1/WAF1 (EMD Bioscience); anti-acetyl 
histone H3 (Ac-K9, Millipore) and mouse monoclonal anti-
GAPDH (American Research Products) and visualized with 
the Odyssey System (LI-COR) using a 1:4,000 dilution of the 
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