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Abstract: In response to CXCL12, CXCR4 and ACKR3 both recruit β-arrestin 2, regulating the
assembly of interacting proteins that drive signaling and contribute to the functions of both receptors
in cancer and multiple other diseases. A prior proteomics study revealed that β-arrestin 2 scaffolds
pyruvate kinase M2 (PKM2), an enzyme implicated in shifting cells to glycolytic metabolism and poor
prognosis in cancer. We hypothesized that CXCL12 signaling regulates PKM2 protein interactions,
oligomerization, and glucose metabolism. We used luciferase complementation in cell-based assays
and a tumor xenograft model of breast cancer in NSG mice to quantify how CXCR4 and ACKR3
change protein interactions in the β-arrestin-ERK-PKM2 pathway. We also used mass spectrometry to
analyze the effects of CXCL12 on glucose metabolism. CXCL12 signaling through CXCR4 and ACKR3
stimulated protein interactions among β-arrestin 2, PKM2, ERK2, and each receptor, leading to the
dissociation of PKM2 from β-arrestin 2. The activation of both receptors reduced the oligomerization
of PKM2, reflecting a shift from tetramers to dimers or monomers with low enzymatic activity. Mass
spectrometry with isotopically labeled glucose showed that CXCL12 signaling increased intermediate
metabolites in glycolysis and the pentose phosphate pathway, with ACKR3 mediating greater effects.
These data establish how CXCL12 signaling regulates PKM2 and reprograms cellular metabolism.

Keywords: chemokines; luciferase complementation; bioluminescence imaging; cancer metabolism

1. Introduction

Chemokine receptor CXCR4 and the atypical chemokine receptor ACKR3 (formerly
CXCR7) regulate essential processes in normal physiology and numerous diseases, includ-
ing cancer, atherosclerosis, neurodegeneration, and autoimmunity [1]. While both receptors
share chemokine CXCL12 as a common ligand, each receptor shows distinct kinetics and
signaling magnitude [2]. CXCR4 functions as a classic G-protein-coupled receptor with
ligand-binding activating G proteins as part of signaling, while ACKR3 lacks the key amino
acid motif associated with coupling to G proteins [3]. ACKR3 scavenges CXCL12 from
the extracellular environment to shape the chemotactic gradients of this chemokine [4,5].
Both CXCR4 and ACKR3 share a common mechanism: the binding of CXCL12 triggers the
recruitment of β-arrestin molecules (β-arrestin 1 or 2), with subsequent receptor internal-
ization and the initiation of context-dependent β-arrestin signaling through ERK and other
pathways [2,3].

A prior mass-spectrometry-based analysis found more than 100 different proteins that
interacted with both β-arrestins. Additional proteins selectively interacted with β-arrestin
1 or 2 [6]. Preliminary studies showed the recruitment of some proteins and dissociation
of others in response to signaling by selected G-protein-coupled receptors. In the context
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of cancer metabolism and tumor progression, pyruvate kinase M2 (PKM2) stands out
as one particularly interesting binding partner for both β-arrestin 1 and 2. PKM2 is one
isozyme of pyruvate kinases, enzymes that catalyze the final step in glycolysis. Unlike other
isozymes of pyruvate kinase, PKM2 transitions between tetramers with high enzymatic
activity and dimers with very low activity in glycolysis [7]. Tetrameric PKM2 promotes
oxidative metabolism with the production of ATP in mitochondria. Dimeric PKM2, the
oligomerization state that predominates in proliferating cancer cells, leads to aerobic
glycolysis (also known as the Warburg effect) with the accumulation of upstream molecules
in glycolysis. Cells with dimeric PKM2 also divert glucose metabolism to the pentose
phosphate pathway, which counters oxidative stress and provides precursor molecules for
the synthesis of nucleic acids [8]. Phosphorylation by ERK1 or ERK2 also drives PKM2 to
dimers and monomers, the latter of which has been reported to translocate to the nucleus
and upregulate genes driving cell-cycle progression and glycolysis [9]. Although the need
for PKM2 in proliferating cancer cells remains uncertain, the increased expression of PKM2
commonly occurs in cancer and serves as a marker of poor prognosis in a wide range of
malignancies [10,11].

Both CXCR4 and ACKR3 signaling pathways promote tumor growth and metastasis
in breast cancer and multiple other malignancies, making these receptors potential targets
for therapy and molecular imaging [12–15]. The tumor-promoting mechanisms reported
for these receptors include the proliferation of malignant cells, angiogenesis, local invasion,
homing of disseminated tumor cells to CXCL12-rich sites of metastasis, and establishment of
immunosuppressive tumor environments. Metabolism reprogramming represents another
hallmark of cancer [16], but few studies have investigated the potential effects of CXCL12
signaling through CXCR4 or ACKR3 on metabolic shifts in cancer cells.

Using cell-based and in vivo imaging combined with mass spectrometry analyses,
we discovered that CXCL12 signaling through CXCR4 and ACKR3 regulates interactions
between ERK2, β-arrestin 2, and PKM2. Both receptors reduce PKM2’s association with
β-arrestin 2 and decrease the oligomerization of this enzyme, a characteristic shift in aerobic
glycolysis. We also demonstrated that CXCR4 and, to a greater extent, ACKR3, promote
the glucose metabolism through glycolysis and the pentose phosphate pathway, processes
associated with the proliferation of cancer cells. These results advance the understanding
of how CXCL12, CXCR4, and ACKR3 regulate intracellular signaling and highlight the
functions of these pathways in shaping metabolism.

2. Materials and Methods
2.1. Cell Culture

We obtained MDA-MB-231 and 293T cells from the ATCC (Manassus, VA, USA) and
verified the authenticity of cell lines by short tandem repeat profiling, performed using the
University of Michigan Advanced Genomics Core. Previously, we described immortalized
human mammary fibroblasts (gift of Daniel Hayes, MD, University of Michigan, Ann
Arbor, MI, USA) stably expressing CXCL12-α fused to Gaussia luciferase or Gaussia
luciferase only [17]. We maintained cells in DMEM (ThermoFisher Scientific, Waltham,
MA, USA) with 10% fetal bovine serum, 1% glutamine, 1% penicillin/streptomycin, and
Plasmocin prophylactic (InvivoGen, San Diego, CA, USA) in a 37◦ humidified incubator
with 5% CO2. We renewed cultures from frozen stocks at least every three months. We
generated spheroids of MDA-MB-231 cells and human mammary fibroblasts as described
previously [18].

2.2. Chemicals and Chemokines

We purchased all recombinant chemokines and cytokines from R&D Systems (Min-
neapolis, MN, USA), chemicals from Tocris (Bristol, UK), and luciferin from Promega
(Madison, WI, USA). We prepared reagents according to the manufacturer’s specifications.
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2.3. Expression Constructs

We created all lentiviral constructs in pLVX EF1α (Takara Biosciences, San Jose, CA,
USA) or FUW (gift of David Baltimore, California Institute of Technology, Pasadena, CA,
USA). We fused to CBC in pLVX EF1alpha IRES mCherry, FUW IRES mTagBFP for CBGN,
or FUW IRES mCitrine for CBRN. We appended luciferase fragments in frame with the
coding sequence for the gene of interest, as described previously [2], ablating the stop codon
and adding a Gly-Ser linker to the 3′ end of each ORFs. We initially tested complementation
pairs consisting of fusions to N- and C-terminal fragments for each interacting protein and
presented the results for pairs that produced the greatest change in complementation signal.
We previously reported fusions of CXCR4 or ACKR3 to GFP [19,20]. To stably express
pairs or triplets of interacting complementation proteins, we transduced MDA-MB-231
cells with a lentivirus of interest and then used flow cytometry to recover transduced
cells based on the correct co-expressed fluorescent protein. For the transient expression of
complementation reporters, we transfected 293T cells in 10 cm dishes with 5 µg of each
interacting protein and/or receptor using calcium phosphate precipitation [12]. We plated
cells for assays one day after transfection and began experiments two days after transfection.

2.4. Luciferase Complementation Assays

We performed assays as described previously by our group [2]. We seeded cells
in 96-well black-walled plates in complete growth medium based on DMEM without
phenol red. One day later, we changed medium to phenol red free DMEM with 1% serum.
We equilibrated medium in a 37◦ humidified incubator with 5% CO2 prior to adding to
cells, and then returned cells to the incubator for one hour before starting an assay. For
experiments using specific chemical inhibitors, we added desired concentrations of an
inhibitor to the cells before this one-hour time. We next added a small volume of luciferin to
each well, waited 10 min before steady-state luminescence was reached, and then acquired a
time 0 image prior to adding CXCL12 or another ligand. We placed cells in an IVIS Lumina
instrument (Perkin Elmer, Waltham MA, USA) maintained at 37◦ and acquired images at
the timepoints indicated in figure legends. We separated bioluminescence from click beetle
green and red luciferases, as described previously [18]. We quantified bioluminescence as
radiance. For some experiments, we presented data as the fold change values relative to
control cells without added ligand.

2.5. Animal Studies

The University of Michigan Institutional Committee on Animal Use and Care ap-
proved all studies. We orthotopically implanted 5 × 105 MDA-MB-231 breast cancer cells
stably expressing CXCR4-GFP, ACKR3-GFP, or unfused GFP along with 5 × 105 human
mammary fibroblasts stably secreting CXCL12-α into bilateral 4th inguinal mammary fat
pads of 8-10-week-old female NSG mice (n = 5 mice per group, n = 10 tumors per group)
(Jackson Laboratory, Bar Harbor, ME, USA) as described previously [17]. We injected cells in
50-µL sterile 0.9% NaCl per mammary fat pad. Based on prior imaging studies, these group
sizes provided 0.85 power to detect 25% differences in imaging signal with an α value of
p < 0.05. Breast cancer cells also stably expressed the complementation pair of Arr2-CBGN
and PKM2-CBC, as well as constitutively expressing FP650 to measure tumor burden.
When tumors grew to a 3–4 mm diameter based on caliper measurements 18 days after
implanting cells, we performed bioluminescence imaging for click beetle luciferase activity
and fluorescence imaging for FP650, as detailed previously [12]. To quantify tumor growth
using FP650 fluorescence, we normalized radiance for each tumor to the corresponding
value for each mouse on day 16 and expressed data as fold change.

2.6. Western Blotting

We performed Western blots on total cell lysates, as described previously by our group,
using antibodies to PKM2 phosphorylated at serine 37 and total PKM2 (ThermoFisher
Scientific, Waltham, MA, USA) [21].
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2.7. 13C6-Glucose Labeling

We seeded 1 × 106 MDA-MB-231-CXCR4 or -ACKR3 cells in 6 cm dishes one day
prior to the assay. After washing cells once with PBS, we incubated cells for 30 min at
37 ◦C in phenol red free DMEM with 0.2% Probumin BSA (Sigma-Aldrich, St. Louis,
MO, USA). Following a wash with PBS, we added glucose-free, phenol red-free DMEM
(ThermoFisher) with 25 mM 13C6-glucose (Sigma-Aldrich) and 0.2% Probumin BSA with
300 ng/mL CXCL12-α for 15 min at 37 ◦C (n = 3 per condition). To end the labeling, we
rapidly aspirated medium, washed with 3-mL warm de-ionized water, filled the dish with
liquid nitrogen, and placed the dish on dry ice before storing at −20 ◦C. The University of
Michigan Metabolomics core analyzed samples by LC-MS and processed data as described
previously [22].

2.8. Statistics

We performed all experiments at least twice, except for 13C6-glucose labeling and
mass spectrometry analysis, which we conducted once. For cell-based experiments, the
presented data represent mean values and standard error of the mean for quadruplicate
samples. Mass spectrometry data represent mean values from triplicate samples. We
prepared graphs and performed statistical comparison with GraphPad Prism software
(Dotmatics, Boston, MA, USA. We analyzed data using Mann–Whitney tests, with p < 0.05
defining statistically significant differences.

3. Results
3.1. Differential Effects of CXCR4 and ACKR3 on Interactions with β-Arrestin 2

Ligand binding to chemokine receptors and other seven transmembrane receptors
triggers recruitment of the scaffolding protein β-arrestin 2, which promotes internalization
of the receptor in endosomes. CXCL12 binding to CXCR4 stimulates receptor trafficking
to lysosomes, where some of the internalized receptor is degraded to prevent prolonged
signaling rather than being recycled to the cell membrane [23]. However, ACKR3 con-
stantly internalizes and recycles to the cell membrane as part of the chemokine scavenging
process [5]. We previously used luciferase complementation to measure the basal and
CXCL12-dependent recruitment of β-arrestin 2 to CXCR4 or ACKR3 [2]. With the comple-
mentation system, the N-terminal fragment from either click beetle green or red luciferase
determines the spectral emission of the complemented enzyme upon interaction with the
common C-terminal fragment (CBC) (Figure 1A) [24]. The technology allows for the real-
time quantification association and dissociation of interacting proteins fused to components
of the complementation system. Our prior work showed that CXCL12-CXCR4 signaling
drove a rapid, more transient recruitment of β-arrestin than ACKR3, which had higher
basal levels of association and a slower, more prolonged interaction with β-arrestin 2.

Differences in receptor trafficking and recruitment kinetics led us to hypothesize that
the association of ACKR3, but not CXCR4, with β-arrestin 2 would continue even after
removing extracellular CXCL12. We used MDA-MB-231 cells that stably expressed CXCR4
or ACKR3 fused to the N-terminal fragment of click beetle green luciferase (CXCR4-CBGN
or ACKR3-CBGN, respectively), and β-arrestin 2 fused to the CBC fragment (β-arrestin
2-CBC). We previously have shown these cells do not endogenously express either receptor
in cell culture, allowing us to selectively analyze signaling by CXCR4 or ACKR3 [25]. We
treated cells with increasing concentrations of CXCL12 to promote interactions between
CXCR4 or ACKR3 and β-arrestin 2; then, we washed cells thoroughly to remove added
chemokine before continuing with bioluminescence imaging (Figure 1B–D). Both receptors
showed CXCL12-concentration-dependent recruitment of β-arrestin 2. The recruitment
of β-arrestin 2 to ACKR3 was slower than that with CXCR4, at a comparable rate to our
prior work. After removing CXCL12, the complementation signal for CXCR4-β-arrestin
2 promptly decreased, with the magnitude of decrease corresponding with the higher
fold change in signal at the time of washing (Figure 1C). However, the complementation
signal for ACKR3-β-arrestin 2 remained stable for almost 40 min after removing CXCL12,
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indicating the persistence of the ACKR3-β-arrestin 2 interaction in the absence of an
extracellular ligand (Figure 1D).
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Figure 1. Differing kinetics of CXCL12-mediated recruitment and dissociation of β-arrestin 2 from
CXCR4 and ACKR3. (A) Schematic of dual-color click beetle luciferase complementation system.
We fused proteins of interest to N-terminal fragments of click beetle green (CBGN) or click beetle
red (CBRN) luciferases or the common C-terminal fragment (CBC). Interactions between proteins of
interest bring N- and C-terminal fragments together to produce light, with the N-terminal fragment
determining the wavelength. We discriminated between green and red bioluminescence with optical
filters. (B) Schematic of complementation pairs to detect association of CXCR4 or ACKR3 with
β-arrestin 2 panels (C,D), respectively. (C) We treated MDA-MB-231 cells stably expressing CXCR4-
CBGN (C) or ACKR3-CBGN (D) and β-arrestin 2-CBC with increasing concentrations of CXCL12-α.
After 20 min of imaging, we washed cells to remove medium with CXCL12 (arrow) and then
continued imaging during the washout phase. Graphs show mean values ± SEM for fold change in
bioluminescence relative to cells treated with vehicle only. Illustrations created with BioRender.com
(accessed on 28 April 2022).

Following recruitment to a ligand-bound receptor, β-arrestin 2 may assemble and activate
signaling molecules, such as ERK and other components of the MAPK pathway [26–28]. Rela-
tive functions of G proteins versus β-arrestin molecules in signaling show receptor- and
cell-type-dependent differences. For example, CXCR4 signals through both G proteins and
β-arrestin pathways, while ACKR3 largely functions as a β-arrestin-dependent, G-protein-
independent receptor [3]. To investigate how CXCL12 signaling through CXCR4 versus
ACKR3 controls formation of β-arrestin 2, ERK2, and receptor complexes, we generated
cells with β-arrestin 2 fused to the N-terminal fragment of click beetle green luciferase
(β-arrestin 2-CBGN); CXCR4 or ACKR3 fused to the N-terminal fragment of click beetle red
luciferase (CXCR4-CBRN or ACKR3-CBRN), and ERK2 fused to the C-terminal fragment
(ERK2-CBC) (Figure 2A,D). We stably expressed these complementation proteins in MDA-
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MB-231 cells, allowing for us to quantify the association between ERK2 and the activated
receptor and β-arrestin. In cells expressing CXCR4, treatment with increasing concentra-
tions of CXCL12-α triggered the association of β-arrestin 2 and ERK, which plateaued
after approximately 24 min (Figure 2B). CXCL12 signaling through ACKR3 produced a
different profile for the association between β-arrestin 2 and ERK2 (Figure 2E). Imaging
showed a lower fold-change induction of bioluminescence than that measured with CXCR4.
However, CXCL12-ACKR3 progressively generated an increase in the interaction between
β-arrestin 2 and ERK2 over 40 min, similar to the progressive rise in complementation
signal for the recruitment of β-arrestin 2 to ACKR3. We also measured the association
between CXCR4 or ACKR3 and ERK2 using click beetle red bioluminescence. Both recep-
tors showed progressively increasing interactions with ERK2 over time with a lower fold
change than that measured for β-arrestin 2 and ERK2 in response to CXCL12 (Figure 2C,F).
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Figure 2. CXCL12 signaling through CXCR4 and ACKR3 promotes recruitment of ERK2 to β-arrestin
2 and receptors. (A,D) Schematic of dual-color click beetle luciferase complementation for association
between CXCR4-CBRN (A) or ACKR3-CBRN (D) and β-arrestin 2-CBGN with ERK2-CBC. We used
MDA-MB-231 cells stably expressing CXCR4-CBRN (B,C) or ACKR3-CBRN (E,F) with β-arrestin
2-CBGN and ERK2-CBC. We treated cells with increasing concentrations of CXCL12-α and imaged
bioluminescence for 40 min, alternating images every 2 min in either green or red channels. The
green complementation signal quantified the association of β-arrestin 2 with ERK2 (B,E), while the
red channel measured interaction between the receptor and ERK2 (C,F). Graphs show mean values
± SEM for fold change in bioluminescence relative to cells treated with vehicle only. Error bars may
be smaller than the presented symbol at each timepoint. Illustrations created with BioRender.com
(accessed on 28 April 2022).

To further investigate specificity for CXCR4 and ACKR3 signaling in the recruitment
of ERK to β-arrestin 2 (Figure 3A), we tested other chemokine ligands reported to bind to
one of these receptors (Figure 3B). As controls, we also treated cells with angiotensin II, a
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ligand for the angiotensin GPCR, or EGF, a ligand for receptor tyrosine kinase EGFR. MIF,
previously described as a ligand for CXCR4 [29], did not increase interactions between
β-arrestin 2 and ERK2 in cells expressing either CXCR4 or ACKR3. High (1 µg/mL) con-
centrations of CXCL11, another ligand for ACKR3 [30], enhanced the interactions between
β-arrestin 2 and ERK2 in cells expressing either CXCR4 or ACKR3. Comparable increases
in bioluminescence in cells with CXCR4 or ACKR3 likely occur because MDA-MB-231 cells
endogenously express high levels of chemokine receptor CXCR3, which binds and signals
in response to CXCL11 [31]. Neither angiotensin II nor EGF altered the association between
β-arrestin 2 and ERK2 in MDA-MB-231 cells, although signaling through the endogenous
angiotensin I receptor in MDA-MB-231 cells increased this interaction (Figure S1).
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Figure 3. Modest effects of other ligands and compounds on interaction between β-arrestin 2 and
ERK2. (A)Schematic of the complementation scheme for interaction between β-arrestin 2-CBGN
and ERK2-CBC. (B) We treated MDA-MB-231 cells stably expressing CXCR4 or ACKR3 and the
complementation pair of β-arrestin 2-CBGN and ERK2-CBC with 100 ng/mL CXCL12-α; 1 µg/mL
CXCL11, angiotensin II, or MIF; or 100 ng/mL EGF. The graph shows mean values + SEM for
bioluminescence normalized to control cells not treated with CXCL12-α measured 20 min after
adding a ligand. *, p < 0.05 and **, p < 0.01 relative to control. (C,D) We treated MDA-MB-231 cells
with CXCR4 (B) or ACKR3 (C) with 100 nM of the MEK inhibitor PD0325901 (901) for one hour
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comparisons of the same concentrations of CXCL12 without or with PD0325901. Illustration created
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We also analyzed the effects of MEK, an ERK kinase in MAPK signaling, on interactions
between β-arrestin 2 and ERK2. The phosphorylation of β-arrestin 2 by MEK has been
reported to promote the recruitment and subsequent activation of ERK by GPCRs including
CXCR4 [32]. For both MDA-MB-231-CXCR4 and ACKR3 cells, inhibiting MEK significantly
reduced the CXCL12-dependent association between β-arrestin 2 and ERK (p < 0.05)
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(Figure 3C, D). We observed consistent effects at both tested concentrations of CXCL12, and
PD0325901 alone did not significantly affect bioluminescence. These data demonstrate that
MEK kinase activity is needed for the maximal recruitment of ERK2 to β-arrestin 2.

3.2. CXCR4 and ACKR3 Regulate Association of PKM2 with β-Arrestin 2

Beyond the scaffolding components of the MAPK signaling pathway, a prior pro-
teomics analysis identified that β-arrestin 1 and 2 bound the glycolytic enzyme, pyruvate
kinase M2 (PKM2) [6]. The authors reported that signaling by the angiotensin I receptor
qualitatively decreased the association between β-arrestin 2 and PKM2. However, this
study did not investigate any other receptors or functional effects of the interaction be-
tween β-arrestin 2 and PKM2. To determine to what extent CXCL12 signaling regulates
binding of β-arrestin- 2 to PKM2, we fused β-arrestin 2 to the CBGN fragment of click
beetle green luciferase (Arr2-CBGN) and PKM2 to the common C-terminal fragment of
click beetle luciferases (PKM2-CBC) (Figure 4A). We stably co-expressed β-arrestin 2-CBGN
and PKM2-CBC in MDA-MB-231 cells stably transduced with CXCR4 or ACKR3 [20]. We
treated cells with 100 or 300 ng/mL CXCL12-α and then measured changes in the inter-
action between Arr2-CBGN and PKM2-CBC by bioluminescence (Figure 4B,C). CXCL12
produced a concentration-dependent decrease in the association between β-arrestin 2 and
PKM2, beginning with the earliest measured timepoint of 2 min. The interaction slowly
recovered to baseline levels by 20–30 min. CXCL12 signaling through ACKR3 stimulated
an increased dissociation of β-arrestin 2 and PKM2, with both 100 ng/mL and 300 ng/mL
concentrations generating significant differences from vehicle one (p < 0.05 and p < 0.01
according to area-under-the-curve (AUC) analysis, respectively). By comparison, only the
higher concentration of CXCL12 significantly reduced the complementation signal in cells
with CXCR4.

To investigate the CXCL12-mediated regulation of the interaction between β-arrestin
2 and PKM2 in vivo, we used an orthotopic tumor xenograft model of human breast cancer.
We implanted MDA-MB-231 cells stably expressing CXCR4, ACKR3, or GFP control and
the complementation pair of β-arrestin 2-CBGN and PKM2-CBC into mammary fat pads of
female NSG mice. Breast cancer cells constitutively expressed a far-red fluorescent protein,
FP650, to normalize the luciferase complementation signal from Arr2-CBGN and PKM2-
CBC to total numbers of cancer cells. We also implanted human mammary fibroblasts that
secrete CXCL12-α, reproducing the secretion of this chemokine by carcinoma-associated
fibroblasts in human breast cancers [33].

When mice developed 3–4-mm tumors, we imaged bioluminescence from Arr2-CBGN
and PKM2-CBC and normalized the luciferase complementation signal to fluorescence from
FP650. Relative to breast cancer cells expressing GFP control, the expression of CXCR4 and,
to a greater extent, ACKR3, significantly reduced bioluminescence due to the association
between β-arrestin 2 and PKM2 (p < 0.01 and p < 0.005 for CXCR4 and ACKR3, respectively)
(Figure 4D,E). Although this study focused on quantifying interactions between Arr2-CBGN
and PKM2-CBC, a limited analysis showed a greater growth in tumors with CXCR4 or
ACKR3 based on increases in fluorescence from FP650 (Figure 4F). These data establish
that CXCL12 signaling through receptors CXCR4 and ACKR promotes the dissociation of
β-arrestin 2 from PKM2 in a breast tumor environment, pointing to a mechanism by which
CXCL12 signaling pathways may regulate functions of PKM2 in cancer and promote the
growth of breast tumors.



Cells 2022, 11, 1775 9 of 19

Cells 2022, 11, x FOR PEER REVIEW  10 of 21 
 

 

interaction  between  β‐arrestin  2  and  PKM2.  To  determine  to  what  extent  CXCL12 

signaling regulates binding of β‐arrestin‐ 2 to PKM2, we fused β‐arrestin 2 to the CBGN 

fragment  of  click  beetle  green  luciferase  (Arr2‐CBGN)  and  PKM2  to  the  common C‐

terminal  fragment  of  click  beetle  luciferases  (PKM2‐CBC)  (Figure  4A). We  stably  co‐

expressed β‐arrestin 2‐CBGN and PKM2‐CBC  in MDA‐MB‐231 cells stably  transduced 

with CXCR4 or ACKR3 [20]. We treated cells with 100 or 300 ng/mL CXCL12‐α and then 

measured  changes  in  the  interaction  between  Arr2‐CBGN  and  PKM2‐CBC  by 

bioluminescence (Figure 4B,C). CXCL12 produced a concentration‐dependent decrease in 

the association between  β‐arrestin 2 and PKM2, beginning with  the  earliest measured 

timepoint of 2 min. The  interaction  slowly  recovered  to baseline  levels by 20–30 min. 

CXCL12 signaling  through ACKR3 stimulated an  increased dissociation of β‐arrestin 2 

and PKM2, with both 100 ng/mL and 300 ng/mL concentrations generating significant 

differences  from vehicle one  (p  <  0.05  and p  <  0.01  according  to  area‐under‐the‐curve 

(AUC) analysis, respectively). By comparison, only the higher concentration of CXCL12 

significantly reduced the complementation signal in cells with CXCR4. 

 

Figure 4. CXCL12 signaling leads to dissociation between PKM2 and β‐arrestin 2. (A) Illustration 

shows complementation assay for association of β‐arrestin 2‐CBGN and PKM2‐CBC. (B,C) We used 

cells  stably  expressing  β‐arrestin  2‐CBGN  and  PKM2‐CBC  to  quantify  the  interaction  and 

dissociation between PKM2 and β‐arrestin 2 in MDA‐MB‐231 cells expressing CXCR4 (B) or ACKR3 

(C). We treated cells with listed concentrations of CXCL12‐α and quantified bioluminescence over 

40 minutes. Graphs show mean values ± SEM for basal association, and then CXCL12‐stimulated 

dissociation of PKM2 from β‐arrestin 2. *, p < 0.05 and **, p < 0.01 relative to control cells not treated 

with CXCL12‐α. (D) Representative images of mice with orthotopic tumor xenografts of MDA‐MB‐

231 cells stably expressing β‐arrestin 2‐CBGN and PKM2‐CBC and listed receptor or GFP control. 

We  co‐implanted human mammary  fibroblasts  secreting CXCL12‐α.  Images  show pseudo‐color 

Figure 4. CXCL12 signaling leads to dissociation between PKM2 and β-arrestin 2. (A) Illustration
shows complementation assay for association of β-arrestin 2-CBGN and PKM2-CBC. (B,C) We used
cells stably expressing β-arrestin 2-CBGN and PKM2-CBC to quantify the interaction and dissociation
between PKM2 and β-arrestin 2 in MDA-MB-231 cells expressing CXCR4 (B) or ACKR3 (C). We
treated cells with listed concentrations of CXCL12-α and quantified bioluminescence over 40 min.
Graphs show mean values ± SEM for basal association, and then CXCL12-stimulated dissociation of
PKM2 from β-arrestin 2. * p < 0.05 and ** p < 0.01 relative to control cells not treated with CXCL12-α.
(D) Representative images of mice with orthotopic tumor xenografts of MDA-MB-231 cells stably
expressing β-arrestin 2-CBGN and PKM2-CBC and listed receptor or GFP control. We co-implanted
human mammary fibroblasts secreting CXCL12-α. Images show pseudo-color displays of radiance
from click beetle green complementation and fluorescence from FP650 stably expressed in cancer
cells. (E) We normalized signal from click beetle green luciferase (CBLuc) to FP650 radiance in each
tumor. ** p < 0.01 and *** p < 0.005 relative to GFP control tumors. N = 10 tumors per condition.
(F) Graph shows growth in MDA-MB-231 tumors with CXCR4, ACKR3, or GFP based on fold change
in FP650 radiance 14–22 days after implantation. * p < 0.05 and ** p < 0.01 relative to GFP control.
Illustration in panel A created with BioRender.com (accessed on 28 April 2022).

3.3. CXCL12 Signaling Reduces Oligomerization of PKM2

PKM2 shifts between tetramers and dimers with high and low enzymatic activity,
respectively, in glycolysis [34]. Tetrameric PKM2 promotes the pyruvate metabolism
in mitochondria for oxidative phosphorylation in normal cells, while dimeric PKM2 in
malignant cells favors the glycolysis and conversion of pyruvate to lactate. Since we
previously used luciferase complementation to quantify changes in the oligomerization
of receptors, we hypothesized that click beetle complementation would detect a relative
abundance of higher- and lower-order oligomers of PKM2 (Figure 5A) [35]. As an initial
test, we analyzed conditions that favor PKM2 tetramers or dimers. DASA-58 is a potent
activator of PKM2, which shifts the enzyme to a tetrameric state, while the R399E mutation
in PKM2 disrupts the tetramerization interface to favor dimers [36,37] We transiently
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transfected 293T cells with wild-type or R399E PKM2 fused to complementation fragments
CBRN or CBC (PKM2-CBRN or PKM2-CBC, respectively). Cell-based imaging showed that
the R399E mutation significantly reduced bioluminescence relative to cells with wild-type
PKM2 (p < 0.01), while treatment with DASA-58 only increased the association of PKM2
in cells with the wild-type complementation pair (p < 0.01) (Figure 5B). Results from this
experiment show that bioluminescence shifts as expected, with interventions that favor
tetramers and dimers of PKM2, validating the complementation reporter system for relative
changes in PKM2 oligomers.
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Figure 5. CXCL12-ACKR3 signaling reduces oligomerization of PKM2. (A) Illustration of click beetle
complementation system for PKM2 dimers based on interaction between PKM2-CBRN and PKM2-
CBC. (B) Graphs show mean values + SEM for bioluminescence produced by 293T cells transiently
transfected with WT or R399E PKM2-CBRN and PKM2-CBC complementation pairs. We treated
cells with 30 µM DASA-58, a compound that promotes tetramerization of WT PKM2, for 3 h before
measuring bioluminescence. WT control cells and cells with R399E PKM2 received vehicle only.
(C) We transiently transfected 293T cells with WT PKM2 oligomerization reporters and ACKR3-GFP
or GFP control. We treated cells with 100 nM of the MEK inhibitor PD0325901 or vehicle for one
hour before adding 100 ng/mL CXCL12-α. Graphs show mean values + SEM for bioluminescence
measured 20 min after adding CXCL12 and normalized to control cells. (D) Complementation
scheme for association between ERK2-CBRN and PKM2-CBC. (E) We transiently transfected 293T
cells with WT PKM2 oligomerization reporters and ACKR3-GFP or GFP control. We treated cells with
100 nM of the MEK inhibitor PD0325901 or vehicle for one hour before adding 100 ng/mL CXCL12-α.
Graphs show mean values + SEM for bioluminescence measured 20 min after adding CXCL12 and
normalized to control cells. (F) Dual-color complementation assay for interactions of β-arrestin 2-
CBGN or ERK2-CBRN with PKM2-CBC. (G) We co-transfected 293T cells with the complementation
pair of ERK2-CBRN and PKM2-CBC and ACKR3-GFP or GFP control. Graphs depict mean values
+ SEM normalized to control cells for bioluminescence measured 20 min after adding 100 ng/mL
CXCL12-α. (D) Graphs show mean values + SEM for bioluminescence in green and red channels
from cells expressing β-arrestin 2-CGBN (Arr2-CBGN), ERK2-CBRN, and PKM2-CBC. We measured
bioluminescence 20 min after adding 100 ng/mL CXCL12-α and normalized data to control cells not
treated with CXCL12-α. * p < 0.05; ** p < 0.01. Illustrations created with BioRender.com (accessed on
28 April 2022).
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We then used this reporter system to investigate the effects of CXCL12 signaling on
PKM2, focusing on ACKR3 because this receptor had greater effects on the interaction
between β-arrestin 2 and PKM2 in vivo. We transiently transfected 293T cells with ACKR3
fused to GFP or GFP control and the complementation reporter for PKM2 oligomers. We
verified the comparable expression of ACKR3 and GFP based on fluorescence imaging (not
shown). The expression of ACKR3 decreased the basal levels of PKM2 oligomers, likely
due to the ligand-independent association of ACKR3 with β-arrestin 2 and activation of
downstream signaling (p < 0.05) (Figure 5C). Treating cells with 100 ng/mL CXCL12-α
further decreased bioluminescence, reflecting a shift from tetrameric to dimeric PKM2
(p < 0.01). MAPK signaling through ERK1/2 activates glycolysis, and phosphorylation by
ERK2 shifts PKM2 to dimers [38–40] Based on these results and the arrestin-dependent
activation of ERK1/2 by ACKR3 [3], we hypothesized that inhibiting ERK would at least
partially reduce the effects of CXCL12-ACKR3 signaling on PKM2 oligomers. Treatment
with the MEK inhibitor PD352901 inhibited the loss of bioluminescence caused by CXCL12
without affecting the baseline signal, indicating that CXCL12-ACKR3 signaling through
MEK and ERK shifts PKM2 to dimers.

Based on these data, we investigated the association between ERK2 and PKM2. We
transfected 293T cells with ACKR3-GFP or GFP control and the complementation pair of
ERK2-CBRN and PKM2-CBC (Figure 5D). Even in the absence of CXCL12, the expression
of ACKR3 increased the complementation signal from the association between ERK2
and PKM2, as compared with GFP control (p < 0.05) (Figure 5E). The treatment of cells
expressing ACKR3 for 15 min with CXCL12-α further increased the association between
ERK2 and PKM2 without altering bioluminescence in cells with GFP control. Mutations
in MDA-MB-231 cells constitutively activate ERK, so treatment with CXCL12 did not
produce detectable changes in those phosphorylated (active) using Western blot. However,
CXCL12-ACKR3 signaling increased the phosphorylation of PKM2 at serine 37, a known
phosphorylation site for ERK1/2 that promotes anerobic glycolysis (Figure S2) [39]. These
data suggest that CXCL12-dependent localization and protein interactions for ERK provide
a level of control when activating PKM2. To establish how CXCL12-ACKR3 signaling
regulates the relationship between the interaction between PKM2 and β-arrestin 2 versus
ERK2, we employed a pairwise complementation approach by transfecting cells with β-
arrestin 2 fused to CBGN (β-arrestin 2-CGBN), ERK2-CBRN, and PKM2-CBC (Figure 5F).
We also co-expressed ACKR3-GFP. Dual-color bioluminescence revealed that treatment
with CXCL12-α reduced the interaction between PKM2 and β-arrestin 2 and increased
complementation between PKM2 and ERK2 following treatment with 100 ng/mL CXCL12-
α (Figure 5G), consistent with an inverse relationship between PKM2 protein interactions
regulated by ACKR3 signaling.

We compared how CXCL12 signaling through CXCR4 versus ACKR3 regulates PKM2
oligomers. We stably expressed complementation reporters PKM2-CBRN/PKM2-CBC in
MDA-MB-231 cells transduced with CXCR4 or ACKR3 (Figure 6A). We treated cells with
increasing concentrations of CXCL12-α and quantified relative changes in bioluminescence
for each interacting pair at 40 min. CXCL12 signaling produced concentration-dependent
decreases in PKM2 oligomers for both CXCR4 and ACKR3, representing a more sustained
shift to PKM2 dimers (Figure 6B). CXCL12 signaling through ACKR3 produced greater
effects than CXCR4 regarding the dissociation of PKM2 oligomers, such as dissociation
of PKM2 from β-arrestin 2 (see Figure 4A,B). To further investigate the effects of ACKR3
on PKM2 oligomers, we produced spheroids of MDA-MB-231 ACKR3 cells with human
mammary fibroblasts stably expressing CXCL12-α fused to Gaussia luciferase or secreted
Gaussia luciferase [41]. Due to the time required to form spheroids with this co-culture
system and the slower diffusion of CXCL12 in spheroids relative to culture medium, we
extended the incubation period to three days. Relative to control fibroblasts, spheroids with
fibroblasts secreting CXCL12 significantly reduced bioluminescence from PKM2 oligomers
(Figure 6C), demonstrating consistent effects of CXCL12-ACKR3 signaling in two- and
three-dimensional environments.
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Figure 6. CXCR4 and ACKR3 signaling reduce PKM2 oligomers. (A) Schematic of click beetle
complementation system for PKM2 dimers based on interaction between PKM2-CBRN and PKM2-
CBC. (B) We used MDA-MB-231 cells stably expressing CXCR4 or ACKR3 and complementation pairs
for oligomers of PKM2 (PKM2-CBRN and PKM2-CBC). We treated cells with listed concentrations
of CXCL12-α for 20 min and quantified bioluminescence. Graphs depict mean values + SEM for
bioluminescence normalized to control cells treated with vehicle only. (C) We formed spheroids of
human mammary fibroblasts secreting CXCL12-α fused to Gaussia luciferase or unfused Gaussia
luciferase and MDA-MB-231 cells with ACKR3 and the PKM2 oligomerization reporter. We measured
bioluminescence after three days in culture. Graphs show mean values + SEM. * p < 0.05. Illustration
created with BioRender.com (accessed on 28 April 2022).

3.4. CXCL12 Signaling Drives Aerobic Glycolysis and the Pentose Phosphate Pathway

Luciferase complementation data showing the CXCL12-dependent dissociation of
PKM2 oligomers suggested that CXCR4 and ACKR3 signaling shifted cancer cells toward
glycolysis. To investigate the effects on glycolytic metabolism, we incubated MDA-MB-231-
CXCR4 or ACKR3 cells with 13C6 glucose for 15 min before measuring labeled metabolites
using mass spectrometry. As compared with vehicle control, cells treated with CXCL12
showed lower amounts of glucose-6-phosphate/fructose-6-phosphate and increased in-
termediates in glycolysis: fructose-1,6-bisphosphate (FBP) and 2-phosphoglycerate/3-
phosphoglycerate (Figure 7A–E). We observed these changes in both the total amount of the
metabolite and the subset with the highest incorporation of 13C. These data demonstrate
an enhanced glycolytic metabolism of internalized glucose. For cells expressing ACKR3,
stimulation with CXCL12 also increased glyceraldehyde-3-phosphate and lactate, the final
product of glycolysis.

In addition to glycolysis, the pentose phosphate pathway is another major catabolic
pathway for glucose. Malignant cells in breast cancer and multiple other tumors commonly
upregulate the pentose phosphate pathway to meet the metabolic demands of ongoing pro-
liferation, including the production of nucleic acids and nicotinamide adenine dinucleotide
phosphate (NADPH) to counter oxidative stress [42]. In cells expressing CXCR4, CXCL12
signaling through CXCR4 modestly increased the identified total and highest 13C-labeled
metabolites in the pentose phosphate pathway: sedoheptulose-7-phosphate and ribulose-5-
phosphate (Figure 8A,B). The treatment of ACKR3 cells with CXCL12 produced greater
increases in these metabolites, particularly the subspecies with the highest incorporation of
13C from glucose. Overall, these data demonstrate that CXCL12 signaling promotes the
glucose metabolism through two key pathways that drive tumor progression: glycolysis
and the pentose phosphate pathway.
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4. Discussion

Building on our past work with luciferase complementation systems for imaging
protein interactions in living cells, we established a unique suite of reporters to investigate
intracellular signaling complexes regulated by CXCR4 and ACKR3. Figure 9 summarizes
the observed protein interactions involving β-arrestin 2, ERK2, and PKM2 downstream
of CXCL12 signaling through CXCR4 and ACKR3. CXCL12 triggers the recruitment
of β-arrestin 2 to the activated receptor, a process previously shown to drive receptor
endocytosis. β-arrestin 2 assembles multimeric protein interaction complexes involving
ERK2’s associations with PKM2 and CXCR4/ACKR3, likely on endosomes based on prior
studies of β-arrestin-dependent signaling [26–28]. This protein complex may facilitate the
phosphorylation of PKM2 by ERK2, and the CXCL12-dependent dissociation of PKM2
from β-arrestin 2. CXCL12 signaling leads to the reduced oligomerization of PKM2 from
enzymatically active tetramers to the dimers and monomers that promote glycolysis and
glucose metabolism through the pentose phosphate pathway. Mass spectrometry analysis
of 13C6 glucose revealed that CXCL12 signaling through CXCR4 and ACKR3 promotes
the glucose metabolism through the pentose phosphate pathway and the accumulation of
intermediate metabolites in glycolysis. While both CXCR4 and ACKR3 drive these protein
interactions and metabolic shifts, we noted differences in the kinetics and magnitude of
signaling responses and metabolites. CXCR4 triggered the greater induction and more
rapid recruitment of β-arrestin 2 to the receptor, and the association between ERK2 and
β-arrestin 2. By comparison, ACKR3 sustained interactions with β-arrestin 2 even after
CXCL12 removal and produced greater changes in PKM2 oligomerization state and glucose
metabolism. The causes of these differences in kinetics and outputs have yet to be fully
defined. Nevertheless, this study establishes a previously unknown function of CXCL12
signaling to regulate PKM2 and glucose metabolism, connecting CXCR4 and ACKR3 to the
metabolic adaptations of cancer cells.

Cells with a high demand for the synthesis of nucleic acids, particularly cancer cells,
preferentially express PKM2 and maintain the enzyme as a dimer [43]. The low enzymatic
activity of dimeric PKM2 results in the accumulation of upstream metabolites in glycolysis,
which cells then can utilize to produce the necessary molecules for redox balance and
proliferation. Dimeric PKM2 promotes aerobic glycolysis, also known as the Warburg
effect, with glucose metabolized to lactate rather than acetyl CoA to support oxidative
phosphorylation. We demonstrated that CXCL12 signaling releases PKM2 from β-arrestin
2 and reduces the oligomerization of PKM2 based on decreased bioluminescence from
PKM2-PKM2 luciferase complementation. Based on prior work by our group using lu-
ciferase complementation to detect the oligomerization of proteins, we infer that reduced
bioluminescence represents a shift from tetramers to dimers and possibly monomers [35].
However, our imaging technology measures relative changes in oligomerization and the
lack of absolute amounts of tetramers, dimers, or monomers associated with β-arrestin
2 or released from this scaffolding protein. Our mass spectrometry analysis of glucose
metabolism reveals the accumulation of intermediate metabolites in glycolysis and the
pentose phosphate pathway in response to CXCL12 signaling through CXCR4 or ACKR3.
Due to the mutations that constitutively activate ERK1 and ERK2 in MDA-MB-231 cells, we
could not detect the CXCL12-dependent activation of these kinases downstream of CXCR4
or ACKR3. Numerous studies document that CXCR4 activates ERK1/2 [44]. The activation
of ERK1/2 by CXCL12-ACKR3 occurs in some, but not all model systems, implying the
context-dependent effects [45–47]. The correlation between the effects of dimeric PKM2
on glucose metabolism and our mass spectrometry data suggests that the regulation of
interactions between β-arrestin 2 and PKM2 is the underlying mechanism of the metabolic
effects of CXCR4 and ACKR3. CXCL12 likely promotes glycolytic metabolism through
other processes activated by CXCL12 signaling through CXCR4 and/or ACKR3, including
ERK and Akt. Collectively, these, and potentially other CXCL12-dependent pathways,
support the increased proliferation of cancer cells previously reported by our group and
others [12,13,48–50].
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CXCR4 or ACKR3 triggers the recruitment of β-arrestin 2 and endocytosis of the receptor. ERK2
interacts with β-arrestin 2 and PKM2. PKM2 subsequently dissociates from β-arrestin 2 with PKM2,
showing reduced oligomerization. We measure shifts from PKM2 tetramers to dimers and monomers
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of each species associated with or released from β-arrestin 2. We propose that dissociation from
β-arrestin 2 and decreased oligomerization of PKM2 contribute to observed increases in metabolites
in glycolysis and the pentose phosphate pathway, driven by CXCL12. Created with BioRender.com
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The scaffolding function of β-arrestin 2 potentially regulates other reported mecha-
nisms of action for PKM2 in metabolism, as well as tumor progression. CXCL12 stimulates
the recruitment of ERK2 to β-arrestin 2 and the formation of multi-protein interactions, in-
cluding PKM2, which may facilitate the phosphorylation of PKM2, as detected downstream
of CXCL12-ACKR3 signaling. The ERK phosphorylation of PKM2 is essential for aerobic
glycolysis in cancer cells in cell-based assays and mouse models of cancer [39]. A prior
study reported that PKM2 transferred via endosomes increases the expression of CXCL12
in recipient prostate cancer cells in bone marrow [51], which could initiate a feed-forward
pathway, allowing for disseminated tumor cells to survive and proliferate. PKM2 may
also enter the nucleus and regulate the expression of genes promoting proliferation and
glycolysis [38]. Interaction with β-arrestin 2 under basal conditions may sequester PKM2
and prevent it from entering the nucleus until triggered by a driver of proliferation, such
as CXCL12 signaling through CXCR4 or ACKR3. The scaffolding function of β-arrestin
2 controls the localization and functions of other interacting proteins. For example, ERK
activated through β-arrestin only phosphorylates cytoplasmic targets, while ERK molecules
activated by G proteins enter the nucleus to regulate gene expression [52].

The available evidence supports a strong correlation between the increased expression
of PKM2 in cancer and the metabolic adaptations necessary for proliferation. However, on-
going studies also suggest complex, possibly context-dependent effects of PKM2 in cancer.
Nuclear PKM2 has been reported as a protein kinase, phosphorylating histones and other
epigenetic regulators to increase the expression of oncogenic proteins such as Myc- and
cyclin-dependent kinases [38]. The protein kinase activity of PKM2 remains controversial.
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One study failed to detect the protein kinase activity of PKM2 and instead attributed this
function to the contaminating molecules associated with PKM2 in biochemical enzyme
preparations [53]. The necessity for PKM2 in the proliferation of cancer cells also remains
unclear. Using a mouse model of breast cancer with the Cre recombinase-mediated deletion
of PKM2, Israelsen et al. discovered that the loss of PKM2 at the time of tumor initiation
accelerated tumor development [10]. Non-proliferating cells expressed PKM1, another
isozyme of PKM that exists as an enzymatically active tetramer, while proliferating cells
expressed minimal or no PKM isozymes. While demonstrating that tumor initiation does
not require PKM2, this study and others support the hypothesis that the loss of enzymat-
ically active PKM function, such as PKM1 downregulation, is essential for proliferating
cancer cells [54,55]. Studies also suggest that the acute loss of PKM2, such as through
Cre-mediated deletion, produces effects that differ from the chronic loss of this enzyme.
These reports indicate that the effects of CXCL12 on PKM2 interaction with β-arrestin 2 and
PKM2 oligomers in cancer and other diseases may vary based on cell type, environment,
and time.

Overall, the current study reveals that CXCL12 signaling through CXCR4 or ACKR3
regulates PKM2 scaffolding on β-arrestin 2 and reduces the oligomerization of this gly-
colytic enzyme. Since dimeric PKM2 is known to drive the glycolytic metabolism of
glucose and accumulation of metabolites in glycolysis and the pentose phosphate pathway,
our signaling data provide one potential mechanism for CXCL12-stimulated shifts in the
metabolism of breast cancer cells. We studied the signaling effects through only CXCR4 or
ACKR3. However, we and others have shown that these receptors form hetero-oligomers
with distinct signaling responses [56]. Future research will determine the extent to which the
CXCL12-dependent regulation of PKM2 through CXCR4 or ACKR3, either alone or in com-
bination, controls the metabolic states of cancer cells relative to other downstream effectors,
with established effects on the metabolism. While aerobic glycolysis was formerly regarded
as the hallmark metabolic feature of cancer cells, the evidence now supports metabolic
plasticity as the critical adaptation that enables cancer cells to proliferate and survive ther-
apy in different environments [57]. Ongoing work will investigate how CXCL12 signaling
shapes overall metabolic plasticity in primary and metastatic tumors, including effects on
the metabolism of other molecules, such as lipids. In summary, our work establishes that
CXCL12 signaling controls PKM2, a central regulator of metabolism in proliferating cells,
and highlights the effects of CXCR4 and ACKR3 on metabolic reprogramming in cancer.
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signaling through ACKR3 increases the phosphorylation of PKM2 at serine 37.

Author Contributions: K.E.L. provided new reagents. G.D.L. wrote the manuscript. Both authors
designed and performed experiments; analyzed data; and edited the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: The research was funded by NIH grants R01CA238023, U24CA237683, R01CA238042,
U01CA210152, R33CA225549, R37CA222563, and R50CA221807. We also received funding from the
W.M. Keck Foundation. Research also was supported by the University of Michigan Rogel Cancer
Center and the Preclinical Molecular Imaging Shared Resource through National Institutes of Health
grant P30CA046592.

Institutional Review Board Statement: The University of Michigan Institutional Committee on
Animal Use and Care approved all studies.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon reasonable request.

Conflicts of Interest: The authors receive research funding from InterAx Biotech AG.

https://www.mdpi.com/article/10.3390/cells11111775/s1
https://www.mdpi.com/article/10.3390/cells11111775/s1


Cells 2022, 11, 1775 17 of 19

References
1. Luker, G.D.; Yang, J.; Richmond, A.; Scala, S.; Festuccia, C.; Schottelius, M.; Wester, H.J.; Zimmermann, J. At the Bench: Pre-clinical

evidence for multiple functions of CXCR4 in cancer. J. Leukoc. Biol. 2021, 109, 969–989. [CrossRef] [PubMed]
2. Coggins, N.L.; Trakimas, D.; Chang, S.L.; Ehrlich, A.; Ray, P.; Luker, K.E.; Linderman, J.J.; Luker, G.D. CXCR7 controls competition

for recruitment of beta-arrestin 2 in cells expressing both CXCR4 and CXCR7. PLoS ONE 2014, 9, e98328. [CrossRef] [PubMed]
3. Rajagopal, S.; Kim, J.; Ahn, S.; Craig, S.; Lam, C.; Gerard, N.; Gerard, C.; Lefkowitz, R. Beta-arrestin- but not G protein-mediated

signaling by the “decoy” receptor CXCR7. Proc. Natl. Acad. Sci. USA 2010, 107, 628–632. [CrossRef] [PubMed]
4. Boldajipour, B.; Mahabaleshwar, S.; Kardash, E.; Reichman-Fried, M.; Blaser, H.; Minina, S.; Wilson, D.; Xu, Q.; Raz, E. Control of

chemokine-guided cell migration by ligand sequestration. Cell 2008, 132, 463–473. [CrossRef] [PubMed]
5. Luker, K.E.; Steele, J.M.; Mihalko, L.A.; Ray, P.; Luker, G.D. Constitutive and chemokine-dependent internalization and recycling

of CXCR7 in breast cancer cells to degrade chemokine ligands. Oncogene 2010, 29, 4599–4610. [CrossRef]
6. Xiao, K.; McClatchy, D.B.; Shukla, A.K.; Zhao, Y.; Chen, M.; Shenoy, S.K.; Yates, J.R., 3rd; Lefkowitz, R.J. Functional specialization

of beta-arrestin interactions revealed by proteomic analysis. Proc. Natl. Acad. Sci. USA 2007, 104, 12011–12017. [CrossRef]
7. Dayton, T.L.; Jacks, T.; Vander Heiden, M.G. PKM2, cancer metabolism, and the road ahead. EMBO Rep. 2016, 17, 1721–1730.

[CrossRef]
8. Dong, G.; Mao, Q.; Xia, W.; Xu, Y.; Wang, J.; Xu, L.; Jiang, F. PKM2 and cancer: The function of PKM2 beyond glycolysis. Oncol.

Lett. 2016, 11, 1980–1986. [CrossRef]
9. Papa, S.; Choy, P.M.; Bubici, C. The ERK and JNK pathways in the regulation of metabolic reprogramming. Oncogene 2019, 38,

2223–2240. [CrossRef]
10. Israelsen, W.J.; Dayton, T.L.; Davidson, S.M.; Fiske, B.P.; Hosios, A.M.; Bellinger, G.; Li, J.; Yu, Y.; Sasaki, M.; Horner, J.W.; et al.

PKM2 isoform-specific deletion reveals a differential requirement for pyruvate kinase in tumor cells. Cell 2013, 155, 397–409.
[CrossRef]

11. Hsu, M.-C.; Hung, W.-C. Pyruvate kinase M2 fuels multiple aspects of cancer cells: From cellular metabolism, transcriptional
regulation to extracellular signaling. Mol. Cancer 2018, 17, 35. [CrossRef] [PubMed]

12. Smith, M.; Luker, K.; Garbow, J.; Prior, J.; Jackson, E.; Piwnica-Worms, D.; Luker, G. CXCR4 regulates growth of both primary and
metastatic breast cancer. Cancer Res. 2004, 64, 8604–8612. [CrossRef] [PubMed]

13. Miao, Z.; Luker, K.; Summers, B.; Berahovich, R.; Bhojani, M.; Rehemtulla, A.; Kleer, C.; Essner, J.; Nasevicius, A.; Luker, G.; et al.
CXCR7 (RDC1) promotes breast and lung tumor growth in vivo and is expressed on tumor-associated vasculature. Proc. Natl.
Acad. Sci. USA 2007, 104, 15735–15740. [CrossRef]

14. Shi, Y.; Riese, D.J.; Shen, J. The Role of the CXCL12/CXCR4/CXCR7 Chemokine Axis in Cancer. Front. Pharmacol. 2020, 11,
574667. [CrossRef]

15. Santagata, S.; Ieranò, C.; Trotta, A.M.; Capiluongo, A.; Auletta, F.; Guardascione, G.; Scala, S. CXCR4 and CXCR7 Signaling
Pathways: A Focus on the Cross-Talk Between Cancer Cells and Tumor Microenvironment. Front. Oncol. 2021, 11, 591386.
[CrossRef] [PubMed]

16. Hanahan, D.; Weinberg, R. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
17. Ray, P.; Stacer, A.; Fenner, J.; Cavnar, S.; Mequiar, K.; Brown, M.; Luker, K.; Luker, G. CXCL12-γ in primary tumors drives breast

cancer metastasis. Oncogene 2015, 34, 2043–2051. [CrossRef]
18. Cavnar, S.; Rickelmann, A.; Meguiar, K.; Xiao, A.; Dosch, J.; Leung, B.; Lesher-Perez, S.; Chitta, S.; Luker, K.; Takayama, S.; et al.

Modeling selective elimination of quiescent cancer cells from bone marrow. Neoplasia 2015, 17, 625–633. [CrossRef]
19. Ray, P.; Mihalko, L.; Coggins, N.; Moudgil, P.; Ehrlich, A.; Luker, K.; Luker, G. Carboxy-terminus of CXCR7 regulates receptor

localization and function. Int. J. Biochem. Cell Biol. 2012, 44, 669–678. [CrossRef]
20. Luker, K.; Lewin, S.; Mihalko, L.; Schmidt, B.; Winkler, J.; Coggins, N.; Thomas, D.; Luker, G. Scavenging of CXCL12 by CXCR7

promotes tumor growth and metastasis of CXCR4-positive breast cancer cells. Oncogene 2012, 31, 4750–4758. [CrossRef]
21. Luker, G.; Pica, C.; Kumar, A.; Covey, D.; Piwnica-Worms, D. Effects of cholesterol and enantiomeric cholesterol on P-glycoprotein

localization and function in low-density membrane domains. Biochemistry 2000, 39, 7651–7661. [CrossRef] [PubMed]
22. Lorenz, M.A.; Burant, C.F.; Kennedy, R.T. Reducing Time and Increasing Sensitivity in Sample Preparation for Adherent

Mammalian Cell Metabolomics. Anal. Chem. 2011, 83, 3406–3414. [CrossRef] [PubMed]
23. Marchese, A.; Raiborg, C.; Santini, F.; Keen, J.H.; Stenmark, H.; Benovic, J.L. The E3 ubiquitin ligase AIP4 mediates ubiquitination

and sorting of the G protein-coupled receptor CXCR4. Dev. Cell 2003, 5, 709–722. [CrossRef]
24. Gammon, S.T.; Leevy, W.M.; Gross, S.; Gokel, G.W.; Piwnica-Worms, D. Spectral Unmixing of Multicolored Bioluminescence

Emitted from Heterogeneous Biological Sources. Anal. Chem. 2006, 78, 1520–1527. [CrossRef] [PubMed]
25. Luker, K.E.; Mihalko, L.A.; Schmidt, B.T.; Lewin, S.A.; Ray, P.; Shcherbo, D.; Chudakov, D.M.; Luker, G.D. In Vivo Imaging of

Ligand Receptor Binding with Gaussia Luciferase Complementation. Nat. Med. 2012, 18, 172–177. [CrossRef]
26. Gurevich, V.V.; Gurevich, E.V. Arrestins and G proteins in cellular signaling: The coin has two sides. Sci. Signal. 2018, 11, eaav1646.

[CrossRef]
27. Luttrell, L.M.; Wang, J.; Plouffe, B.; Smith, J.S.; Yamani, L.; Kaur, S.; Jean-Charles, P.Y.; Gauthier, C.; Lee, M.H.; Pani, B.; et al.

Manifold roles of β-arrestins in GPCR signaling elucidated with siRNA and CRISPR/Cas9. Sci. Signal. 2018, 11, eaat7650.
[CrossRef]

http://doi.org/10.1002/JLB.2BT1018-715RR
http://www.ncbi.nlm.nih.gov/pubmed/33104270
http://doi.org/10.1371/journal.pone.0098328
http://www.ncbi.nlm.nih.gov/pubmed/24896823
http://doi.org/10.1073/pnas.0912852107
http://www.ncbi.nlm.nih.gov/pubmed/20018651
http://doi.org/10.1016/j.cell.2007.12.034
http://www.ncbi.nlm.nih.gov/pubmed/18267076
http://doi.org/10.1038/onc.2010.212
http://doi.org/10.1073/pnas.0704849104
http://doi.org/10.15252/embr.201643300
http://doi.org/10.3892/ol.2016.4168
http://doi.org/10.1038/s41388-018-0582-8
http://doi.org/10.1016/j.cell.2013.09.025
http://doi.org/10.1186/s12943-018-0791-3
http://www.ncbi.nlm.nih.gov/pubmed/29455645
http://doi.org/10.1158/0008-5472.CAN-04-1844
http://www.ncbi.nlm.nih.gov/pubmed/15574767
http://doi.org/10.1073/pnas.0610444104
http://doi.org/10.3389/fphar.2020.574667
http://doi.org/10.3389/fonc.2021.591386
http://www.ncbi.nlm.nih.gov/pubmed/33937018
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1038/onc.2014.157
http://doi.org/10.1016/j.neo.2015.08.001
http://doi.org/10.1016/j.biocel.2012.01.007
http://doi.org/10.1038/onc.2011.633
http://doi.org/10.1021/bi9928593
http://www.ncbi.nlm.nih.gov/pubmed/10869171
http://doi.org/10.1021/ac103313x
http://www.ncbi.nlm.nih.gov/pubmed/21456517
http://doi.org/10.1016/S1534-5807(03)00321-6
http://doi.org/10.1021/ac051999h
http://www.ncbi.nlm.nih.gov/pubmed/16503603
http://doi.org/10.1038/nm.2590
http://doi.org/10.1126/scisignal.aav1646
http://doi.org/10.1126/scisignal.aat7650


Cells 2022, 11, 1775 18 of 19

28. O’Hayre, M.; Eichel, K.; Avino, S.; Zhao, X.; Steffen, D.J.; Feng, X.; Kawakami, K.; Aoki, J.; Messer, K.; Sunahara, R.; et al. Genetic
evidence that β-arrestins are dispensable for the initiation of β(2)-adrenergic receptor signaling to ERK. Sci. Signal. 2017, 10,
eaal3395. [CrossRef]

29. Lourenco, S.; Teixeira, V.H.; Kalber, T.; Jose, R.J.; Floto, R.A.; Janes, S.M. Macrophage migration inhibitory factor-CXCR4 is the
dominant chemotactic axis in human mesenchymal stem cell recruitment to tumors. J. Immunol. 2015, 194, 3463–3474. [CrossRef]

30. Burns, J.; Summers, B.; Wang, Y.; Melikian, A.; Berahovich, R.; Miao, Z.; Penfold, M.; Sunshine, M.; Littman, D.; Kuo, C.; et al. A
novel chemokine receptor for SDF-1 and I-TAC involved in cell survival, cell adhesion, and tumor development. J. Exp. Med.
2006, 203, 2201–2213. [CrossRef]

31. Goldberg-Bittman, L.; Neumark, E.; Sagi-Assif, O.; Azenshtein, E.; Meshel, T.; Witz, I.P.; Ben-Baruch, A. The expression of the
chemokine receptor CXCR3 and its ligand, CXCL10, in human breast adenocarcinoma cell lines. Immunol. Lett. 2004, 92, 171–178.
[CrossRef] [PubMed]

32. Cassier, E.; Gallay, N.; Bourquard, T.; Claeysen, S.; Bockaert, J.; Crépieux, P.; Poupon, A.; Reiter, E.; Marin, P.; Vandermoere, F.
Phosphorylation of β-arrestin2 at Thr(383) by MEK underlies β-arrestin-dependent activation of Erk1/2 by GPCRs. eLife 2017, 6,
e23777. [CrossRef] [PubMed]

33. Orimo, A.; Gupta, P.; Sgroi, D.; Arenzana-Seisdedos, F.; Delaunay, T.; Naeem, R.; Carey, V.; Richardson, A.; Weinberg, R.
Stromal fibroblasts present in invasive human breast carcinomas promote tumor growth and angiogenesis through elevated
SDF-1/CXCL12 secretion. Cell 2005, 121, 335–348. [CrossRef] [PubMed]

34. Zahra, K.; Dey, T.; Ashish; Mishra, S.P.; Pandey, U. Pyruvate Kinase M2 and Cancer: The Role of PKM2 in Promoting Tumorigene-
sis. Front. Oncol. 2020, 10, 159. [CrossRef] [PubMed]

35. Luker, K.; Gupta, M.; Luker, G. Imaging chemokine receptor dimerization with firefly luciferase complementation. FASEB J. 2009,
23, 823–834. [CrossRef]

36. Anastasiou, D.; Yu, Y.; Israelsen, W.J.; Jiang, J.K.; Boxer, M.B.; Hong, B.S.; Tempel, W.; Dimov, S.; Shen, M.; Jha, A.; et al. Pyruvate
kinase M2 activators promote tetramer formation and suppress tumorigenesis. Nat. Chem. Biol. 2012, 8, 839–847. [CrossRef]

37. Gao, X.; Wang, H.; Yang, J.J.; Liu, X.; Liu, Z.-R. Pyruvate Kinase M2 Regulates Gene Transcription by Acting as a Protein Kinase.
Mol. Cell 2012, 45, 598–609. [CrossRef]

38. Yang, W.; Lu, Z. Nuclear PKM2 regulates the Warburg effect. Cell Cycle 2013, 12, 3154–3158. [CrossRef]
39. Yang, W.; Zheng, Y.; Xia, Y.; Ji, H.; Chen, X.; Guo, F.; Lyssiotis, C.A.; Aldape, K.; Cantley, L.C.; Lu, Z. ERK1/2-dependent

phosphorylation and nuclear translocation of PKM2 promotes the Warburg effect. Nat. Cell Biol. 2012, 14, 1295–1304. [CrossRef]
40. Zhang, Z.; Deng, X.; Liu, Y.; Liu, Y.; Sun, L.; Chen, F. PKM2, function and expression and regulation. Cell Biosci. 2019, 9, 52.

[CrossRef]
41. Luker, K.; Gupta, M.; Luker, G. Bioluminescent CXCL12 fusion protein for cellular studies of CXCR4 and CXCR7. Bio.Tech. 2009,

47, 625–632. [CrossRef] [PubMed]
42. Jin, L.; Zhou, Y. Crucial role of the pentose phosphate pathway in malignant tumors. Oncol. Lett. 2019, 17, 4213–4221. [CrossRef]

[PubMed]
43. Mazurek, S.; Boschek, C.B.; Hugo, F.; Eigenbrodt, E. Pyruvate kinase type M2 and its role in tumor growth and spreading. Semin.

Cancer Biol. 2005, 15, 300–308. [CrossRef] [PubMed]
44. Busillo, J.M.; Benovic, J.L. Regulation of CXCR4 signaling. Biochim. Biophys. Acta 2007, 1768, 952–963. [CrossRef]
45. Nguyen, H.T.; Reyes-Alcaraz, A.; Yong, H.J.; Nguyen, L.P.; Park, H.-K.; Inoue, A.; Lee, C.S.; Seong, J.Y.; Hwang, J.-I. CXCR7: A

β-arrestin-biased receptor that potentiates ce.ell migration and recruits β-arrestin2 exclusively through Gβγ subunits and GRK2.
Cell Biosci. 2020, 10, 134. [CrossRef] [PubMed]

46. Lin, L.; Han, M.M.; Wang, F.; Xu, L.L.; Yu, H.X.; Yang, P.Y. CXCR7 stimulates MAPK signaling to regulate hepatocellular carcinoma
progression. Cell Death Dis. 2014, 5, e1488. [CrossRef] [PubMed]

47. Becker, J.H.; Gao, Y.; Soucheray, M.; Pulido, I.; Kikuchi, E.; Rodríguez, M.L.; Gandhi, R.; Lafuente-Sanchis, A.; Aupí, M.; Alcácer
Fernández-Coronado, J.; et al. CXCR7 Reactivates ERK Signaling to Promote Resistance to EGFR Kinase Inhibitors in NSCLC.
Cancer Res. 2019, 79, 4439–4452. [CrossRef]

48. Chatterjee, S.; Behnam Azad, B.; Nimmagadda, S. The intricate role of CXCR4 in cancer. Adv. Cancer Res. 2014, 124, 31–82.
49. Bianchi, M.E.; Mezzapelle, R. The Chemokine Receptor CXCR4 in Cell Proliferation and Tissue Regeneration. Front. Immunol.

2020, 11, 2109. [CrossRef]
50. Liu, H.; Cheng, Q.; Xu, D.-s.; Wang, W.; Fang, Z.; Xue, D.-d.; Zheng, Y.; Chang, A.H.; Lei, Y.-j. Overexpression of CXCR7

accelerates tumor growth and metastasis of lung cancer cells. Respir. Res. 2020, 21, 287. [CrossRef]
51. Dai, J.; Escara-Wilke, J.; Keller, J.M.; Jung, Y.; Taichman, R.S.; Pienta, K.J.; Keller, E.T. Primary prostate cancer educates bone stroma

through exosomal pyruvate kinase M2 to promote bone metastasis. J. Exp. Med. 2019, 216, 2883–2899. [CrossRef] [PubMed]
52. DeWire, S.; Kim, J.; Whalen, E.; Ahn, S.; Chen, M.; Lefkowitz, R. Beta-arrestin-mediated signaling regulates protein synthesis. J.

Biol. Chem. 2008, 283, 10611–10620. [CrossRef] [PubMed]
53. Hosios, A.M.; Fiske, B.P.; Gui, D.Y.; Vander Heiden, M.G. Lack of Evidence for PKM2 Protein Kinase Activity. Mol. Cell 2015, 59,

850–857. [CrossRef] [PubMed]
54. Wang, Y.H.; Israelsen, W.J.; Lee, D.; Yu, V.W.C.; Jeanson, N.T.; Clish, C.B.; Cantley, L.C.; Vander Heiden, M.G.; Scadden, D.T.

Cell-state-specific metabolic dependency in hematopoiesis and leukemogenesis. Cell 2014, 158, 1309–1323. [CrossRef] [PubMed]

http://doi.org/10.1126/scisignal.aal3395
http://doi.org/10.4049/jimmunol.1402097
http://doi.org/10.1084/jem.20052144
http://doi.org/10.1016/j.imlet.2003.10.020
http://www.ncbi.nlm.nih.gov/pubmed/15081542
http://doi.org/10.7554/eLife.23777
http://www.ncbi.nlm.nih.gov/pubmed/28169830
http://doi.org/10.1016/j.cell.2005.02.034
http://www.ncbi.nlm.nih.gov/pubmed/15882617
http://doi.org/10.3389/fonc.2020.00159
http://www.ncbi.nlm.nih.gov/pubmed/32195169
http://doi.org/10.1096/fj.08-116749
http://doi.org/10.1038/nchembio.1060
http://doi.org/10.1016/j.molcel.2012.01.001
http://doi.org/10.4161/cc.26182
http://doi.org/10.1038/ncb2629
http://doi.org/10.1186/s13578-019-0317-8
http://doi.org/10.2144/000113126
http://www.ncbi.nlm.nih.gov/pubmed/19594447
http://doi.org/10.3892/ol.2019.10112
http://www.ncbi.nlm.nih.gov/pubmed/30944616
http://doi.org/10.1016/j.semcancer.2005.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15908230
http://doi.org/10.1016/j.bbamem.2006.11.002
http://doi.org/10.1186/s13578-020-00497-x
http://www.ncbi.nlm.nih.gov/pubmed/33292475
http://doi.org/10.1038/cddis.2014.392
http://www.ncbi.nlm.nih.gov/pubmed/25341042
http://doi.org/10.1158/0008-5472.CAN-19-0024
http://doi.org/10.3389/fimmu.2020.02109
http://doi.org/10.1186/s12931-020-01518-6
http://doi.org/10.1084/jem.20190158
http://www.ncbi.nlm.nih.gov/pubmed/31548301
http://doi.org/10.1074/jbc.M710515200
http://www.ncbi.nlm.nih.gov/pubmed/18276584
http://doi.org/10.1016/j.molcel.2015.07.013
http://www.ncbi.nlm.nih.gov/pubmed/26300261
http://doi.org/10.1016/j.cell.2014.07.048
http://www.ncbi.nlm.nih.gov/pubmed/25215489


Cells 2022, 11, 1775 19 of 19

55. Lunt, S.Y.; Muralidhar, V.; Hosios, A.M.; Israelsen, W.J.; Gui, D.Y.; Newhouse, L.; Ogrodzinski, M.; Hecht, V.; Xu, K.; Acevedo,
P.N.; et al. Pyruvate kinase isoform expression alters nucleotide synthesis to impact cell proliferation. Mol. Cell 2015, 57, 95–107.
[CrossRef]

56. Décaillot, F.M.; Kazmi, M.A.; Lin, Y.; Ray-Saha, S.; Sakmar, T.P.; Sachdev, P. CXCR7/CXCR4 heterodimer constitutively recruits
beta-arrestin to enhance cell migration. J. Biol. Chem. 2011, 286, 32188–32197. [CrossRef]

57. Faubert, B.; Solmonson, A.; DeBerardinis, R.J. Metabolic reprogramming and cancer progression. Science 2020, 368, eaaw5473.
[CrossRef]

http://doi.org/10.1016/j.molcel.2014.10.027
http://doi.org/10.1074/jbc.M111.277038
http://doi.org/10.1126/science.aaw5473

	Introduction 
	Materials and Methods 
	Cell Culture 
	Chemicals and Chemokines 
	Expression Constructs 
	Luciferase Complementation Assays 
	Animal Studies 
	Western Blotting 
	13C6-Glucose Labeling 
	Statistics 

	Results 
	Differential Effects of CXCR4 and ACKR3 on Interactions with -Arrestin 2 
	CXCR4 and ACKR3 Regulate Association of PKM2 with -Arrestin 2 
	CXCL12 Signaling Reduces Oligomerization of PKM2 
	CXCL12 Signaling Drives Aerobic Glycolysis and the Pentose Phosphate Pathway 

	Discussion 
	References

