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While the existence and functional role of class C G-protein-coupled receptors (GPCR)
dimers is well established, there is still a lack of consensus regarding class A and B GPCR
multimerization. This lack of consensus is largely due to the inherent challenges of demon-
strating the presence of multimeric receptor complexes in a physiologically relevant cellular
context. The C-X-C motif chemokine receptor 4 (CXCR4) is a class A GPCR that is a
promising target of anticancer therapy. Here, we investigated the potential of CXCR4
to form multimeric complexes with other GPCRs and characterized the relative size of
the complexes in a live-cell environment. Using a bimolecular fluorescence complemen-
tation (BiFC) assay, we identified the 2 adrenergic receptor ($2AR) as an interaction
partner. To investigate the molecular scale details of CXCR4-p2AR interactions, we used
a time-resolved fluorescence spectroscopy method called pulsed-interleaved excitation
fluorescence cross-correlation spectroscopy (PIE-FCCS). PIE-FCCS can resolve membrane
protein density, diffusion, and multimerization state in live cells at physiological expression
levels. We probed CXCR4 and f2AR homo- and heteromultimerization in model cell
lines and found that CXCR4 assembles into multimeric complexes larger than dimers in
MDA-MB-231 human breast cancer cells and in HCC4006 human lung cancer cells. We
also found that f2AR associates with CXCR4 multimers in MDA-MB-231 and HCC4006
cells to a higher degree than in COS-7 and CHO cells and in a ligand-dependent man-
ner. These results suggest that CXCR4-B2AR heteromers are present in human cancer
cells and that GPCR multimerization is significantly affected by the plasma membrane
environment.

G-protein-coupled receptors | fluorescence spectroscopy | membrane protein interactions

Accounting for over 30% of FDA-approved drugs (1), G-protein-coupled receptors
(GPCRes) are one of the most heavily investigated protein families in drug development.
Currently, the full complexity of GPCR signaling is still not well understood, especially
with respect to the propensity of GPCRs to form homomeric and heteromeric complexes
with biochemical properties distinct from their individual components (2, 3). While the
existence and functional role of class C GPCR dimers is well established, there is still a
lack of consensus regarding the existence and functional relevance of class A and B GPCR
multimerization. This is due in part to the inherent challenges of demonstrating the
presence of those receptor complexes in physiologically relevant cellular context. The
growth and improvement of quantitative, live-cell assays like single-molecule tracking
(SMT), Férster resonance energy transfer (FRET), and fluorescence correlation spectros-
copy (FCS) have begun to clarify earlier controversies on the existence of these oligomeric
complexes. For example, SMT has been used to quantify the density-dependent homod-
imerization of the C-X-C motif chemokine receptor 4 (CXCR4), a class A GPCR (4).
Indeed, the biology of CXCR4, a chemokine receptor that regulates cell proliferation,
hematopoiesis, tissue regeneration, and tumorigenesis, has been studied quite heavily.
CXCR4 is overexpressed in 23 cancers and has been investigated in clinical trials for heme
malignancies and solid tumors, such as breast and lung cancers (5-10).

In recent years, many studies have investigated CXCR4 oligomerization (4, 11-15). Like
other chemokine receptors, CXCR4 can form homodimers (14), trimers (16), and higher-order
complexes (17). CXCR4 was also shown to heterodimerize with various chemokine receptors
including CCR2 (11), CCRS5 (18, 19), CXCR3 (20), CXCR7 (or ACKR3) (21), as well as
with other class A GPCRs such as the cannabinoid receptor 2 (CB2R) (22). The physical
interactions between receptors within multimeric complexes are thought to have functional
relevance in the activation of signaling pathways downstream of GPCRs (23, 24).

The toolset for the characterization of multimerization has evolved from bulk static
measurements, such as immunoprecipitation methods and fluorescence/bioluminescence
resonance energy transfer (FRET/BRET) based assays, to lower throughput but more
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precise methods that can detect individual multimers and their
dynamic behavior on the living cell surface. FRET or BRET assays
are widely used to study protein—protein interactions in living
cells and are scalable for screening purposes. However, they cannot
precisely quantify receptor density, diffusion, and multimeric state
parameters which are crucially important for understanding
GPCR complexes in their native environment (25, 26). FRET or
BRET assays can also be sensitive to false positives due to random
receptor colocalization and transient collisions that often occur at
higher densities (27).

For more accurate measurements of protein diffusion and
interactions, higher-resolution microscopy-based methods, such
as SMT, FCS, and fluorescence cross-correlation spectroscopy
(FCCS) can be employed. These methods enable detailed char-
acterization of a receptor’s density, diffusion, and oligomeric
state. A time-correlated single-photon counting version of FCCS
called pulsed interleaved excitation (PIE)-FCCS offers the addi-
tional advantage of directly removing cross talk between the two
overlapping fluorescence spectra (28). PIE-FCCS was first used
in live cells to elucidate the nature of EGFR dimerization on the
cell membrane (29). The use of known calibration standards
such as membrane proteins that are known to be monomers,
dimers, and multimers was critical for accurate enumeration of
the composition of protein multimers (30). PIE-FCCS meas-
urements of membrane proteins with an inducible dimerization
motif (FKBP) were used to develop and test a quantitative model
of membrane protein multimerization (31). This approach was
used recently to resolve the dimerization state of several repre-
sentative GPCRs for direct comparison to single-molecule FRET
(32). PIE-FCCS allows for the measurement of receptor mobility
and dimerization at physiologically relevant densities and sam-
pling rates (33). PIE-FCCS is sensitive to stable molecular inter-
actions at concentrations as low as 10 and up to 5,000 molecules/
pum? (33). Notably, SMT requires very low expression levels
(below 1 molecule/um?), well below the expression levels of
chemokine receptors in cancer cells (4). Additionally, PIE-FCCS
acts as a spatiotemporal filter in that it effectively removes large
stationary aggregates and interior organelles from the data anal-
ysis. This sensitivity to freely diffusing proteins helps to eliminate
some of the artifacts that may result in false-positive dimerization
using bulk fluorescence techniques such as BRET and FRET
methods (34, 35).

In this study, we first employed an agnostic approach to CXCR4
heteromer pair detection with bimolecular fluorescence comple-
mentation (BiFC) and found CXCR4-B2AR as a significant inter-
action pair. The p2-adrenergic receptor (B2AR) is a member of
the class A GPCR family. Recent research has demonstrated a
connection between B2ARs and several cancer-related phenotypes,
including cell proliferation (36), apoptosis resistance (37), metas-
tasis (38), and tumor growth (39). On the other hand, current
literature has yet to reach a consensus about the prevalence of
B2AR homodimerization (35, 40-42). CXCR4-f32AR heterodi-
merization in living cells has been reported in the context of myo-
cardial biology using a BRET-based assay on human embryonic
kidney (HEK) cells (41). However, this earlier work did not char-
acterize the physical properties of the receptor homomers and the
CXCR4- B2AR heteromers nor the dependence on the cellular
context. Here, we investigate oligomerization in cancer cells and
the impact on oncogenic behavior.

In order to validate and characterize the CXCR4-p2AR heter-
omers we detected in our BiFC assay, we utilized PIE-FCCS to
probe receptor multimerization in several cell lines: COS-7, Chinese
hamster ovary (CHO) cells, MDA-MB-231, and HCC4006.
COS-7 is a simian fibroblast while CHO cells, along with HEK

20of 8 https://doi.org/10.1073/pnas.2304897121

cells, are the most commonly used cell lines for SMT and FCS/
FCCS studies. MDA-MB-231 and HCC4006 are human breast
and lung cancer cell lines, respectively. We found that while CXCR4
forms mostly homodimers in COS-7 and CHO cells, it
self-associates into small multimers of three to four CXCR4 mol-
ecules in MDA-MB-231 and HCC4006 cells. Interestingly,
whereas the size of the CXCR4 homomultimers is cell line-depend-
ent, p2AR homomultimer size is not. Finally, we found that f2AR
monomers and dimers associate with CXCR4 multimers to form
large protein clusters. This characterization of CXCR4-p2AR mul-
timers in live cancer cells highlights the importance of cellular
context as well as the interplay between receptor structure, agonism/
antagonism, and oligomerization state on downstream signaling
and behavior.

Results

BiFC Reveals CXCR4- $2AR As GPCR Heteromers Pair. CXCR4-
GPCRx heteromers were identified using a BiFC assay (Fig. 14).
First, a library of recombinant adenoviruses encoding 143 GPCRs
fused with N-terminal fragments of yellow fluorescent protein,
Venus (VN), and 147 GPCRs fused with C-terminal fragment
of Venus (VC) was made as described in Song et al. (43). Cells
that expressed CXCR4-VN and GPCRx-VC or CXCR4-VC and
GPCRx-VN would become fluorescent only when the receptors
with complementary VN and VC regions are in close proximity
(44). One notable feature of the BiFC assay is the strong binding
affinity between VN and VC, resulting in self-assembly of the
Venus protein. Although this feature enables the detection of
weak or transient interactions among diverse protein partners, it
could potentially generate false-positive interaction data. Hence,
it is crucial to employ appropriate controls. When CXCR4-VN
was coexpressed with HA-VC or p-opioid receptor (HOR)-VC,
no BiFC signal was observed (Fig. 1B). This was used as the
negative control. In contrast, when CXCR4-VN was coexpressed
with CXCR4-VC, the BiFC signal was observed in the plasma
membrane and in the cytoplasm. This was used as the positive
control. Strong BiFC signal was observed in the plasma membrane
and in the cytoplasm when CXCR4-VN was cotransfected with
ADRB2-VC (Fig. 1B). Cells that showed BiFC fluorescence signal
higher than the background level were counted as BiFC positive
cells, and the BiFC score was calculated. The BiFC screening
approach yielded the following GPCRs as interactors of CXCR4:

ADCYAP1R1, ADORA2B, ADORA3, (2AR (ADRB2),
A B BiFC Merge
CXCR4-VN
m ) & HAVC
a A
111
Mﬂﬂﬂwﬂuu@dﬂuﬂﬂn@m CXCR4-VN
Ve j & CXCR4-VC
CXCR4-VN
VN Venus vC & ADRB2-VC
GPCRA A-B  GPCRB
Heteromer
CXCR4-VN
& OPRM-VC

Fig. 1. (A) Schematic drawing of the bimolecular fluorescence complementation
(BiFC) assay. GPCR A is fused with the N-terminal fragment of yellow fluorescent
protein (YFP) Venus (VN), and GPCR B is fused with the C-terminal fragment of
Venus (VC). When GPCR A and B form a heteromer, the complementary VN
and VC are close enough to form a functional Venus. (B) Fluorescence images
showing the degree of fluorescence, which is indicative of complementation.
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APLNR, C5AR1, CALCR, CCR5, CHRM1, GALR1, EDNRB,
HRH1, LPAR1, MLNR, NTSR1, PTGER2, PTGER3, SSTR2,
and TACR3 (45).

CXCR4 Is a Homomultimer in MDA-MB-231 and HCC4006 Human
Cancer Cell Lines. We further investigated the CXCR4-f2AR
heteromer using a time-resolved fluorescence method, PIE-FCCS,
which allowed us to probe molecular interactions in live cells
(Fig. 2A). First, we determined the degree of homomultimerization
of CXCR4, beginning with COS-7 and MDA-MB-231 cell lines.
CXCR4 was expressed as two constructs with spectrally distinct
fluorescent protein fusions (CXCR4-AcGFP1 and CXCR4-
mCherry). The fluorescence signal was collected from a single
diffraction-limited area focused on the plasma membrane at the
cell periphery, and the data were analyzed to produce auto- and
cross-correlation functions (ACF and CCF). The amplitudes of
the correlation functions were used to calculate the expression
levels of the proteins and the relative cross-correlation (f)), which
is a measure of correlated diffusion and scales with the degree
of interaction between the two constructs (Fig. 2B). To further
characterize the multimerization state, we also calculated the
diffusion coeflicients of the proteins using the decay time of the
ACFs. Diffusion coeflicients are inversely related to the degree
of receptor oligomerization. By comparison to monomer, dimer,
and multimer membrane protein controls (31, 32), we could
determine the oligomerization state of the protein (Fig. 2D).
Precise measurements of f; values and diffusion coefficients have
been calibrated against defined multimerization standards for

A Live Cell B
Laser Focus ég

0.25|

a number of transmembrane proteins in live cell membranes,
including GPCRs. Therefore, the £ values and diffusion coeflicients
provide a reliable and validated measure of membrane protein
multimerization.

The expression levels of each exogenous receptor population were
quantified from the PIE-FCCS data: 1,572 + 452 molecules/um” in
COS-7 cells compared to 983 + 511 molecules/um” in MDA-MB-231
(ST Appendix, Table S1). Three different membrane-anchored FKBP
constructs that can be chemically induced to oligomerize were used
as dimer (1xFKBP), mixed dimer and multimer (2xFKBP), and
multdmer (3xFKBP) controls (Fig. 2G), as described previously (31).
The median f; value for the 1xFPKBP is /= 0.11, for the 2xFPKBP
is f= 0.16, and for the 3xFKBP is £= 0.28 (31). The distribution of

/- values for CXCR4 had a median value of 0.18 (mean £, = 0.22+0.17)
in COS-7 cells, consistent with simple dimerization. In MDA-MB-
231 cells, the distribution of f, values was nearly twice as high
(median £ = 0.31, mean £, = 0.39 + 0.20, Fig. 2D and SI Appendix,
Table S1) indicating the formation of higher-order ohgomers The
average diffusion coefficient of CXCR4 was 0.21 + 0.08 um” s~

COS-7 cells compared to 0.14 + 0.07 um” 5™ in MDA-MB- 231
(Fig. 2E and ST Appendix, Table S1). The diffusion coefficients and
/. values were consistent with a larger CXCR4 complex in MDA-
MB-231 cells compared to simple dimerization in COS-7 cells
(Fig. 2F). From these results, we conclude that CXCR4 is primarily
a dimer in COS-7 cells, while in MDA-MB-231 cells at similarly
high expression levels, CXCR4 is a multimer (oligomers on the order
of trimers and tetramers). We repeated these experiments in CHO
cells, a common cell line for live cell biophysical studies and previously
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Fig. 2. Larger homomultimers of CXCR4 are observed in MDA-MB-231 cancer cells but not in COS-7 cells. (A) Schematic diagram of the PIE-FCCS setup
(B) lllustrative examples of fluorescence intensity auto- and cross-correlation functions obtained from PIE-FCCS. (C) Representative epifluorescence images of
COS7 cells expressing CXCR4 fused to AcGFP1 (Top Left image) and mCherry (Bottom Left image) at the C terminal and their schematic cartoons (Right). (Scale
bars, 10 pm.) (D) Summary of single-cell cross-correlation values (f,) for CXCR4 in COS-7 and MDA-MB-231 cells. The distribution of single-cell f, values is plotted
as well as the box and whisker plots. (E) Average diffusion coefficient of CXCR4 dimers in COS-7 and MDA-MB-231 cells. Error bars are + the SD. (F) Schematic
showing the formation of CXCR4 homomultimers in the COS-7 and MDA-MB-231 membranes. (G) Fractional correlation values of FKBP controls obtained in
COS-7 cells using PIE-FCCS (31). Results show FKBP constructs after treatment with the ligand (AP20187) which stimulates oligomerization of the FKBP proteins.
Each dot indicates the average value of five acquisitions per cell for 10 s. Data are shown as a box-and-whiskers plot, with the box representing the 25th to 75th
percentile and the whiskers representing the highest and lowest values and the line inside the box representing the median value. For (D), (E), and (G), a paired
t test was performed to obtain P values where ****P < 0.01, *P < 0.05, and ns > 0.5.
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used in a CXCR4 homomultimerization study. We found a modest
degree of cross-correlation similar to COS-7 cells (SI Appendix,
Fig. $2). We also repeated the measurements in HCC4006 cells, a
human lung cancer line in which the endogenous expression of
CXCR4 and p2AR is low. We observed larger cross-correlation values
compared to COS-7 and CHO, consistent with multimerization
beyond simple dimerization (87 Appendix, Fig. S2).

P2AR Is a Weak Dimer in All Cell Lines Tested. We next set out
to measure homo-oligomerization of P2AR with PIE-FCCS.
We transiently coexpressed p2AR-AcGFP1 and f2AR-mCherry
(Fi%. 3A4) in each cell line at a density of 878+365 molecules/
um” in COS-7 cells and 932 + 602 molecules/um® in MDA-
MB-231 cells. (8] Appendix, Table S2). B2AR exhibited a modest
degree of cross-correlation in COS-7 and MDA-MB-231 cells
(Fig. 3B). The measured values of £, = 0.13 + 0.11 (median f; =
0.09) in COS-7 cells and £ = 0.11 + 0.14 (median £ = 0.07) in
MDA-MB-231 (Fig. 3C and S/ Appendix, Table S2) indicate that
similar levels of B2AR homodimerization exist in both COS-7 and
MDA-MB-231 cells. We also carried out similar experiments in
CHO and HCC4006 cells, for which a modest degree of cross-
correlation was also observed (median £, = 0.02 for CHO and 0.07
for HCC40006, SI Appendix, Fig. S2 and Table S2). There was no
statistically significant difference between the mobilities of f2AR
in COS-7 cells (0.24 + 0.09 pmz s compared to MDA-MB-231
cells (0.20 + 0.19 pm2 s (Fig. 3D and SI Appendix, Table S2),
also supporting the conclusion that they are in the same monomer/
dimer state in both cell lines.

CXCR4and $2AR Assemble into Cell Line-Dependent Heterodimers.
To ensure that the endogenous receptors did not interfere with the
PIE-FCCS measurements, we generated a stable CXCR4/ f2AR
double knockout (DKO) MDA-MB-231 mutants using CRISPR/
Cas9. Orthogonal detection of protein expression via flow cytometry
confirmed that both CXCR4 and B2AR genes were knocked out
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Fig. 3. Fractional correlation of p2AR shows weak homomultimerization in
MDA-MB-231 and COS-7 cells. (A) Representative epifluorescence images of
COS-7 cells expressing p2AR fused to AcGFP1 (Top Left image) and mCherry
(Bottom Left image) at the C terminus and their schematic cartoons (Right).
(Scale bars, 10 pm.) (B) Schematic showing the formation of B2AR homodimers
in the COS-7 and MDA-MB-231 membranes. (C) Summary of single-cell cross-
correlation values (f,) for B2AR in COS-7 and MDA-MB-231 cells. The distribution
of the f. value of each individual cell was plotted, and the description of the
plot is similar as in Fig. 1E. (D) Average diffusion coefficient of B2AR dimers in
um? of membrane area per second in COS-7 and MDA-MB-231 cells expressed
as mean + SD.
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Fig. 4. P2AR associates with CXCR4 multimers in MDA-MB-231 cells.
(A) Fluorescence image of CXCR4-AcGFP1 and p2AR-mCherry expressed in DKO
MDA-MB-231 cells (scale bars are 10 um). (B) Summary of single-cell cross-
correlation values (f,) for CXCR4 and 2AR heteromultimers in COS-7 and DKO
MDA-MB-231 cells. The distribution of single-cell f, values was plotted, and the
description of the plot is similar as in Fig. 1E. (C) Average diffusion coefficient of
CXCR4 in COS-7 and DKO MDA-MB-231 cells. (D) Average diffusion coefficient
of 2AR dimers in COS-7 and DKO MDA-MB-231 cells. (E) Schematic showing
the formation of CXCR4 and B2AR heteromultimers in COS-7 and DKO MDA-
MB-231 cells.

with no surface expression of either protein (S Appendix, Fig. S1A).
For comparison, we transiently transfected DKO MDA-MB-231
with CXCR4-AcGFP1 and f2AR-mCherry plasmids at the same
levels as for the PIE-FCCS experiments and observed a significant
increase in surface expression by flow cytometry (SI Appendix,
Fig. S1B). From the PIE-FCCS experiments, we quantified the
expression levels of CXCR4 and P2AR in measured cells to be at
a total density of 1,123 + 885 molecules/um” and 1,686 + 325
molecules/um” in both COS-7 and DKO MDA-MB-231 cells,
respectively (SI Appendix, Table S3).

PIE-FCCS measurements were collected on COS-7 cells express-
ing CXCR4-AcGFP1 and P2AR-mCherry. The median cross-
correlation value was /. = 0.02 (mean /. = 0.02 + 0.08, Fig. 4B and
SI Appendix, Table S3), well below the f; value for the 1xFPKB cali-
bration standard (31). This suggests that there was no significant
heterodimerization between the receptors in this cell line. PIE-FCCS
measurements were then collected for DKO MDA-MB-231 cells
expressing CXCR4-AcGFP1 and P2AR-mCherry, for which the
cross-correlation values were significantly larger with a median f =
0.12 (.= 0.20 + 0.22, Fig. 4B and SI Appendix, Table S3). Diffusion
coeflicient values also reflect the disparity in the degree of heteromer-
ization in the different cellular contexts of COS-7 and MDA-MB-231.
In COS-7 cells, the diffusion coefficients were similar to those in the
homodimerization measurements for CXCR4 (0.22 +0.11 pmz s
and B2AR (0.23 + 0.19 pmz s (Fig. 4 Cand D and SI Appendix,
Table S3). In contrast, in DKO MDA-MB-231 cells, the average
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diffusion coefficient of CXCR4 was 0.14 + 0.13 um”s™', consistent
with the higher homomultimerization levels reported above.
Interestingly, the diffusion coefficient of P2AR in the DKO
MDA-MB-231 cells was slightly lower (0.19  0.15 um*s™") com-
pared to the COS-7 cells (Fig. 4D), in contrast to the f2AR homod-
imerization measurements for which the diffusion coefficients were
statistically indistinguishable. These results support the interpreta-
tion that B2AR associates with CXCR4 multimers in this cancer
cell line. Similar measurements were performed in CHO and
HCC4006 cells in which we saw significantly higher cross-correlation
in human lung cancer cells (HCC4006) compared to CHO and
COS-7 (SI Appendix, Fig. S3). Altogether, we interpret these results
as P2AR monomers associating with CXCR4 multimers in the
cancer cell lines as illustrated in Fig. 4E.

Ligand-Dependent Heterodimerization of CXCR4 and f32AR.
Given the role of ligand binding in receptor behavior, we next
examined whether CXCR4 and P2AR ligands would affect
heteromultimerization between the two receptors. We coexpressed
CXCR4-AcGFP1 and p2AR-mCherry in DKO MDA-MB-231 at
similar levels as above and incubated the cells for 20 min with 0.1
uM CXCL12 or 5 uM epinephrine, the natural ligands of CXCR4
and B2AR, respectively (Fig. 5A4). PIE-FCCS measurements were
carried out in live cells before adding ligand and after the 20-
min incubation time. The cells treated with CXCL12 showed no
statistically significant change in their cross-correlation values with
amedian = 0.12 (mean £ = 0.12 + 0.07) prior to treatment and
amedian £ = 0.14 (mean f, = 0.14 + 0.08) after treatment (Fig. 5B
and SI Appendix, Table S4). These results indicate that there was
no significant change in the degree of heteromerization upon
CXCL12 binding. The cells treated with epinephrine showed a
substantial increase in the degree of cross-correlation with a median
f;=0.19 compared to f. = 0.12 in the untreated cells (Fig. 5B).
These results suggest that epinephrine significantly increased
the degree of multimerization between CXCR4 and P2AR in
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Fig. 5. CXCR4 and B2AR heteromultimerization is dependent on CXCL12
and epinephrine treatment in MDA-MB-231 cells. (A) Schematic of CXCR4
and B2AR fused to AcGFP1 and mCherry and their corresponding natural
ligand. (B) Summary of single-cell cross-correlation values (f,) for CXCR4
and B2AR heteromultimerization with (+) or without (=) ligand stimulation
in the membranes of MDA-MB-231 cells. The distribution of f. value of each
individual cell was plotted, and the description of the plot is similar as in
Fig. 1E. (C) Schematic showing the increased formation of CXCR4 and $2AR
heteromultimers in MDA-MB-231 membranes after epinephrine treatment.
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the DKO MDA-MB-231 cells. The combined administration
of CXCL12 and epinephrine also enhances multimerization
between CXCR4 and B2AR (Fig. 5B). Treatment with CXCR4
and P2AR antagonists, GPC-100 and propranolol, prior to
adding CXCL12 and epinephrine abrogated the ligand-induced
increase in multimerization (Fig. 5B). Independent of the degree
of multimerization, the concomitant addition of ligands also
induced visible puncta that were notably absent in the presence
of the antagonists (S Appendix, Fig. S5).

The diffusion coeflicients for both CXCR4 and f2AR were only
slightly reduced after addition of CXCL12 (SI Appendix, Table S3).
Addition of epinephrine reduced the mobility of CXCR4 and
B2AR by an even larger amount (about 30%), indicating a relative
increase in multimerization compared to CXCL12 addition. When
both CXCL12 and epinephrine were added, we observed a signif-
icant reduction of the diffusion coeflicients (SIAppendix,
Table S3). These results support the conclusion that CXCR4-p2AR
interactions have a direct dependence on the ligand-binding state
of f2AR.

The functional consequence of the CXCR4- f2AR heteromeri-
zation was observed as a synergistic effect on cell signaling when their
respective ligands were added in combination to MDA-MB-231
cancer cells (8] Appendix, Fig. S6). Although the degree of heter-
omerization with the addition of epinephrine alone is similar to
when both ligands are added, amplification of calcium flux and
NFAT signaling occurred only when both ligands were present
(SI Appendix, Fig. S6). The ligands also induce higher mRNA expres-
sion of IL-8 and PTGS2, whose overexpression has been found to
be protumorigenic (SI Appendix, Fig. S7) (46-48). Addition of
CXCR4 and B2AR antagonists reverse the effect of the ligands
(81 Appendix, Fig. S7) as reported by our lab previously (49).

Discussion and Conclusions

Several GPCR heterodimers are currently under investigation for
disease therapeutics (8, 9). However, no GPCR heteromer-
targeting drug has been FDA approved. In this study, we applied
a BiFC technology to perform an agnostic screen for GPCR het-
eromers in cancer cells. We then used a high information content
method, PIE-FCCS, to validate and resolve the nature of these
multimeric interactions for CXCR4 and f2AR. Although the role
of CXCR4 in cancer is widely reported, it is intriguing to find
that it interacts with f2AR, an important protein in stress response.
In the results above, we observe that the addition of the f2AR
ligand, epinephrine, alone can induce CXCR4 and f2AR heter-
omerization on the same scale as when both ligands are added.
However, the synergistic effect of CXCR4 and f2AR dual target-
ing on signaling occurs only when both ligands are added. Along
with our results on receptor antagonism, our data provide evidence
that there is a complicated interplay between receptor structure,
oligomerization, and signaling for GPCRs that has been previously
underappreciated. A previous study has mapped out the residues
and folded structures responsible for the different stages of CXCR4
Ca*" flux upon CXCL12 binding (50). Our findings highlight the
need to apply similar studies to heteromeric structures to fully
resolve the atomic-scale structure and dynamics of GPCRs in
different heteromultimeric states and the functional consequences
of heteromerization.

PIE-FCCS measurements of these receptors at physiologically
relevant densities of 10 to 2,000 molecules/um® shed light on how
different GPCRs can oligomerize on a live cell membrane. In the
noncancer cell lines COS-7 and CHO cells, we find that CXCR4
exists as dimers on the membrane. This is consistent with a previous
study wherein CXCR4 was identified to be in a monomer-dimer
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equilibrium in CHO cells at densities ranging from <1 to ~100
molecules/um” (4). Unexpectedly, we observed that CXCR4 assem-
bles into multimeric complexes in the cancer cell lines MDA-MB-231
and HCC4006 cells. This suggests that different cellular environ-
ments can strongly affect the receptor oligomerization state. The
extent to which this occurs is likely receptor-dependent, given that
B2AR homodimerization did not differ in the different cellular con-
texts. The differential propensity of GPCRs to cluster in different
cell lines suggests the need to determine whether the differences are
attributable to lipid composition, the membrane protein milieu, or
other cellular properties.

The PIE-FCCS results we reported here reveal a more compli-
cated interaction scheme than a simple monomer-dimer equilib-
rium for CXCR4 and P2AR. Taking into consideration the
observation of CXCR4 homomultimerization and weak p2AR
homodimerization, we conclude that the heteromeric clusters are
composed of one f2AR and several CXCR4 receptors. The inter-
action is weaker in the noncancer cell lines CHO and COS-7
cells, but significant in the cancer cell lines, MDA-MB-231 and
HCC4006. We also report here that epinephrine increases the
CXCR4- B2AR heteromerization. Correspondingly, it is possible
that antagonizing this interaction could decrease the heteromer-
ization and may have a therapeutic effect (51).

Materials and Methods

BiFC Assay. U-2 OS cells plated in 96-well plates are transduced with 30 MOI
each of adenoviruses encoding CXCR4-VN and GPCRx-VC or CXCR4-VC and
GPCRx-VN and incubated for 2 d to allow for protein expression. The plates were
imaged with fluorescence microscopy to detect the nucleus with Hoechst 33342
and BiFCsignal using an IN Cell Analyzer 1000.The fluorescence intensity per cell,
as delineated by the Hoechst signal, was measured from the imagers. Cells with
fluorescence intensities higher than the background level were considered BiFC-
positive cells. Dead cells that showed extremely high intensities were excluded
from the cell count. Positive cells were determined, and the positive cell count
ratio ("BiFC score") was calculated as the number of positive cells divided by the
total number of cells (100x).

Plasmid Construction. The fluorescent protein fusion constructs were generated
by connecting AcGFP1 or mCherry to the C terminus of full-length human CXCR4
(NCBI'ID: AA36716.1) or human ADRB2 (NCBI ID: NP_000015.2) with a serine/
glycine-rich linkerinserted in between. A Kozak consensus sequence was added by
inserting ACC at position —3 and G at position +4 from the starting codon. CXCR4-
AcGFP1, CXCR4-mCherry, ADRB2-AcGFP1, and ADRB2-mCherry constructs were
synthesized (GenScript, USA; SI Appendix, Table $2) and subcloned into EcoRI/
Hindlll restriction sites in the multicloning site of pcDNA3.1(-) vectors (Invitrogen),
and correctinsertions were confirmed by Sanger sequencing. FKBP oligomer con-
trols were based on the FK506-binding protein, as previously described (31), The
constructs were transiently expressed in COS-7 cells after which the dimerizing
agent (AP20187) was added, and after 20 min, PIE-FCCS were collected.

Generation of Stable CXCR4/ADRB2 Double Knockout Cell Lines. A group
of ss-Oligos (S Appendix, Table S3) was used to edit CXCR4 and ADRB2 genes in
Wild-Type MDA-MB-231 cells. Specifically, asymmetrical single-stranded oligos
were designed to introduce an in-frame premature stop codon and phospho-
rothioate modifications were included near the 5" and 3’ ends of the oligos.
Single-stranded DNA oligos CXCR4.1-sso and ADRB2.1-sso were designed
against the sense strand to promote gene knockout (AAG > TAG) edit, CXCR4.2-
ss0 and ADRB2.2-sso were designed against the antisense strand (TGG > TAG)
edit, whereas CXCR4.3-sso and ADRB2.3-ss0 oligos were designed against the
sense strand (TTC > TAG) edit. CRISPR IVT gRNAs were designed using GeneArt™
Precision gRNA Synthesis Kit and the DNA oligos were synthesized based on the
gRNA designs. DNA oligos were amplified with PCR to generate DNA templates
which were used in IVT reactions to synthesize gRNAs. The gRNAs were purified
using MEGAclear™ Transcription Clean-Up Kit and had the following sequences:
CXCRA.1 (GAAGCATGACGGACAAGTAC), CXCR4.2 (ACGGCATCAACTGCCCAGAA),
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CXCR4.3 (GTAGCGGTCCAGACTGATGA), ADRB2.1 (CAGACGCTCGAACTTGGCAA),
ADRB2.2 (CGGTACCAGTGCATCTGAAT), ADRB2.3 (AAGAATATGGGCGGCCCCAA).
These ss-Oligos were cotransfected with Cas9 nuclease and IVT gRNA (as RNP
complex)in WTMDA-MB-231 to yield CXCR4 and ADRB2 gene knockouts For each
electroporation, 1.5 x 10° cells were transfected with 250 ng of VT gRNA, 1 ug
of TrueCut™ Cas9 V2, and 1 L of 10 uM ss-Oligo using the Neon® Transfection
System with 1,400v/10 ms/4 pulses. 4 x of each transfection was added to wells
of a 6-well tissue culture plate already containing 2 mL of prewarmed DMEM
(Dulbecco's modified Eagle medium). After 3 d posttransfection, cells were har-
vested and processed for Next Generation Sequencing to confirm KOs. To generate
double knockout cells (DKOs), ADRB2.2 stable pool was transfected with CXCR4.2
IVT gRNA. Single growing colonies were scored using CloneSelect™ imager. The
four selected clones were expanded, and QC tested with flow cytometry to meas-
ure the functional knockout of CXCR4 and ADRB2 genes (Sl Appendix, Fig. S1).

Mammalian Cell Culture. WT MDA-MB-231 (ATCC HTB-26), COS-7 (ATCC
CRL-1651), and HEK293 (Invitrogen) cells were maintained in DMEM (ATCC
30-2002) supplemented with 10% FBS (Gibco), 1% L-glutamine (Corning),
and 1% penicillin/streptomycin (Corning) and incubated at 37 °C in 5% CO2.
U-937 (Korean Cell Line Bank 21593.1) and MM.1S (ATCC CRL-2974) cells were
maintained in RPMI (Gibco), and U-2 OS cells (ATCC HTB-96) were maintained
in McCoy's 5A medium supplemented with 10% FBS (Gibco) and 1% penicillin/
streptomycin (Gibco).

Sample Preparation for PIE-FCCS. MDA-MB-231 (WT and DKO) and COS-7
cells were dissociated, resuspended in DMEM, and reseeded at 0.3 x 10° cells
in 35 mm MatTek plates for transfection. Lipofectamine 2000 (Invitrogen) and
lipofectamine 3000 (Invitrogen) were used to transfect COS-7 and MDA-MB-231,
respectively. PIE-FCCS measurements were taken after 24 h of transfection.

PIE-FCCS Instrument Setup and Alignment. PIE-FCCS measurements were
performed as previously described (34). Briefly, the custom-built Nikon confocal
microscope (Eclipse Ti, Nikon Instruments) uses a 50 ns pulsed continuum white
laser source (SuperK Extreme, NKT Photonics) that goes through a beam splitter
(Spectrak Split, NKT Photonics) to split the beam into two wavelengths, 488 nm
and 561 nm. These two lasers are directed through individual optical fibers of
15 m difference in length to induce a delay in arrival time relative to each other
allowing for the pulsed interleaved excitation and the elimination of spectral
cross talk between the detectors. The two lasers were aligned before entering
the microscope through a dichroic beam splitter (LM01-503-25, Semrock) and
a filter cube (zt488/561rpc, zet488/561 m, Chroma Technology). A 100x TIRF
oil objective (Nikon) was used for the excitation laser focus and emitted fluores-
cence collection. The two excitation beams were microadjusted to ensure that
they both illuminate the same spot of the flat, peripheral membrane area of
the cell where the space between the apical and basal membranes is within
a few hundred nanometers. Thus, providing a dual color excitation of AcGFP1
and mCherry-tagged receptors in the excited membrane area and avoiding the
inclusion of fluorescence from cytosolic fluorescent proteins. Ashort fluorescently
tagged DNA oligonucleotide (41 base pairs), with a TAMARA dye on the 5’ end
and a 6-FAM dye on the 3’ end, was used to verify the alignment of the system,
including the confocal volume overlap. Laser powers were set to 400 nW for
488 nm beam and 700 nW for 561 nm beam using an energy meter (Thorlabs).
The two beams were overlapped and focused to the back of the microscope and
through the objective to a diffraction-limited spot on a peripheral membrane
area of the cell. The respective green and red emitted photons were detected
using a home-built confocal detection unit with a 50 um confocal pinhole and
dichroic beam splitter (LM01-503-25, Semrock). The two signals were bandpass
filtered (91032, Chroma Technology Corp.) and then separately focused on to
single-photon avalanche photodiodes (Micro Photon Devices). The signals were
recorded using two channel time-correlated single-photon counting modules
(PicoHarp 300, PicoQuant).

PIE-FCCS Data Collection and Analysis. Samples (COS-7, CHO, and MDA-
MB-231 cells) on MatTek plates were placed on the stage housed in a 37 °C stage
incubator. The cells were observed using epifluorescence mode for AcGFP1 and
mCherry channels. For each single cell selected for measurement, the 488 nm and
561 nm lasers were focused on the peripheral of the cell, and the time-tagged
time-resolved data (TTTR) were collected using PicoHarp 300 software. Atotal of six
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acquisitions were collected on one spot for 10 s each. Data were binned at 700 ms.
Time gating for channel A(red) was set at 2,350 and 3,100 as the lower and upper
bounds and was set at 1 and 600 as the lower and upper bounds for channel B
(green).A(red autocorrelation), B (green autocorrelation), and X (cross-correlation)
functions were then applied to data, generating curves for each individual acquisi-
tion, for a total of six sets of curves for each cell and are described below.

(86F(t) - Rt + 7))

Gi(T) = 2
(6F ()

(1]

Autocorrelation function applied for fluorescence signal in green and red
channels, §F;(t) represents fluctuations in fluorescence. These fluctuations are
correlated to a lag time = Angled brackets represent binned data. This equation
is then expanded to generate the cross-correlation curve as shown in Eq. 2

(8Fp(t) - 6F;(t + 1))

G =" 7
K = R0y - (OF.0)

(2]

Individual curves were then averaged and fitted to a two-dimensional diffusion
model with triplet-blinking using a nonlinear least squares model as shown in
Eq.3.
(1= F—Fe=*/="T) 1

(1 - F) (’] + L)I

D

G(r) = G(0) [3]

where Fis the triplet state fraction, z, is the triple state lag time, 7, is the dwell
time, and G(0)is the correlation function amplitude that s inverse to the average
diffusing species population.

After correlation curves have been fit, initial correlation function amplitudes
are used to calculate the fraction of correlated proteins () as shown blow.

G,(0)

= 4
© max(Gg(0), Gy(0)) [4]
where G(0), Gg(0), and G, (Oyrepresent the initial correlation function values
for green autocorrelation functions, red autocorrelation functions, and cross-
correlation functions, respectively.

Flow Cytometry. MDA-MB-231 (WT and DKO) and COS-7 cells either endog-
enous or transiently transfected with CXCR4-AcGFP1, CXCR4-mCherry, B2AR-
AcGFP1, or p2AR-mCherry were seeded at 5 x 10° cells/well in six-well plates
until they reached confluency. Cells were then washed once with 1x PBS, incu-
bated with cell dissociation buffer (Accutase, Invitrogen, 00-4555-56) for 2 min
at 37 °C, and then washed thrice with ice-cold PBS with 2% FBS. Cells were incu-
bated in the dark for 30 min with gentle rotation in ice-cold PBS (with 2% FBS)
containing the following conjugated-primary antibodies: APC anti-human CXCR4
(BioLegend, 306510), Alexa488 anti-B,-AR (R&D Systems 586107), and isotype
controls APCanti-mouse 1gG2a, k (BioLegend, 400222), Alexa488 normal mouse
lgG, (Santa Cruz, sc-3890). Cells were then washed three times and suspended in
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ice-cold PBS containing 2% FBS for final flow cytometric analysis. Flow cytometry
was performed using BD Accuri C6 Plus flow cytometer (BD Biosciences) and BD
Accuri C6 Plus software (1/2016) for data acquisition. Alexa Flour 488 was excited
using a 488 nm laser, filtered through 533/30 nm, and detected with FL1. APC
was excited using a 640 nm laser, filtered through 675/25 nm, and detected
with FL4. Gating for background was determined using unlabeled cells. Data
analysis was performed using FlowJo software (v10.8; Becton, Dickinson, & Co.).

Calcium Flux Assay. MDA-MB-231 cells, stably expressing CXCR4 and $2AR
through lentiviral transduction, were plated at 4 x 10* cells/well in a 96-well
black clear-bottom microplate. The following day, cells were stained with Cal-520
AM (AAT Bioquest) for 2 h at 37 °C, and intracellular calcium mobilization was
measured using a Flexstation 3 microplate reader (Molecular Devices).

NFAT-Luciferase Reporter Assay. MDA-MB-231 cells, stably expressing
CXCR4 and B2AR through lentiviral transduction, were plated at 2 x 10* cells/
wellin a 96-well white-bottom plate and transduced with adenoviruses encod-
ing NFAT-RE-/uc2P reporter (Promega). After incubation for 2 d, the cells were
treated with agonists for 6 h at 37 °C. Luciferase activity was quantified using
Steady-Glo reagent (Promega) with Varioskan LUX microplate reader (Thermo
Fisher Scientific).

IL-8 and PTGS2 qRT-PCR. MDA-MB-231 cells were culture in serum starved
overnight (16 h) and applied to pretreatment with 10 uM of AMD3100 (anti-
CXCR4)and ICI-118,551 (anti- B2AR) as indicated before treatment of CXCL12
and epinephrine respectively. After 6 h incubation of CXCL12 and epinephrine,
the cells were harvested, and mRNA levels of IL-8 and PTGS2(COX2) were detected
by qRT-PCR. The values were normalized to B-actin mRNA levels. The error bars
represent the means = SD from three independent experiments.

statistical Analysis. All data presented in figures and S| Appendix, Figs. S1-S7 are
mean * SEM of at least three independent experiments unless stated differently
inthe figure legends. PIE-FCCS data were analyzed using MATLAB (MathWorks)
and Excel spreadsheet. Fluorescentimages were analyzed using ImageJ (NIH).
Statistical analyses were performed using GraphPad Prism (GraphPad Software).
P-values were determined using the paired ¢ test where ****P < 0.01 is highly
significant, *P < 0.05 is significant, and ns is not significant.

Data, Materials, and Software Availability. Previously published data were
used for this work (The data in Fig. 2G were previously published in ref. 31). All
other data are included in the manuscript and/or S Appendix.
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