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Abstract. Chemokine receptor  4 (CXCR4) and its ligand 
stromal‑derived factor  1 (SDF‑1) have well‑characterized 
functions in cancer metastasis; however, the specific mecha‑
nisms through which CXCR4 promotes a metastatic and 
drug‑resistant phenotype remain widely unknown. The aim 
of the present study was to demonstrate the application of 
a phenotypic screening approach using a small molecule 
inhibitor library to identify potential CXCR4‑mediated 
signaling pathways. The present study demonstrated a new 
application of the Published Kinase Inhibitor Set (PKIS), a 
library of small molecule inhibitors from diverse chemotype 
series with varying levels of selectivity, in a phenotypic 
medium‑throughput screen to identify potential mechanisms 
to pursue. Crystal violet staining and brightfield microscopy 
were employed to evaluate relative cell survival and changes to 
cell morphology in the screens. ‘Hits’ or lead active compounds 
in the first screen were PKIS inhibitors that reversed mesen‑
chymal morphologies in CXCR4‑activated breast cancer cells 
without the COOH‑terminal domain (MCF‑7‑CXCR4‑ΔCTD) 
and in the phenotypically mesenchymal triple‑negative breast 
cancer cells (MDA‑MB‑231, BT‑549 and MDA‑MB‑157), 

used as positive controls. In a following screen, the phenotypic 
and cell viability screen was used with a positive control that 
was both morphologically mesenchymal and had acquired 
fulvestrant resistance. Compounds within the same chemo‑
type series were identified that exhibited biological activity 
in the screens, the ‘active’ inhibitors, were compared with 
inactive compounds. Relative kinase activity was obtained 
using published datasets to discover candidate kinase targets 
responsible for CXCR4 activity. MAP4K4 and MINK reversed 
both the mesenchymal and drug‑resistant phenotypes, NEK9 
and DYRK2 only reversed the mesenchymal morphology, 
and kinases, including ROS, LCK, HCK and LTK, altered 
the fulvestrant‑resistant phenotype. Oligoarray experiments 
revealed pathways affected in CXCR4‑activated cells, and 
these pathways were compared with the present screening 
approach to validate our screening tool. The oligoarray 
approach identified the integrin‑mediated, ephrin B‑related, 
RhoA, RAC1 and ErbB signaling pathways to be upregulated 
in MCF‑7‑CXCR4‑ΔCTD cells, with ephrin  B signaling 
also identified in the PKIS phenotypic screen. The present 
screening tool may be used to discover potential mechanisms 
of targeted signaling pathways in solid cancers.

Introduction

Screening modalities to determine candidate downstream 
targets and signaling pathways after novel and influential 
proteins/pathways identified are limited by availability and 
utility. Small molecule inhibitor libraries in cancer research 
introduce a unique modality to screen for various biologic 
endpoints, including drug sensitivity, cell morphology, cell 
proliferation, and survival (1). The Published Kinase Inhibitor 
Set (PKIS) is an example of such a library; PKIS1 and PKIS2 
are collections of ATP‑competitive kinase inhibitors repre‑
senting dozens of chemotypes (2). The described inhibitors 
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have a range of selectivity profiles against various kinase 
targets (3) and can thus be used in a screening approach to 
identify candidate kinases targets or downstream signaling 
pathways to pursue in further mechanistic studies for select 
genes of interest. Previously, we demonstrated the successful 
application of the PKIS in a morphology‑based screen as a 
starting point to discover kinase targets and signaling pathways 
that drove a specific phenotype in TNBC cells (4).

In this report, we utilized genetically modified breast 
cancer cell lines to demonstrate the application of this 
phenotypic screening approach to identify candidate targets 
to pursue for potential drug discovery applications. For 
these experiments, we focused on studying the downstream 
effects of over‑activation of the CXC chemokine receptor 4 
(CXCR4). Chemokine‑mediated signaling processes have 
integral roles in cancer development and metastasis  (5,6). 
While chemokines can bind to various chemokine receptors, 
CXCR4 is unique because it exclusively binds to the CXCL12 
chemokine, also known as stromal cell‑derived factor‑1 (7). 
CXCR4 is a G protein receptor that subsequently activates 
phospholipase C‑β and phosphatidylinositol‑3‑kinase, or 
PI3K. These signaling events cause downstream activation of 
protein kinase C and mitogen‑activated protein kinase, which 
leads to cell migration (8). Small molecule therapies targeting 
CXCR4 are currently being investigated as anti‑cancer thera‑
peutics (9,10), providing evidence for CXCR4 as a viable target 
in endocrine therapy‑resistant breast cancer (11,12). CXCR4 is 
expressed in many different cancer types (7,13), and its expres‑
sion is associated with higher‑grade cancers (14). CXCR4 has 
been implicated as a prognostic marker in breast cancer and 
is associated with worse prognoses (15,16). In triple‑negative 
breast cancer (TNBC), a subtype lacking hormone receptors 
or HER2/Neu amplification, activated CXCR4 is present 
in 75% of TNBC tumors, as was evaluated in microarray 
analysis  (17,18). CXCR4 expression drives breast cancer 
cell invasion and metastasis  (13,19‑21). Furthermore, the 
CXCR4‑SDF‑1 signaling axis regulates the activity of circu‑
lating tumor cells in primary breast cancer (22). In metastasis, 
cells acquire characteristics that drive an invasive and migra‑
tory phenotype in a process known as epithelial‑mesenchymal 
transition (EMT) (23). In EMT, cancer cells that are epithe‑
lial‑shaped and have epithelial molecular phenotypes acquire 
mesenchymal molecular features which induce a change in 
cell morphology to a more fibroblastic and stellate‑appearing 
shape (23,24). Acquisition of a mesenchymal phenotype drives 
cell invasion and migration through the extracellular matrix 
and intravasate into surrounding vasculature to disseminate to 
distal tissue sites (25,26).

CXCR4 activates signaling pathways that drive tumor 
growth and angiogenesis. CXCR4 is positively upregulated 
by the hypoxia‑inducible factor‑1α and growth factors 
(FGF, VEGF, EGF) (27). The COOH‑terminal domain (CTD) 
mediates receptor desensitization and downregulation (27), 
and truncation of this domain (ΔCTD) results in sensitization 
and upregulation of the receptor. The CTD domain is neces‑
sary to drive a mesenchymal cell morphology and cell motility 
through CXCR4 signaling (27‑29): ΔCTD, and not CXCR4 
overexpressing cells, downregulated epithelial protein expres‑
sion (CDH1, ZO1), decreased cell‑cell contact, and increased 
cell migration (27).

CXCR4 activation is additionally associated with 
endocrine therapy resistance through the downregulation 
of estrogen receptor expression  (30). CXCR4 signaling 
is implicated in other areas of drug resistance: In breast 
cancer, CXCR4 silencing sensitizes TNBC cells to cisplatin 
therapy (31), silencing of CXCR4 and SDF‑1 sensitizes breast 
cancer cells to paclitaxel (32), and CXCR4 inhibition abrogates 
trastuzumab resistance in HER2‑positive breast cancer (33). 
We previously demonstrated that CXCR4 expression medi‑
ates estrogen‑independent tumorigenesis, metastasis, and 
resistance to endocrine therapies through increased MAPK 
signaling  (34,35). CXCR4 activates ER‑mediated gene 
transcription through phosphorylation of ERβ by MAPK 
family members  (36), inducing estrogen independence in 
MCF‑7‑CXCR4 cells. Dubrovska  et al found that CXCR4 
maintains a cancer stem cell‑like progenitor population in 
tamoxifen‑resistant MCF‑7 cells (37). Together, these findings 
support a role for CXCR4 activation in endocrine therapy 
resistance in addition to driving a mesenchymal and migratory 
phenotype.

Downstream signaling pathways of CXCR4 that are respon‑
sible for these phenotypic changes remain widely unknown. To 
address this knowledge gap, we employed the PKIS library in a 
medium‑throughput phenotypic screen using MCF‑7 parental 
cells (MCF‑7), MCF‑7 cells with constitutively active CXCR4 
expression (MCF‑7‑CXCR4‑ΔCTD), fulvestrant resistant 
MCF‑7 cells (MCF‑7‑FR), and TNBC cell lines (BT‑549, 
MDA‑MB‑231). We then compared relative kinase activity of 
compounds within the same chemotype series that were active 
or inactive in the screens. Our goal was to identify candidate 
signaling pathways responsible for the observed mesenchymal 
and fulvestrant‑resistant phenotype of MCF‑7‑CXCR4‑ΔCTD 
cells. This aim of this study was to demonstrate the utility in 
using a phenotypic screening approach with small molecule 
kinase inhibitors to identify potential pathways and targets 
downstream to pursue in CXCR4‑activated breast cancer cells. 
Future experiments will be required to validate and interrogate 
the kinase pathway leads identified in this screen.

Materials and methods

Cell culture. Human MDA‑MB‑157, MDA‑MB‑231 and 
BT‑549 cells were acquired from the American Type Culture 
Collection (ATCC). Human MCF‑7 cells used for stable 
transfection of CXCR4 were generously provided to our lab 
by Louisa Nutter (University of Minnesota, Minneapolis, 
MN, USA). Cells were maintained in DMEM supplemented 
with 10% fetal bovine serum, 1% non‑essential amino acids 
(NEAA) (Caisson Labs), MEM amino acids (Invitrogen; 
Thermo Fisher Scientific, Inc.), antibiotic‑antimycotic solu‑
tion (100 U/ml; Caissan Labs), sodium pyruvate (Invitrogen; 
Thermo Fisher Scientific, Inc.) and insulin (1x10‑10 mol/l; 
Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C in humidi‑
fied 5% CO2.

Generation of stably overexpressing and resistant cell lines. 
MCF‑7 cells were stably transfected with truncated CXCR4 
(ΔCTD), wild type CXCR4 (CXCR4), or empty vector as 
controls, as previously described (27). Fulvestrant resistant 
MCF‑7N cells were generated by exposing the cells to 
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gradually increasing concentrations of fulvestrant, until resis‑
tance was achieved, as described by Fan et al (38).

mRNA isolation. Cells were plated in 10%  DMEM at 
70% confluency harvested after 24 h using a mix of phos‑
phate‑buffered saline and EDTA. Total RNA was isolated 
using the RNeasy kit, according to manufacturer's instructions 
(Qiagen, Inc.). Quantity and quality of RNA were deter‑
mined by absorbance at 260 and 280 nm using the ND‑1000 
(NanoDrop).

Analysis of oligo‑array data. Published oligo‑array data 
by Ueda  et  al was analyzed using GeneGo Metacore 
(Thomson Reuters) (27). The Enrichment Analysis Workflow 
was performed using the gene list, fold‑change, and P‑value 
scores generated by edgeR. A threshold P‑value of <0.05, 
and threshold fold‑change <0.5 was set when performing the 
analysis in GeneGo.

The Published Kinase Inhibitor Sets (PKIS). The PKIS1 and 
PKIS2 are first generation kinase chemogenomic sets. They have 
now been supplanted by the KCGS (Kinase Chemogenomic 
Set) which is openly available in screening quantities from 
the SGC‑UNC. Instructions for Requesting KCGS can be 
found at www.sgc‑unc.org. Chemical structures and other 
pharmacologic activity for the PKIS compounds can be found 
at https://www.ebi.ac.uk/chembldb/extra/PKIS/compounds.
html. The set is typically provided as 1 µl of a 10 mM solution 
in DMSO, dispensed in 384‑well plates. A material transfer 
agreement was created to ensure that the screening results 
are made publicly available. Larger aliquots of requested 
compounds were delivered as solids, dissolved in DMSO to a 
1 mM stock solution, and stored at ‑20˚C. The solutions were 
diluted in culture media and used at 1 µM concentrations, as 
determined by dose‑response studies.

Crystal violet staining. MDA‑MB‑157, MDA‑MB‑231, BT549, 
MCF‑7‑CXCR4‑ΔCTD and MCF‑7‑FR cells were plated in a 
96‑well plate format at 2,000 cells per well. After 24 h, cells 
were exposed to 5% charcoal stripped FBS media or phenol‑free 
DMEM media (Invitrogen; Thermo Fisher Scientific, Inc.) 
supplemented with charcoal‑stripped FBS, NEAA, MEM 
amino acids, Gluta‑Max and penicillin (100  U/ml). After 
48 h of exposing the cells to CS DMEM media, cells were 
treated with the vehicle or selected PKIS library compounds 
for 72 h and the plate was incubated in 37˚C, 5% CO2. The 
plate was then harvested by adding glutaraldehyde (10 µl of 
25% stock solution) to each well for 20 min. After rinsing and 
drying the plate, the cells were stained with 0.1% crystal violet 
in 90% methanol (50 µl) for 20 min. After another rinse, the 
cells were left overnight to dry, and the following day morpho‑
logical alterations of the cells were visualized with an inverted 
microscope and images were recorded at x200 magnification.

Results

Candidate kinases identified that are responsible for promoting 
a mesenchymal phenotype in constitutive CXCR4 activation. 
Cell morphology and cytoskeletal rearrangement have impor‑
tant roles in suppressing metastasis, as epithelial‑like cells are 

not able to invade and migrate into the vasculature to spread to 
distal tissue sites (25,26). Mesenchymal morphology charac‑
teristics include bipolar cells often with protrusions that appear 
fibroblast‑like, with minimal cell‑cell contacts. Epithelial 
morphology cells have rounder shapes, increased circularity 
and form closer cell‑cell contacts that facilitate colony forma‑
tion and look more ‘cobblestone’ in appearance. Because some 
TNBC cell lines have inherently mesenchymal cell morpholo‑
gies due to these cells' fibroblast‑like characteristics, we chose 
to use three classic mesenchymal lines as positive controls in 
our phenotypic screen: MDA‑MB‑231, BT‑549, MDA‑MB‑157. 
Only compounds were selected as ‘hits’ if they promoted an 
epithelial morphology in one or more TNBC cell lines and if 
they altered the morphology of MCF‑7‑CXCR4‑ΔCTD cells 
(Fig. 1A). Overall, we observed four different chemotypes 
that contained active and inactive compounds within the same 
chemotype, in which we could compare kinase activity. The 
four chemotypes were: Benzimidazole‑N‑thiophenes (Fig. 1B), 
oxindoles (Fig.  S1), 4‑hydrazinyl‑pyrazolopyrimidines 
(Fig. S2), and furopyrimidines (Fig. S3).

Compounds in the PKIS library are non‑selective kinase 
inhibitors, and thus they have target various kinases in addi‑
tion to activity at the kinase for which they were originally 
designed. Many of the compounds in the PKIS library have 
kinase activity data described in a study by Elkins et al (2). 
Using these data sets we compared kinase activity of compound 
‘hits’, referred to as active compounds, to activity of inactive 
compounds to find potential candidate kinases responsible 
for the observed phenotypic changes. In this first screen, 
active compounds altered cell morphologies and reversed 
the mesenchymal phenotype in MCF‑7‑CXCR4‑ΔCTD and 
TNBC cells, while inactive compounds did not. For these 
analyses, we compared active and inactive compounds that 
were within four chemotypes that had available published 
kinase activity data sets. Within the oxindole chemotype 
series, only one compound was active based on our initial 
screen, out of the 19 tested inhibitors. When kinase activity 
was compared in the active and inactive compounds, the 
only kinase which the active compound exhibited anti‑kinase 
activity was DYRK2 (52% anti‑kinase activity). The inactive 
compounds in this series exhibited less anti‑kinase activity 
against DYRK2: GW305178A (36%), GW300660A (33%), 
GR105659A (25%), GW429374A (16%), GW290597A (16%), 
GW406108X (14%), GW284408A (11%), GW275616A (10%), 
GW300657A  (8%), GW301789A  (7%), GW416469A (5%), 
GW442130A  (5%), GW335962A  (4%), GW441756A (4%), 
GW282536A (3%), GW279320A (2%), GW300653A (0%), 
GW352430A (‑1%), GW278681A (‑1%). Within the benzimid‑
azole N‑thiophenes chemotype series, 7 of the 13compounds 
were active. The only kinase which the active compounds 
exhibited anti‑kinase activity compared to inactive compounds 
was NEK9: GSK579289A  (97%), GSK237701A  (92%), 
GSK317315A (84%), GW843682X (59%), GW852849X (55%), 
GSK237700A  (38%), GW853606X  (29%). Anti‑NEK9 
kinase activity of the inactive compounds includes: 
GW853609X (10%), GSK1030061A (9%), GSK1030058A (7%), 
GSK1030059A (6%), GSK1030062A (3%), GSK319347A (2%). 
Within the 4‑hydrazinly‑pyrazolopyrimidines chemotype 
series, 2 out of 8 compounds tested were active based on 
the initial screen. Kinases specific for the active compounds 
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compared to inactive compounds included: MAP4K4, 
CDK2/cyclinA, CDK1/cyclinB, CDK5/p35, SNF1LK2(QIK), 

SNF1LK1(SIK), MINK, PDGFRα‑T674I, FYN, KIT 
(Fig. 2A). Within the furopyrimidines and related chemotype 

Figure 1. Identification of small molecule inhibitors from the PKIS library that reversed mesenchymal morphology and/or proliferation in both 
MCF‑7‑CXCR4‑ΔCTD cells and TNBC cell lines. (A) Diagram showing workflow of medium‑throughput phenotypic morphology screen using the PKIS 
library. (B) Select inhibitors that altered morphology in both the MCF‑7‑CXCR4‑ΔCTD cells and at least one of the TNBC cell lines (MDA‑MB‑231, 
MDA‑MB‑157 and BT‑549). An example of a chemotype of inhibitors in which some compounds affected morphology is represented, but some compounds 
had no effect on any of the cell lines analyzed. Compounds in blue were ‘hits’ in the screen. All cells were treated with 1 µM inhibitor for 72 h. Images 
were obtained at a magnification of x200 using brightfield microscopy. ΔCTD, truncated COOH‑terminal domain; TNBC, triple‑negative breast cancer; 
PKIS, Published Kinase Inhibitor Set; CXCR4, chemokine receptor 4.

Figure 2. Candidate kinase targets activated by chemokine receptor 4 in the acquisition of a mesenchymal phenotype in triple‑negative breast cancer identi‑
fied by comparing the kinase activity of active and inactive compounds. Kinases selectively inhibited by ‘active’ compounds alone compared with ‘inactive’ 
compounds in the same chemotype. Heat map of (A) the 4‑hydrazinyl pyrazolopyrimidine chemotype and (B) the furopyrimidine chemotype classes. Percent 
kinase activity is represented in the heat maps, with green indicating high activity and red low activity. Compounds in blue were identified as ‘hits’ in the 
screen. All cells were treated at 1 µM inhibitor for 72 h.



ONCOLOGY LETTERS  21:  380,  2021 5

series, 2 out of 4 inhibitors tested in the initial screen were 
active. Kinases specific for active compounds compared to 
inactive compounds included: PDGFRα‑V561D, ABL‑M351T, 
ABL‑H396P, ABL‑Q252H, EPHB2, PDGFRα (Fig.  2B). 
Together, these data demonstrate the utility of this small 
molecule inhibitor phenotypic screen approach and comparing 
kinase activity of active and inactive compounds to identify 
candidate kinases downstream of CXCR4 activation.

Use of phenotypically mesenchymal MCF‑7 cells to identify 
candidate kinases that promote a mesenchymal and fulves‑
trant resistant phenotype in the setting of constitutive CXCR4 
activation. MCF‑7‑FR cells have acquired resistance to 
fulvestrant and exhibit a mesenchymal cell phenotype (38). 
Here, we utilized these cells as another positive control in 
our screen to find candidate kinase targets that reversed the 
mesenchymal phenotype in addition to targets responsible 
for acquisition of an endocrine resistant phenotype (using 
cell viability as an endpoint) in CXCR4 activated MCF‑7 
cells. We discovered active inhibitors within the PKIS set 
that promoted an epithelial morphology and/or reduced cell 
viability in MCF‑7‑CXCR‑ΔCTD cells and MCF‑7‑FR cells 
(Fig. 3A and B). Then we compared kinase activity of active 
and inactive compounds within the same chemotype series. 
Within the 2,4‑dianilino pyrrolopyrimidines chemotype series 
4 out of 8 tested inhibitors were active and ROS was the only 
kinase which active compounds targeted compared to inactive 
compounds (Fig. S4). Active compound kinase activity includes 
GSK2213727A (86%), GSK2163632A (83%), GSK1173862A 
(81%), GSK994854A (61%). Inactive compounds ROS kinase 
activity includes GSK1392956A (60%), GSK1819799A (55%), 
GSK2219385A (50%), GSK1511931A (45%). Within the 

2‑aryl‑3‑pridimidinyl pyrazolopyridazines chemotype series 
one out of 5 screened inhibitors were active (Fig. S5), within 
the 3‑amino pyrazolopyridines series one out of 6 screened 
inhibitors were active (Fig.  S6), within the 4‑hydrazinly 
pyrazolopyrimidines group one out of 6 was an active 
inhibitor, within the maleimide chemotype series, one out of 
10 screened inhibitors was active (Fig. S7) and in the furopy‑
rimidines and related series two out of four tested inhibitors 
were active (Fig. S8).

In this phenotypic screen comparing the CXCR4 acti‑
vated MCF‑7 cells to fulvestrant resistant cells, kinases 
that were targeted by the active compounds and not in the 
inactive compounds included LYNA, CK1‑g3, EPHB2, 
PDGFRα‑V561D, HCK, RET‑Y791F, MINK, KIT‑V560G 
(Fig. 4A), LTK, ABL variants, PIM1, PIM2, PIM3, CDK2, 
ALK, KDR, RSK3, BRSK1, BRSK2, MINK, PDGFRα 
(Fig. 4B), PDGFRα‑T, QIK, CDK1, CDK2, CDK5 (Fig. 4C) 
and other kinases (Fig. S9). Notably MAP4K4, HCK and ABL, 
PDGFR, PIM, and CDK family members were commonly 
targeted by active compounds amongst the various chemotype 
series (Figs. 4A‑C and S9).

Then we compared results from the morphology 
screen (MCF7‑CXCR4‑ΔCTD compared to phenotypi‑
cally mesenchymal TNBC cells) and viability (comparing 
MCF7‑CXCR4‑ΔCTD and MCF7‑FR) screens. Eleven 
kinases were commonly targeted by active compounds in 
both screens compared to inactive compounds, suggesting 
these kinases were possibly responsible for both affecting 
the mesenchymal cell morphologies and sensitivity to 
endocrine‑targeted therapies. These kinases included: 
MAP4K4, MINK, PDGF Rα‑V561D, ABL‑Q252H, 
PDGFRα, SNF2LK(QIK), PDGFRα‑T351I, ABL‑M351T, 

Figure 3. Small molecule inhibitors from the Published Kinase Inhibitor Set library that affected cell morphology and/or proliferation in MCF‑7‑CXCR4‑ΔCTD 
cells compared with MCF‑7‑FR cells. Select inhibitors within (A) the 4-hydrazinly pyrazolopyrimidines or (B) the 2,4-dianilino pyrrolopyrimidines chemo‑
type series that altered morphology in the MCF‑7‑CXCR4‑ΔCTD cells and the MCF‑7‑FR cells. Inhibitors that were considered ‘hits’ altered cell morphology 
and/or cell proliferation. Compounds in blue were identified as ‘hits’ in the screen. ΔCTD, truncated COOH‑terminal domain; CXCR4, chemokine receptor 4; 
FR, fulvestrant‑resistant.
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ABL‑H386P, CDK2/cyclinA, CDK5/p35, CDK1/cyclin B, 
SNF1LK(SIK), KIT and EPHB2 (Fig. 5A). Kinases that 
were unique hits in the morphology screen were NEK9 and 
DYRK2 (Fig. 5B). Kinase targets that were unique hits in 
the fulvestrant resistance screen that had over 70% kinase 

activity in the active compounds were ROS, LYK, LCK, 
HCK, RET‑Y791F, RSK3, BRSK2, BRSK1, KIT‑V560G, 
ABL‑T351I, PYK2, RET‑V791F, FLT3‑D, PDGFRα‑D, 
PDGFRb, TNK1, RSK1, RSK2, RSK4, P70S6K1, 
AURORAC and CHEK2 (Fig. 5C).

Figure 5. Candidate kinase targets identified in both the morphology and fulvestrant resistance screens. (A) Candidate kinase targets that were common hits in 
both the morphology (blue) and fulvestrant resistance (green) screens. (B) Kinase targets that were unique hits in the morphology screen. (C) Kinase targets 
that were unique hits in the fulvestrant resistance screen. FR, fulvestrant resistance.

Figure 4. Candidate kinase targets activated by chemokine receptor 4 that promote an endocrine resistant phenotype in breast cancer identified by comparing 
the kinase activity of active and inactive compounds. Kinase targets specific for active compounds (blue text) compared with inactive compounds in the same 
chemotype series. (A) 2‑aryl 3‑pyridimidinyl pyrazolopyridazines, (B) 3‑amino pyrazolopyridines and (C) 4‑hydrazinyl pyrazolopyrimidine chemotypes. 
Percent kinase activity is represented by the heat maps, with green indicating high activity and red low activity.
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Upregulated pathways regulated by CXCR4 identified 
through the screening approach were similar to those identi‑
fied through oligoarrays. To compare potential mechanisms 
identified through our screen to other testing modalities, we 
performed a pathway analysis using oligo‑array data provided 
by Ueda et al (27). For these analyses, we evaluated gene expres‑
sion changes in MCF‑7‑CXCR4 and MCF‑7‑CXCR4‑ΔCTD 
cells compared to the empty vector controls (MCF‑7‑VEC). We 
found that in CXCR4 overexpressing cells the most upregulated 
pathways included HDAC Class III, ERBB4, Endothelin, 
FOXA1, Nuclear ERα, IL‑2, and p75‑mediated signaling 
pathways (Fig. 6A). In MCF‑7‑CXCR4‑ΔCTD cells, there 
was an upregulation of β1 integrin, RhoA, CXCR4‑mediated, 
syndecan 2, LPA receptor and other integrin mediated 
signaling pathways (Fig. 6B). When pathways that were unique 
to MCF7‑CXCR4‑ΔCTD were examined, integrin‑mediated 
signaling and RhoA signaling were within the top 10 most 
upregulated signaling pathways. Other signaling pathways 
included the uPA/uPAR, FAK, glypican 1, IL‑8/CXCR2 and 
ephrin B‑mediated signaling pathways (Fig. 6C). Pathways 
were then analyzed in genes that had over 3‑fold difference in 
expression in MCF7‑CXCR4 cells compared to vector control 
cells. In addition to integrin pathways, there was upregulation 
in ErbB receptor, ephrin B, adherent junctions and RhoA 
signaling pathways (Fig. 6D). Specific genes upregulated in 
CXCR4 activated cells were also shown in Fig. 6E. These data 
demonstrate potential downstream signaling mechanisms that 
CXCR4 employs to drive a mesenchymal phenotype.

Discussion

Estrogen independent hormone receptor positive breast 
cancers have acquired drug resistance, inhibiting response to 
endocrine‑targeted therapies. Mesenchymal features of cancer 
cells that drive metastatic cancers are difficult to treat with 
currently available therapeutic regimens. In this proof‑of‑prin‑
ciple study, we introduce a new application of an available 
small molecule inhibitor chemogenomic library in a pheno‑
typic screen approach to identify candidate kinases to pursue 
as potential therapeutic targets for the mesenchymal/metastatic 
phenotype and endocrine therapy resistance. Future investiga‑
tions are required to interrogate these kinases and associated 
signaling pathways as potential downstream mechanisms of 
CXCR4.

Kinase profiling of the PKIS data sets using two endpoints 
(cell morphology and sensitivity to fulvestrant resistant 
cell lines) was used to identify known signaling pathways 
and novel candidate kinases responsible for the observed 
phenotypic and proliferative changes induced by constitu‑
tive CXCR4 activation. Kinases that reversed mesenchymal 
morphology compared to TNBC cell lines, were MINK, 
FYN, NEK9, and DYRK2. Kinases that were unique to the 
endocrine sensitivity screen were ROS, LCK, LYNA, p38β, 
CK1‑g3, LYNB, HCK, RET‑Y791F, KIT‑V560G, LTK, 
PIM2, PIM3, ABL1, CDK2/cyclinE, ALK, KDR, RSK3, 
BRSK2, BRSK1, PIM1, and ABL‑E255K. The data suggests 
these kinases specifically affect the processes in which the 

Figure 6. Downstream genes and pathways unique to the fulvestrant phenotype and CXCR4‑activated phenotypes of MCF‑7 cells. Analyses of oligoarray 
data were performed using the Gene Ontology enrichment analysis program. Pathway analysis data are shown as‑log(P‑value). (A) Genes upregulated in 
MCF‑7‑CXCR4 cells compared with empty vector controls (wild‑type). (B) Genes upregulated in MCF‑7‑CXCR4‑ΔCTD cells compared with empty vector 
controls. (C) Pathways unique to MCF‑7‑CXCR4‑ΔCTD cells compared with MCF‑7‑CXCR4 cells. (D) Comprehensive list of pathways of selected genes with 
>3‑fold difference in expression in MCF‑7‑CXCR4 cells compared with empty vector control cells. (E) List of specific genes upregulated in MCF‑7‑CXCR4 
cells compared with empty vector control cells. ΔCTD, truncated COOH‑terminal domain; CXCR4, chemokine receptor 4.
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CXCR4‑activated cells either acquire a mesenchymal pheno‑
type or acquire an endocrine therapy‑resistant phenotype. 
We found another subset of kinases that were hits in both 
the morphology and fulvestrant resistant screens: MAP4K4, 
PDGFRα‑V561D, ABL‑Q252H, PDGFRα, SNF2LK(QIK), 
PDGFRα‑T351I, ABL‑M351T, ABL‑H386P, CDK2/cyclinA, 
CDK1/cyclinB, CDK5/p35, SNF1LK(SIK), EPHB2, and KIT. 
Interestingly, three members of the CDK family were identi‑
fied in our screen: CDK2/cyclinA, CDK1/cyclinB, CDK5/p35. 
While the role of CXCR4 in breast cancer metastasis is well 
established, Yi et al were the first to attempt to thoroughly 
interrogate possible downstream mechanisms of CXCR4 
activity using phosphoproteomic‑based methods (21). In their 
studies, CXCR4 substantially increased phosphorylation of 
CDK1, CDK3, and CDK7, which was novel because of the role 
for SDF‑1/CXCR4 signaling in cell cycle regulation was not 
characterized (20). Here, our findings confirm a possible role 
for SDF‑1/CXCR4 in CDK‑mediated cell cycle processes.

Interestingly, variants in both the ABL and PDGFRα 
signaling pathways were within these kinase ‘hits’, indicating 
ABL and PDGFRα pathways have roles in CXCR4 down‑
stream mechanisms. Crosstalk between ABL and CXCR4 
signaling pathways exist through the Src kinase LYN (39,40). 
Furthermore, other studies have shown ABL kinases are 
activated downstream of the CXCR4 receptor, facilitating 
ABL‑mediated cell invasion and matrix degradation and, 
ultimately, metastasis  (41). Our identification of ABL as a 
possible downstream kinase of CXCR4 activity in our screen 
in combination with these published studies, validates our 
approach.

Some of the candidate kinases identified in this screen had 
no previous associations to CXCR4 signaling. Examples of 
such kinases included MAP4K4, SNF2LK, SNF1LK, EPBH2, 
and KIT. Yi et al revealed a potential relationship between 
CXCR4 signaling and phosphorylation of MAP4K4  (21), 
but the mechanism behind this association has not yet been 
described. Here we further validate MAP4K4 as a candidate 
downstream kinase of CXCR4 activity to interrogate in future 
studies. SNF1LK and SNF2LK are serine/threonine kinases; 
SFK1LK, or SIK1, is downstream of LKB1, a well‑described 
tumor suppressor protein. The association between SNF1LK 
and CXCR4 has not yet been reported. Ephrin B signaling was 
one of the pathways upregulated in MCF7‑CXCR4‑CTD cells, 
as identified in the oligoarray analyses. We further validate 
this finding in our small molecule inhibitor screen when 
EPHB2 was found to be a novel candidate downstream target 
of CXCR4 activity. EPHB2 is estrogen‑independent, while 
other ephrin family members are estrogen dependent (42). 
Reverse signaling of ephrin B2 in endothelial cells is required 
for angiogenesis and is integral in metastasis (42,43). Our data 
suggest that ephrin B signaling should be interrogated further 
as downstream regulators of CXCR4 function, and EPHB2 is 
the specific ephrin B family member on which to focus future 
mechanistic studies.

Employing another modality, such as an oligoarray, to 
assess potential mechanisms downstream of CXCR4 signaling 
validated the utility of our phenotypic screen approach. 
CXCR4 drives breast cancer metastasis by activating CXCR2 
and MEK/PI3K pathways (28). Using oligoarrays, we found 
that CXCR4 overexpression increased expression of ERBB4 

signaling as well as Rho/RAC signaling pathways. Similarly, 
in the screen within the top ten inhibitors that reversed the 
mesenchymal phenotype in TNBC cells in addition to altering 
the phenotypes of constitutively active CXCR4 cells, targets of 
these compounds included ERBB family members, GSK‑3β 
and AKT.

The primary objective of this study was to demonstrate 
the utility of a comprehensive medium‑throughput phenotypic 
screen using a readily available non‑selective inhibitor set in 
a proof‑of‑concept study. A limitation of our study was that 
we only used one endocrine targeting therapy in the resis‑
tance screen, MCF‑7 cells that were resistant to fulvestrant. 
We expect acquired resistance to other endocrine‑targeting 
drugs to affect different kinase signaling pathways (44,45). 
Another limitation was that there was only available off‑target 
kinase comparison data for the PKIS1 library set. Because we 
screened PKIS1 and PKIS2 libraries, we hypothesized that 
comparing relative kinase activity in the PKIS2 set could lead 
to discovery of more targets, or validate the targets identified 
in the screen.

The interaction between SDF‑1 and CXCR4 promotes a 
mesenchymal and migratory breast cancer cell phenotype, ulti‑
mately resulting in metastasis. SDF‑1/CXCR4 signaling also 
facilities the acquisition of a resistant phenotype to endocrine 
targeting therapies. However, the mechanisms through which 
CXCR4 functions to promote this phenotype are not well char‑
acterized. In this study, using a phenotypic screen approach 
using the PKIS small molecule inhibitor set, we discovered 
candidate kinases and signaling pathways downstream of 
CXCR4 to be interrogated in future validation studies. This 
project provides valuable insight into novel mechanisms of 
CXCR4 activity and identifies potential pathways and targets 
to pursue using a comprehensive phenotypic screen approach. 
While our screening tool has promising preliminary findings, 
future projects are required to validate and interrogate the 
kinase pathway leads identified in this screen.
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