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Chapter 3

High-throughput phospho-proteome
screening reveals differential
signaling upon stimulation of the
CXCR4/CXCR7/CXCL12-axis in
breast cancer cells
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3. Differential CXCR4/CXCR7/CXCL12-axis signaling in breast cancer cells

Introduction

Chemokines are small peptides that are secreted by immune cells to modulate
the immune response and immune surveillance of the body [222]. Even though
most chemokines are released strictly in response to inflammation or injury,
expression of some chemokines is constitutive and limited to specific cells and
organs in order to sustain acquired immunity [223]. In case of inflammation,
chemokines are released at the site of inflammation to form a gradient, which
attracts leukocytes that express the cognate receptor the chemokine binds to.

C-X-C motif chemokine 12 (CXCL12) is a chemokine that mediates tis-
sue homeostasis and immune surveillance in healthy tissue [224]. In can-
cer, CXCL12 is overexpressed by carcinoma-associated fibroblasts, which con-
tributes to proliferation of the primary tumor [225]. Alternatively, it is secreted
by distant organs, forming a gradient and promoting migration of primary tu-
mor cells (metastasis) towards these organs [225].

For long, CXCL12 was thought to bind and activate only the chemokine
receptor CXCR4. Yet, in the last decade CXCL12 was found to bind and activate
the chemokine receptor CXCR7 as well [226]. In general, chemokine receptors
are G protein-coupled receptors (GPCRs) that signal through activation of G
proteins (Gαi, Gα12/13), initiating Ca2+-release and migration [227]. This rule
applies to CXCR4, but intriguingly, CXCR7 signals in a β-arrestin dependent
manner [228], which can in turn lead to activation of the MAP kinase pathway
as well as other prominent signaling pathways [229]. For this reason, CXCR7
has recently been designated as an atypical receptor (Atypical ChemoKine
Receptor 3, ACKR3) [230]. Both receptors are overexpressed in various cancer
types, and inhibition of either of them leads to decreased tumorigenesis in
vitro and in vivo [231].

The CXCR4/CXCL12 signaling axis has been extensively studied, and there
is ample knowledge on how this ligand-receptor pair interacts and which
pathways it activates. However, as noted above, CXCL12 also binds to CXCR7,
a chemokine receptor that was more recently discovered [232, 233], and thus
the effects of the CXCR4/CXCL12 axis may have been confounded by CXCR7
and need to be revisited.

The complexity of this joint CXCR4/CXCR7/CXCL12 signaling axis has only
recently begun to be appreciated. For example, it was reported for several
cell types that CXCR4 and CXCR7 are able to form heterodimers both in
vitro and in vivo, which alters G protein-dependent calcium responses, causes
constitutive recruitment of β-arrestin, and enhances cell migration [234–236].
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However, there are also reports of cell types in which one of the receptors is
expressed, but not the other. In glioblastoma cells CXCR7 expression seems
to predominate [237], while in gastric cancer, CXCR4 overexpression is well-
established [238–242] but CXCR7 does not seem to be highly expressed [243].
The importance of CXCR4 in mammary tumor growth and metastasis is well-
established [244]. Interestingly, CXCR7 is known to promote proliferation in
this tissue as well as scavenge CXCL12 by internalization and recycling [245–
247]. Moreover, expression of CXCR7 can lead to tumor growth and metastasis
of CXCR4 positive cells [246].

We aimed to elucidate the signaling machinery that is activated by CXCL12
when both receptors are endogenously expressed. In the human breast cancer
cell line BT474, both CXCR4 and CXCR7 are expressed, which makes it a
suitable model system for the study of this network. In addition, the cells
do not secrete CXCL12, a confounding trait some other cell types do display.
Using receptor-specific inhibitors enabled us to study the downstream effects
of the two receptors in isolation.

To be able to scan a broad panel of (phospho-)proteins for their involvement
in CXCR4/7-mediated signaling, we evaluated our samples using a Reverse
Phase Protein Array (RPPA). RPPA is an established, high-throughput and
reproducible proteomics approach for detection of more than 100 validated
antibodies [248]. Moreover, reliable methods have been developed for appro-
priate data processing, ensuring the quality of obtained results [249]. In view
of the growing appreciation for the complexity of GPCR signaling, applying
a systems biology approach is an increasingly attractive method for studying
these systems, and RPPA is a suitable method in the exploratory phase of the
model-building process [250].

Measuring the response of BT474 cells to CXCL12 at several time points
after stimulation revealed changes in the phosphorylation status of proteins.
Inhibition of CXCR4 or CXCR7 showed distinct effects on these responses. To
mitigate observer bias, we applied unsupervised correlation-based analyses
to the data, which confirmed the occurrence of several changes that appear to
be specifically mediated through CXCR4 or CXCR7. Our findings underline
that CXCR4 and CXCR7 have distinct signaling mechanisms and suggest their
involvement in various cancer hallmarks.
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Results

The BT474 breast cancer cell line expresses CXCR4 and CXCR7 but
not CXCL12

First, we tested the BT474 breast carcinoma cell line for expression of CXCR4,
CXCR7, and CXCL12. Since CXCR7 is known to also bind to CXCL11 [232], a
characteristic it shares with CXCR3, we checked for the presence of this recep-
tor and ligand as well (Figure 3.1A). Interestingly, while CXCR4 was mostly
expressed on the cell surface, CXCR7 was found both on the cell surface as well
as intracellularly (Figure 3.1B). Although there was expression of CXCL12 on
the mRNA level, when we assayed for CXCL12 secretion in culture medium,
we did not detect CXCL12 secretion on the protein level. The cells did not
express CXCR3 or CXCL11 mRNA, making them a suitably “clean” system
for the study of CXCL12-induced signaling through CXCR4 and/or CXCR7.

IT1t and VUF11207 are selective inhibitors of CXCR4 and CXCR7,
respectively

Stimulation with CXCL12 leads to binding of the chemokine to CXCR4 and/or
CXCR7, and activation of the respective signaling cascades (Figure 3.1C). At
several time points after stimulation, we took samples for RPPA to study the
effects of CXCL12 on the downstream machinery over time. To study the indi-
vidual roles of CXCR4 and CXCR7 in this response, we also pre-incubated with
the CXCR4-specific inhibitor IT1t and the CXCR7-specific inhibitor VUF11207,
one hour prior to CXCL12 stimulation.

VUF11207 displays a high affinity for CXCR7 in a CXCL12 displacement
assay (Figure 3.2A), and is able to recruit β-arrestin2 to the receptor in HEK293T
cells transiently expressing CXCR7 (Figure 3.2B). Thus, it acts as a functional
antagonist by reducing the capacity of CXCR7 that is available for binding
CXCL12 [251].

CXCR4 inhibitor IT1t [252] has a higher affinity for CXCR4 compared to
the more frequently studied inhibitor AMD3100 (Figure 3.2C), while showing
equal potency in inhibiting CXCL12-induced G protein-dependent activation
of CRE transcription factor in HEK293T cells transiently expressing CXCR4
(Figure 3.2D). Moreover, in contrast to IT1t, AMD3100 as well as the CXCR4
inhibitor TC14012 have been reported to activate CXCR7 at high concentrations
[253, 254], an undesirable property that has not been associated with IT1t.
Therefore, we selected IT1t for use in this study.
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Figure 3.1: Characteristics of CXCR4/CXCR7/CXCL12 expression in BT474 cells. (A) qPCR showed
that CXCR4, CXCR7, and CXCL12 are all expressed. (B) This was confirmed by an ELISA, which
also shows the levels and locations of the proteins. (C) Schematic representation of the signaling
system and its inhibitors. CXCR4 and CXCR7 are both activated by the chemokine CXCL12.

For each of the conditions (only CXCL12, CXCL12 + 1µM IT1t, and CXCL12
+ 1 µM VUF11207), we assayed by RPPA the relative levels of 161 antibody
probes, at six time points (0, 2, 5, 10, 30, and 60 minutes after stimulation),
making for a total of 3864 data points.

The signaling response to CXCL12 stimulation is due to both
CXCR4 and CXCR7

The output of a reverse-phase protein array (RPPA) can be thought of as that
of a western blot, performed on, in our case, 161 probes at once. A common
way to initially organize this large quantity of data, after normalization, is
to scale all relative expression values to a color bar and cluster the probes
and samples, which yields a heatmap view. In the clustered heatmap view of
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Figure 3.2: Binding and functional properties of CXCR4 and CXCR7 inhibitors in HEK293T
cells. (A) VUF11207 displaces CXCL12 in HEK293T cells transiently expressing CXCR7 with high
affinity (IC50 = 9.4 nM). (B) A bioluminescence resonance energy transfer (BRET) assay shows
that VUF11207 is also able to recruit β-arrestin2 to CXCR7 with a high potency (EC50 = 2 nM). (C)
IT1t displaces CXCL12 from CXCR4 with a higher affinity (IC50 = 3.4 nM) than AMD3100 (IC50
= 124 nM) in CXCR4-expressing HEK293 membranes. (D) IT1t and AMD3100 are able to inhibit
CRE transcription factor activation with similar potency in HEK293T cells transiently expressing
CXCR4, as shown by CRE reporter gene assay. In panels B–D, error bars represent the standard
error of the mean.

our experiment, the different pre-incubation conditions (no inhibitor, IT1t, or
VUF11207) show expression patterns that are distinct from one another, but
similar among samples in the same treatment time course, indicating that the
signaling responses to CXCR4 and CXCR7 can be distinguished on a molecular
level (Figure 3.3A).

The signaling response to CXCL12 is diverse as well as receptor-specific.
We show several examples of changes in the phosphorylation status of pro-
teins in Figure 3.3B. For instance, phosphorylation of Akt at Thr308 is strongly
increased upon CXCL12 stimulation with a peak at 30 minutes. This increase
seems to be due to CXCR4 activation, since pre-incubation with its inhibitor
IT1t abolishes the signal, while CXCR7 inhibitor VUF11207 is not able to atten-
uate the increase in phosphorylation. The opposite applies to phosphorylation
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Figure 3.3: Overview of the RPPA results presented in this study. Pre-incubation with the CXCR4
inhibitor IT1t or the CXCR7 inhibitor VUF11207 in BT474 cells allowed us to study each receptor’s
downstream response in isolation. (A) Heatmap representation of the RPPA results. Red color
indicates increased (phospho-)protein levels compared to basal (unstimulated cells), while green
indicates decreased phospho-protein levels. (B) Changes in probe intensity of three phospho-
proteins upon stimulation with CXCL12 alone, or stimulation with CXCL12 after pre-incubation
with IT1t (CXCR4 inhibitor) or VUF11207 (CXCR7 inhibitor).

of p42/44 MAPK at Thr202/Tyr204, where CXCR7 inhibition leads to decreased
phosphorylation while inhibition of CXCR4 has no effect (Figure 3.3B). Fur-
thermore, we find proteins where CXCL12-induced phosphorylation seems
to be mediated by both CXCR4 and CXCR7, as is the case for p38 MAPK
phosphorylation at Thr180/Tyr182 (Figure 3.3B).

Differential clustering analysis reveals CXCR4- and
CXCR7-mediated differential signaling

Although visual inspection alone already gives insights into some signaling
proteins that are potentially activated downstream of CXCR4 and CXCR7, it is
likely that the highly intertwined nature of signaling networks obscures more
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3. Differential CXCR4/CXCR7/CXCL12-axis signaling in breast cancer cells

subtle effects of the activation of these receptors by CXCL12. Therefore, we
performed a computational analysis aimed at identifying probes that were
differentially responsive to CXCL12 under various combinations of inhibitor
pre-incubation conditions. For instance, one can preset biologically relevant
questions such as “which probes have response A in CXCL12-only and CXCL12 +
IT1t, but the opposite response in CXCL12 + VUF11207?”, while minimizing the
amount of time spent on less informative correlations in the data (e.g., probes
that respond to all treatments correlate strongly with themselves and similar
probes, but the biological meaning of this is less relevant). Supplementing
visual inspection with a computational analysis has the added benefit of help-
ing to mitigate the risk of confirmation bias in this exploratory phase of the
study. Details about the specific approach we used can be found in Materials
and Methods, but we provide a summary in Figure 3.4A.

The results of an unsupervised computational analysis must always be
manually pruned. In our analysis, an initial number of 34 probes of (potential)
interest was reported. After applying cut-offs to eliminate probes that showed
moderate or low differential expression, or erratic correlations, 18 were left,
whose expression patterns were then manually inspected. The probes identi-
fied as MAPK p42/44 pT202/Y204, c-Jun pS73, and p70S6K pT389 were flagged
by the computational analysis and withstood the subsequent manual curation
step. As their responses to CXCL12 are dependent on either CXCR4 or CXCR7
according to the RPPA results (Figure 3.4B), we selected these proteins for
further experimental validation.

CXCR7 mediates signaling through MAPK p42/44

To validate the differential phosphorylation of MAPK p42/44, we performed
western blots to verify its abundance at several time points after CXCL12
stimulation, with and without pre-incubation with CXCR4/7 inhibitors. As in-
dicated by the RPPA data we discussed above (Figure 3.4B), indeed, the level
of MAPK p42/44 phospho-T202/Y204 increases after CXCL12 stimulation in a
CXCR7-dependent manner (Figure 3.5A). The western blot results also refute
the reverse (CXCR4-dependent signaling through activation of MAPK p42/44
phospho-T202/Y204), as pre-incubation with IT1t has no effect on phosphory-
lation.

Western blotting did not confirm CXCR4-dependent phosphorylation of
c-Jun or CXCR7-dependent phosphorylation of p70S6K (Figure 3.5B-C), al-
though their relative expression patterns on the RPPA resemble specific CXCR4
and CXCR7 responses (respectively), and thus warrant their selection in the
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lead discovery stage (Figure 3.4B). Still, as MAPK p42/44 is a potent and well-
known regulatory component, these findings underline the importance of the
CXCR4/CXCR7/CXCL12 axis in the broader context of signaling in in breast
cancer cells (Figure 3.5D).

Discussion

Chemokine receptor signaling is essential to the immune response, and it is
often deregulated in diseases like cancer. Specifically, in breast tumors, CXCR4
signaling plays an important role in proliferation and vascularization of the
primary tumor, as well as in migration and metastasis to distant sites [244].
Interestingly, CXCR4- and CXCR7-mediated signaling show distinct patterns
in breast cancer.

For instance, a recent study where the rat mammary adenocarcinoma cell
line MTLn3 was used to overexpress these two receptors showed that CXCR7
expression increases chemotaxis of MTLn3 cells towards CXCL12 compared
to cells that only express CXCR4, and that binding of CXCL12 to CXCR4
was responsible for this response [245]. Also, both in vitro and in vivo,
CXCL12-induced invasion was decreased when cells expressed both CXCR4
and CXCR7, compared to cells that only expressed CXCR4. Additionally,
cells expressing CXCR4 had increased cell motility within the primary tumor
as well as increased intravasation compared to non-CXCR4-expressing cells,
while CXCR7-expressing cells enhanced primary tumor growth.

The BT474 breast cancer cell line expresses both CXCR4 as well as CXCR7
endogenously, which enabled us to study the contribution of both receptors
to its signaling phenotype. Upon inhibition of CXCR4 or CXCR7 in BT474
cells, we observed distinct phosphorylation patterns of signaling proteins on
a reverse-phase protein array.

Reverse-phase protein arrays (RPPA) were designed to enable the probing
of samples of interest with (phospho-)protein-specific antibodies in a fast and
reproducible manner. This method has been used widely in studies to gain
insight into complex signaling networks. For example, the 60 cancer cell lines
in the NCI-60 panel were characterized using RPPA to assess which signaling
networks are most often affected in cancer, and to gain insight into sensitivity
to standard anti-cancer therapy [260]. Furthermore, RPPA has been used
to make a molecular distinction between different cell populations in acute
myeloid leukemia [261].

Because RPPA is an antibody-based assay, it lends itself to a wide variety
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Figure 3.5: (A) Western blotting confirms that phosphorylation of MAPK 42/44 at T202/Y204 de-
creases upon CXCR7 inhibition. This finding confirms our computational prediction of CXCR7-
mediated signaling through MAPK, and is consistent with the earlier RPPA results (Figure 3.4B).
Conversely, inhibition of CXCR4 by IT1t has no discernable effect on CXCL12-induced MAPK
phosphorylation. CXCR4-mediated c-Jun phosphorylation (B) and CXCR7-mediated phospho-
rylation of p70S6K (C) were not confirmed by the western blot results. (D) The network context
of MAPK, p70S6K, and c-Jun with respect to important signaling pathways and upstream stim-
ulation. MAPK’s namesake MAP kinase pathway is implicated in cell growth and frequently
deregulated in cancer. The PI3K/Akt axis, shown partially in the center of the network, is known
to respond to CXCR4 activation [255], and various means of cross-talk exist between the MAP
kinase and PI3K/Akt pathways [256–259]. For each (phospho-)protein that was assayed by RPPA,
its CXCL12 response profile according to the computational analysis (CXCR4-associated, CXCR7-
associated, and non-specific response), as well as the results of the subsequent manual curation
step (“selected upon manual inspection”), are denoted by colored circles.
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of research questions and experimental setups. As a result of this, the analysis
of RPPA data, after the basic post-processing and quality control steps have
been performed [249], is very much dependent on the underlying study. As
the goal of the RPPA experiment in the present study was lead discovery,
the correlation-based analysis we performed was designed to complement
visual inspection of the data, while minimizing the number of reported false
negatives. In the interpretation of the results of this analysis, this was taken
into account, as all hits that resulted from both the computational analysis and
the visual inspection were subsequently verified experimentally.

The RPPA results indicated that various proteins are phosphorylated upon
stimulation with CXCL12. In some cases, this was CXCR4-dependent (and
previously known; e.g. phosphorylation of Akt [255]), in others, it was
CXCR7-dependent (e.g. MAPK p42/44 phospho T202/Y204), while yet an-
other category seemed to depend on the activation of both receptors (e.g.
MAPK p38 phospho T180/Y182) (Figure 3.3B). Although western blotting re-
sults confirmed the CXCL12-induced phosphorylation of c-Jun and p70S6K
that we observed on the RPPA, the specific roles of CXCR4 and CXCR7 in
these processes were not elucidated by these experiments. The western blots
did confirm the phosphorylation of MAPK p42/44 at T202/Y204 upon CXCL12
stimulation, and we also confirmed that this phosphorylation followed acti-
vation of CXCR7. In general, our use of RPPA in combination with specific
inhibitors results in CXCR4/7-specific “signaling fingerprints”, which can in
turn be used to elucidate the activation and interaction of elements in the
downstream signaling network (Figure 3.5).

MAPK p42/44 is often found to be phosphorylated in cells that express
chemokine receptors. For instance, activation of the MAPK/ERK pathway is
a common response to stimulation of CXCR4 with CXCL12 [262], and CXCR7
activation by CXCL12 has been shown to lead to phosphorylation of MAPK
in glioma cells, human epidermal melanocytes, and T lymphocytes [263–265].
Our finding that CXCL12 activates MAPK p42/44 through CXCR7 in breast
cancer cells is in line with these earlier observations, and provides further
confirmation of the receptor’s role as an important activator of MAPK/ERK
pathways in various cellular contexts. Furthermore, it affirms the influence
of CXCR7-mediated signaling in the context of prominent signal transduc-
tion pathways (Figure 3.5D), although the definitive characterization of these
pathways will require additional research.

The pervasive involvement of CXCL12/CXCR4/CXCR7 in cancer prompts
the question whether this axis could be used as a drug target. CXCR4 inhibitors
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have already been widely studied in this context; besides in the treatment
of HIV [266], AMD3100 has recently started to see clinical use as a stem
cell mobilizer. Furthermore, several reports describe the combined use of
AMD3100 and chemotherapy in the treatment of cancer [267–269]. Besides
small molecules, other types of CXCR4 inhibitors have been shown to be
effective. Notably, we previously reported the generation of CXCR4-specific
nanobodies that are effective at inhibiting HIV replication and inducing stem
cell mobilization [270].

Likewise, CXCR7 inhibitors have shown promising results in animal mod-
els. For instance, the small molecule CCX754 inhibited tumor growth in a
mouse model of B lymphoma and lung carcinoma [232]. In the present study,
we used the CXCR7 inhibitor VUF11207, which is derived from the CCX754
series of compounds [251]. Also, siRNA-induced depletion of CXCR7 expres-
sion has been successfully used to inhibit the growth of prostate and breast
tumors [247,271], and CXCR7-specific nanobodies were shown to inhibit head
and neck tumor growth in vivo [243].

Since endogenous CXCL12 expression is known to predispose tissues to
metastasis [272,273], activation of the CXCR4 and CXCR7 signaling pathways
in cancer cells is likely to contribute to tumor progression. The results of
our RPPA experiment suggest that a combination treatment with CXCR4 and
CXCR7 inhibitors could be effective in tumors expressing both receptors, as
phosphorylation of key drivers of proliferation was abolished upon treatment
with these inhibitors. However, fully understanding these effects is contin-
gent on a thorough investigation of the response to the activation of individual
receptors. In this study, we have contributed to this by showing that breast
cancer cells expressing both CXCR4 and CXCR7 respond to CXCL12 treatment
by activating a diversity of signaling pathways, and that this response can be
due to either one of the receptors, or to a combination of both. Specifically,
we showed that signaling through MAPK increases upon CXCR7 activation.
Hence, targeting of CXCR7 besides CXCR4 should be considered in addition
to the current clinical repertoire. As the pathway in whose context MAPK
operates is a common suspect in disease etiology, we expect that further in-
vestigation of chemokine signaling in the context of human physiology and
disease will be a rewarding endeavor.
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Materials and Methods

Cell Culture

Human breast cancer cell line BT474 was obtained from the American Tissue Culture
Collection. Cells were cultured in Dulbecco’s Modified Eagle Medium (PAA) supple-
mented with 10% fetal bovine serum (PAA) and 1% penicillin/streptomycin (PAA).

Radioligand binding assay

CXCR7-expressing HEK293 cells were seeded in regular growth medium on poly-L-
lysine-coated 96-well plates. The following day, binding buffer (50 mM Hepes pH 7.4,
1 mM CaCl2, 5 mM MgCl2, 0.1 M NaCl) supplemented with 0.5% BSA was added
to the cells with increasing concentrations of CXCR7-specific compound VUF11207.
Subsequently, radiolabelled 125I-CXCL12 (Perkin-Elmer) was added to reach a final
concentration of 75 pM. Cells were incubated for 3 h at 4 ◦C then washed twice with
binding buffer containing 0.5 M NaCl. After harvesting the samples with lysis buffer,
the remaining cell-bound radioactivity was counted. For CXCR4 radioligand binding
assay membranes from HEK293T cells transiently expressing CXCR4 were prepared
48 h after transfection as previously described [274]. AMD3100 or IT1t were incubated
with membranes and 125I-CXCL12 (90 pM) supplemented with 0.5% BSA in binding
buffer (50mM Hepes, pH 7.4, 1 mM CaCl2, 5 mM MgCl2, 100 mM NaCl) for 2 h at 22
◦C. Membranes were then harvested over polyethylenimine (0.5%)-treated GF/C filter
plates (Whatman) and washed three times with ice-cold binding buffer containing 500
mM NaCl. Plates were counted by liquid scintillation.

CRE Reporter gene assay

HEK239T cells were transfected with pcDEF3-CXCR4 and pCRE-luc grown in DMEM
supplemented with 10% FBS in 384-well plates. After 16 h 1 µM Forskolin, and increas-
ing concentrations of IT1t or AMD3100 were added to the cells. Following another 6 h
of incubation the medium was removed, the cells were lysed in luciferase assay reagent
(0.83 mM ATP, 0.83 mMD-luciferin, 18.7 mM MgCl2, 0.78 µM Na2H2P2O7, 38.9 mM Tris
(pH 7.8), 0.39% (v/v) glycerol, 0.03% (v/v) Triton X-100, and 2.6 µM dithiothreitol).
Luminescence was measured for 3 s in a Wallac Victor2.

β-arrestin2 recruitment assay

HEK293T cells were transfected with 1 µg CXCR7 and 4 µg β-arrestin2 plasmids ge-
netically fused to Renilla Luciferase (RLuc) and enhanced yellow fluorescent protein
(eYFP), respectively. 24 h post transfection, cells were harvested and seeded on white
96-well plates coated with Poly-L-lysine (Sigma-Aldrich). The following day, cells
were washed with Hank’s balanced salt solution (HBSS) and further incubated for 30
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minutes in fresh HBSS buffer prior to the measurement of YFP fluorescence. The RLuc
substrate coelenterazine-h (Promega) was diluted in HBSS supplemented with 0.05%
BSA and added at a final concentration of 5 µM. After 5 min incubation, VUF11207
was then added in increasing concentrations and incubated for 15 min prior to the
measurement of fluorescence and luminescence. Bioluminescence resonance energy
transfer (BRET) ratio was calculated as the ratio between light emission at 535 and 460
nm and normalized against the maximal BRET ratio signal increase.

Quantitative RT-PCR

Total RNA was extracted from BT474 cells with the RNeasy kit from Qiagen according
to the manufacturer protocol. Messenger (m)RNA was converted into cDNA using
the BioRad iScript cDNA synthesis kit. Subsequently, mRNA expression levels were
detected with SyberGreen (BioRad) using CXCR3, CXCR4, CXCR7, CXCL11, CXCL12
and β-actin-specific primers. mRNA expression levels were normalized against those
of β-actin to determine relative expression.

ELISA

BT474 cells were seeded on a 48-well plate. After one day cells were fixed with
4% formaldehyde in TBS and subsequently part of the plate was permeabilized with
TBS/0.5% NP-40. After blocking with 1% skim milk in 0.1M NaHCO3 pH 8.6, cells
were incubated overnight at 4◦C with anti-CXCR7 (C1C2, Genetex) or anti-CXCR4
(IMG-537, Imgenex). After three washing steps with TBS, cells were incubated with
HRP-conjugated secondary antibody (Bio-Rad) for 2 hours. Absorbance was measured
at 490nm with the Powerwave X340 absorbance plate reader (BioTek) after addition of
substrate and stopping solution.

Determination of (phospho) protein status of treated BT474 cells by
RPPA

BT474 cells were seeded on a 6-well plate and the next day the cells were put on serum
free medium for 40 hours for synchronization. Subsequently, either 1µM CXCR4 in-
hibitor IT1t (Calbiochem) or CXCR7 inhibitor VUF11207 [251] or combined treatment
was added to the cells for 1 hour. The control cells were treated with the same percent-
age of DMSO. After 1 hour, all cells were stimulated with 1 nM CXCL12 for either 2, 5, 10,
30, or 60 minutes and control cells received medium without CXCL12. Treatment was
ended by washing the cells twice with ice-cold PBS and lysing them with 1% Triton X-
100, 50 mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1mM EGTA, 100 mM NaF, 10
mM Na pyrophosphate, 1 mM Na3VO4 and 10% glycerol, containing freshly added pro-
tease and phosphatase inhibitors. Cellular proteins were denatured by 1% SDS (with
beta-mercaptoethanol) and diluted in five 2-fold serial dilutions in dilution buffer (lysis
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buffer containing 1% SDS). Serial diluted lysates were arrayed on nitrocellulose-coated
slides (Grace Biolab) by Aushon 2470 Arrayer (Aushon BioSystems). A total of 5808
array spots were arranged on each slide including the spots corresponding to positive
and negative controls prepared from mixed cell lysates or dilution buffer, respectively.
Each slide was probed with a validated primary antibody plus a biotin-conjugated sec-
ondary antibody. Only antibodies with a Pearson correlation coefficient between RPPA
and western blotting of greater than 0.7 were used further in this study. Antibodies
with a single or dominant band on western blotting were further assessed by direct
comparison to RPPA using cell lines with differential protein expression or modulated
with ligands/inhibitors or siRNA for phospho- or structural proteins, respectively. The
signal obtained was amplified using a Dako Cytomation–catalyzed system (Dako) and
visualized by DAB colorimetric reaction. The slides were scanned, analyzed, and
quantified using customized software (Microvigene, VigeneTech Inc.) to generate spot
intensities. Each dilution curve was fitted with a logistic model (“Supercurve Fitting”
developed by the Department of Bioinformatics and Computational Biology at the MD
Anderson Cancer Center, “http://bioinformatics.mdanderson.org/OOMPA”). This fits
a single curve using all the samples (i.e., dilution series) on a slide with the signal
intensity as the response variable and the dilution steps as the independent variable.
The fitted curve is plotted with the signal intensities –– both observed and fitted — on
the y-axis and the log2-concentration of proteins on the x-axis for diagnostic purposes.
The protein concentrations of each set of slides were then normalized by median polish,
which was corrected across samples by the linear expression values using the median
expression levels of all antibody experiments to calculate a loading correction factor
for each sample. For each time course, we then determined each data point’s value
relative to t=0, and log-normalized the resulting values.

Correlation analysis

For each probe, four time course experiments were performed (CXCL12, CXCL12 +

IT1t, CXCL12 + VUF11207, CXCL12 + IT1t + VUF11207), each of which consisted of 7
time points (0, 2, 5, 10, 30, or 60 minutes). We disregarded the 180m time point in all
analyses described here, because we expect the phenomena under study to manifest
on a much shorter time scale. This brings us to a total of 161 (probes) x 4 (experiments)
x 6 (time points) = 3864 data points. We regarded an entire six point time course as the
smallest unit on which biologically meaningful analyses could be performed. We can
calculate the correlation between two such time courses by dividing the dot product
of the two time courses by the product of their norms. This correlation measure is
well-suited to log-normalized data, and is unaffected by x-axis bias the way e.g. the
Pearson correlation is.
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Differential clustering analysis and target selection

We calculated the pairwise correlation between all four time-courses for the same
probe to gauge whether different treatments elicited different responses from the same
(phospho-)protein. Any (phospho-)probe for which an inhibitor condition correlated
negatively with the uninhibited (CXCL12 only) condition was selected for a closer
look at this stage. We also calculated pairwise correlations between all probes in the
same time-course experiment to determine the classes of responses that were observed
under that particular treatment regimen. Using an unsupervised average linkage-based
clustering algorithm, we then grouped each probe into one of four clusters based on its
correlation with the other members of that cluster. This was done for each treatment
condition, resulting in 4 clusters for each experiment. Next, for each probe, we checked
whether the other probes it clustered with were the same across all four experiments.
If this was not the case, and for instance, a probe clustered consistently in all conditions
except CXCR4 inhibition, then that probe would be marked for a closer look to see
whether it shows a response to that particular treatment. After manual inspection of
the automatically selected probes, we selected p42/44 MAPK pT202/Y204, c-Jun pS73,
and p70S6K pT389 for validation using western blotting.

SDS-Page and Western Blot

Cell lysates were loaded on 4-15% TGX gels (Bio-Rad) and after electrophoresis, pro-
teins were transferred onto PVDF membranes and blocked for 1 hour in 5% skim milk
and 0.1% Tween-20/TBS. Subsequently membranes were incubated overnight with cor-
responding primary antibodies (p42/44 MAPK: #4695, CST; p42/44 MAPK pT202/Y204:
#4377, CST; p70S6K pT389: #9205S, CST; c-Jun pS73: #9164S, CST; c-Jun (total): #9165,
CST; β-actin: #A5316, Sigma) and detected using HRP-conjugated secondary antibody
(Bio-Rad). The bands were visualized by the use of Chemi Doc imager (Bio-Rad) and
quantified with Image Lab Software (Bio-Rad).
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