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Abstract

CXCRS is a serpentine receptor implicated in cell migration in lymphocytes and differentiation in leukocytes. It causes MAPK
pathway activation and has known membrane partners for signaling. CXCR5 mRNA is reportedly expressed in neutrophils
following isolation, but its role in this cellular context is unknown. CXCRS is also expressed in HL-60 cells, a human acute
myeloid leukemia line, following treatment with all-frans retinoic acid, which induces differentiation toward a neutrophil-like
state. CXCRS is necessary for this process; differentiation was crippled in CXCRS5 knockout cells and enhanced in cells
ectopically expressing it. Since CXCRS has various membrane protein partners, we investigated whether CXCR5-driven all-
trans retinoic acid-induced differentiation depends on its association with such partners. Pursuing this, we generated HL-60 cells
overexpressing the protein. We found that CXCRS drove migration toward its ligand, CXCL13, and probed for interactions with
several candidates using flow cytometry-based Forster resonance energy transfer. Surprisingly, we did not detect interactions with
any candidates, including three reported in other cellular contexts. Additionally, we observed no significant changes in all-trans
retinoic acid-induced differentiation; this may be due to the stoichiometry of CXCRS and partner receptors or CXCL13. The
anticipated membrane partnerings were surprisingly apparently unnecessary for downstream CXCRS signaling and all-trans

retinoic acid-induced differentiation.
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Introduction

CXCRS was originally discovered as Burkitt’s lymphoma re-
ceptor 1 (BLR1), in a subtractive hybridization screen of
Epstein-Barr virus-immortalized B cells subtracted from met-
astatic Burkitt’s lymphoma cells to find determinants of the
metastatic phenotype (Dobner et al. 1992). It was also later
found by differential display to also be differentially expressed
in myeloid series cells as a function of differentiation (Battle et
al. 2000). CXCRS5 is a 7-pass putative heterotrimeric G-
protein-coupled receptor capable of instigating mitogen-
activated protein kinase (MAPK) pathway signaling (Dobner
et al. 1992; Forster et al. 1996; Battle et al. 2000).
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In lymphocytes, CXCRS is essential for naive B cell mi-
gration to follicles in lymph nodes and the spleen, where its
ligand, CXCL13, is produced by stromal cells residing in
these locations (Forster et al. 1996; Legler et al. 1998; Suto
et al. 2009; Bénézech et al. 2015). In addition to B cells,
CXCRS is also highly expressed on T follicular helper cells
(Breitfeld et al. 2000; Schaerli et al. 2000). One possible ex-
planation for these expression patterns is that CXCL13 helps
to divide the B cell and T cell zones in the lymph nodes; the T
follicular helper cells may interact with follicular B cells to
activate them and form germinal centers (Ansel et al. 2000;
Kim et al. 2004; Moser 2015).

In myeloid series cells, CXCRS mRNA expression has
been detected in neutrophils following isolation and incuba-
tion for 3 h at 37°C, though the consequences of expression of
the protein was unclear (Patel et al. 2001). It is potentially
noteworthy that expression of CXCL13 is upregulated follow-
ing a number of infections, such as with Borrelia garinii,
Chlamydia trachomatis, and Helicobacter pylori (Rupprecht
et al. 2007; King et al. 2009; Nakashima et al. 2011).
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Additionally, CXCRS is upregulated in HL-60 cells during
all-trans retinoic acid (RA)-induced differentiation to
neutrophil-like cells (Breitman et al. 1980; Battle et al.
2000). Hence, in myeloid cells, it has potential roles in re-
sponse to infection and cell differentiation.

The HL-60 cell line, a human acute myeloid leukemia
(AML) line, has been used as a model for all-trans retinoic acid
(RA)-induced differentiation for several decades. The proteins
and signaling pathways driving RA-induced differentiation,
however, remain enigmatic. A previous report demonstrated
that CXCRS is necessary for the process, as bi-allelic knockout
cripples differentiation (Wang and Yen 2008). Reports have
also shown that ectopic expression of CXCRS can enhance
RA-induced differentiation, evidenced by increased activation
of the MAPK signaling axis members c-Raf, MEK, and ERK;
enhancement of G1/G cell cycle arrest; enhancement of the
phenotypic marker of differentiation, CD11b; and enhancement
of the functional marker of differentiation, inducible oxidative
metabolism (Battle et al. 2000; Wang and Yen 2004, 2008).

Mechanistic details concerning signaling via CXCRS re-
main unclear. Activation of CXCRS by CXCL13 is character-
ized by chemotaxis toward CXCL13, a transient increase in
intracellular calcium, and ERK signaling (Miiller and Lipp
2001). The steps directly linking CXCRS to the generation
of a MAPK signal, however, are unknown. In the context of
several prostate cancer cell lines, CXCRS5 has been shown to
co-immunoprecipitate with CXCR4 as well as Gyiz, G115
Gui3, G, and G, (El-Haibi et al. 2013). CXCRS has also
been shown to homodimerize and to heterodimerize with
EBI2 in HEK293T cells co-transfected to express the proteins
(Barroso et al. 2012). The limited data thus suggest that
CXCRS might be following classical receptor activation par-
adigms regarding membrane and cytosolic partnering events.

We sought to fill in gaps in understanding of CXCRS sig-
naling by searching for interaction partners following the clas-
sical premise that receptor dimerization can be seminal to
activation and signaling. We generated HL-60 transfectants
overexpressing CXCR5 (CXCR5™) and found that the protein
was active, evidenced by chemotaxis toward CXCL13. We
then proceeded to probe for several candidate interaction part-
ners found on the cell surface as well as two found in the
cytosol. These interactions were probed using a previously
established and validated flow cytometry-based Forster reso-
nance energy transfer (FRET) method (MacDonald et al.
2017). Our membrane protein candidates were CD11b,
CD38, CXCR4, CXCRS5 itself, and EBI2. CD11b and CD38
are both cell surface markers that are upregulated during RA-
induced differentiation (Hickstein et al. 1989; Kontani et al.
1993). CD38, while not necessary for RA-induced differenti-
ation, enhances the process when overexpressed (Lamkin et
al. 2006; MacDonald et al. 2017). CXCR4, CXCRS5, and
EBI2 were intended to be controls, as these interactions were
previously reported in different cellular contexts (Barroso et

al. 2012; El-Haibi et al. 2013). Our two cytosolic candidates,
¢-Cbl and Lyn, have both been shown to play important roles
in RA-induced differentiation (Shen and Yen 2008; Congleton
et al. 2012). Surprisingly, we were unable to detect interac-
tions between CXCRS5 and any of our candidates, including
the three previously reported interactions found in different
cellular contexts (Barroso et al. 2012; El-Haibi et al. 2013).
Unlike previous reports, the CXCR5" cells did not exhibit
enhanced RA-induced differentiation or associated signaling,
suggesting a stoichiometric dependence between CXCRS5 and
CXCL13 or interaction partners. We did not detect CXCRS
receptor interactions with other membrane partners amongst
our ensemble of putative candidates that might contribute to
receptor dimerization-mediated signaling in HL-60 cells.
Having eliminated dimerization with various candidates as a
modality for CXCR5-driven signaling, additional studies to
elucidate the important role of CXCRS in RA-induced differ-
entiation and its potential role in neutrophil function are
needed.

Materials and Methods

Cell culture HL-60 human myeloblastic leukemia cells, a gen-
erous gift of Dr. Robert Gallagher, were derived from the
original patient isolates and maintained as previously de-
scribed (MacDonald et al. 2017). The line was certified and
tested for mycoplasma (Bio-Synthesis, Lewisville, TX) in
August 2017. Raji cells were a kind gift of Dr. Kristi
Richards and were maintained in RPMI 1640 supplemented
with 10% heat-inactivated FBS (GE Healthcare, Chicago, IL)
and 1% antibiotic/antimycotic (Thermo Fisher Scientific,
Waltham, MA). HL-60 cells transfected to overexpress
CXCRS5 (CXCR5") were maintained as HL-60 cells following
selection described in the “Generation of stable transfectants™
section. RA was used at a final concentration of 1 uM in
keeping with established literature (Breitman et al. 1980).

Antibodies and reagents Reagents, unless otherwise speci-
fied, were purchased from commercial suppliers in the highest
purity available and used as supplied. PE-conjugated CD38,
APC-conjugated CD11b, purified CD38, purified CD11b,
CXCR4, and c-Raf antibodies were purchased from Becton
Dickinson (Franklin Lakes, NJ). Alexa Fluor 488-conjugated
CXCRS, purified CXCRS, and EBI2 antibodies were pur-
chased from BioLegend (San Diego, CA). Lyn antibody was
purchased from Abcam (Cambridge, UK). c-Raf pS621 anti-
body was purchased from Sigma (St. Louis, MO). ¢c-Cbl anti-
body was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Total MEK1/2, phospho-MEK1/2 (S217/S221),
total ERK1/2, phospho-ERK1/2 (T202/T404), and GAPDH
antibodies were purchased from Cell Signaling Technologies
(Danvers, MA).
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Generation of stable transfectants Human CXCRS5 cDNA
(NCBI reference sequence NM_001716.4), originally obtain-
ed from Genecopoeia (Rockville, MD) in the EX-A1294-M55
vector, was cloned into pEF1a-IRES-Neo, a gift from Thomas
Zwaka (plasmid no. 28019 from Addgene, Cambridge, MA).
CXCRS5 was mobilized by PCR using PCR Supermix High
Fidelity (Invitrogen, Carlsbad, CA) on a PTC-100
thermocycler (MJ Research, Waltham, MA). Primers to add
N-terminal Nhel and C-terminal Not restriction sites were
purchased from Integrated DNA Technologies (Coralville,
IA) (Nhel: 5'-TATGCCTAGCATGAACTACCCGCTAA
CGCTG-3’, Notl: 5'-TATAGCGGCCGCCTAGAACG
TGGTGAGAGAGGT-3"). The product was purified using a
PureLink PCR Purification Kit (Invitrogen) following the
manufacturer’s protocol. Nkel and Nofl were purchased from
New England Biolabs (NEB) (Ipswich, MA) and used accord-
ing to the manufacturer’s protocol to digest the purified PCR
product and pEF 1a-IRES-Neo. The cut insert and vector were
then ligated using T4 DNA ligase (NEB), amplified in One
Shot Topl10 competent cells (Thermo Fisher Scientific,
Waltham, MA), and purified using QIAprep Miniprep kits
(Qiagen, Hilden, Germany), all according to manufacturer’s
instructions. Purified plasmid was sequenced to confirm ap-
propriate CXCR) insertion.

To generate CXCR5™, stable HL-60 transfectants over-
expressing CXCRS, transfection was performed as previ-
ously described (Congleton et al. 2012). CXCR5" cells
were selected for 2 weeks in RPMI 1640 supplemented
with 10% heat-inactivated fetal bovine serum and 1 mg/
mL G418. CXCR5" cells were then purified via FACS
using a Becton Dickinson FACS Aria III SORP (Becton
Dickinson, Franklin Lakes, NJ) following immunostain-
ing with an Alexa Fluor 488-conjugated anti-CXCRS5 an-
tibody (BioLegend, San Diego, CA) as previously de-
scribed for CD11b (MacDonald et al. 2017). Gating for
sorting was set to include cells with fluorescence levels
equal to or greater than the top 1% of stained wild-type
HL-60 cells in the appropriate channel. Gating was set to
exclude doublets and autofluorescent cells by excluding
cells that did not have roughly 1:1 values along a forward
scatter area vs forward scatter height plot and by exclud-
ing cells with fluorescence in channels other than Alexa
Fluor 488 emission. To validate stable transfection,
CXCRS5 levels in CXCR5*, Raji (positive control), HL-
60 (negative control), and 48-h RA-treated HL-60 cells
were analyzed by flow cytometry. As previously reported,
mock transfection had no effect on the proliferation or
differentiation of these cells and was not repeated here
(Platko et al. 1998).

Cell migration assay To determine propensity of different cells
to migrate toward CXCL13, the ligand for CXCRS5, we used
6.5-mm Transwell inserts with 5.0-uM pore sizes in 24-well

plates from Corning (Corning, NY) using a previously de-
scribed migration assay (Lee et al. 2006). Briefly, 600 uL of
complete culture media with 0, 0.1, 0.5, or 2.5 pug/mL human
recombinant CXCL13, purchased from BioLegend (San
Diego, CA), was added to the bottom of each well. After
48 h of culture with (for HL-60) or without (for HL-60 and
CXCR5"%) RA treatment, 1.5 x 10° cells were added to the
inserts and the plate was incubated at 37°C with 5% CO, for
6 h. The inserts were then removed and wells were imaged
using a BioRad ZOE fluorescent cell imager (Hercules, CA).
Cells that had traveled through the membrane to the well were
resuspended by pipetting, transferred to microcentrifuge
tubes, and pelleted. Media was removed and cells were resus-
pended in 100 uL phosphate-buffered saline and counted
using a hemocytometer. To determine percentage of cell mi-
gration for each sample, the total number of cells that had
migrated to the wells was divided by the number of input cells
and this proportion was multiplied by 100. We assumed neg-
ligible cell proliferation, as well as negligible differences in
cell proliferation across samples, during the 6-h treatment pe-
riod. Three biological replicates were performed.

Forster resonance energy transfer experiments We probed for
CXCRS interaction partners using a flow cytometry-based
FRET method previously described and used to successfully
detect CD38 homodimerization in HL-60 cells following
treatment with RA and/or a synthetic CD38 linker (Forster
1948; MacDonald et al. 2017). Antibody conjugation for
Alexa Fluor 546 conjugates (c-Cbl, CD11b, and Lyn) was
performed as previously described (MacDonald et al. 2017).
Alexa Fluor 555 conjugates (CD38, CXCR4, CXCRS, and
EBI2) were created using an Alexa Fluor 555 antibody label-
ing kit from Thermo Fisher Scientific following the manufac-
turer’s protocol. We chose to use these fluors for the acceptor
as they are more sensitive than the Alexa Fluor 488/Alexa
Fluor 594 pair according to the manufacturer. Although our
experimental setup was largely performed according to the
previously described method (MacDonald et al. 2017), we
adjusted our filter and mirror sets to accommodate Alexa
Fluor 546 and Alexa Fluor 555, collecting through a 550-
nm-longpass dichroic mirror and a 585/42-nm filter. When
running samples probing for interactions between CXCRS5
and CD11b, CD38, CXCR4, CXCRS, and EBI2, live samples
were run. When running samples probing for interactions be-
tween CXCRS and c-Cbl and Lyn, two cytosolic proteins,
cells were fixed prior to staining, as previously described
(Bunaciu et al. 2015). Three biological replicates were per-
formed for each FRET pair.

Phenotyping Immunostaining for CD11b and CD38 was
performed as previously described and analyzed using a
Becton Dickinson LSR 1II flow cytometer (MacDonald et
al. 2017). Propidium iodide (PI) cell cycle analysis was
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performed as previously described (MacDonald et al.
2017). Three biological replicates were performed.

Western blot analysis Western blots were performed as previ-
ously described (MacDonald et al. 2017) and representative
blots of three biological replicates are shown.

Statistics Data were analyzed using GraphPad Prism version
7.02. One-way or two-way analysis of variance (ANOVA)
was used to determine significance as appropriate. Error bars
indicate mean =+ standard deviation.

Results

Generation of stable transfectants overexpressing CXCR5 To
probe for CXCRS5 binding partners, we generated stable
HL-60 transfectants overexpressing CXCR5 (CXCR5™).
CXCR5" and HL-60 cells were treated with RA for 48 h
as indicated in Fig. 1, a time when indications of overt dif-
ferentiation evidenced by CD11b expression and G1/G ar-
rest first become apparent (Yen et al. 1985; Hickstein et al.
1989). HL-60 cells do not express CXCRS, and as shown in
Fig. 1, there is minimal background fluorescence; expres-
sion is mildly but significantly induced by RA treatment.
The percentage of positive cells is much lower than that of
the positive control, Raji cells, which are 100% positive
(Kanbe et al. 1999; Battle et al. 2000). CXCRS5™ cells are
100% positive like Raji. CXCR5" cells have significantly
greater CXCRS5 per cell, measured by mean fluorescence
per cell, than the Raji cells. The CXCRS stable transfection
thus achieved a high level of expression.

CXCR5™ cells migrate toward CXCL13 To determine that the
CXCRS5 expressed in the CXCR5™ cell line was functional,
we performed a cell migration assay testing for migration
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Figure 1. CXCRS5" cells have high CXCRS5 expression levels. (A)
CXCRS expression levels in HL-60, RA-treated HL-60, Raji, and
CXCRS5™ cells were measured by flow cytometry after a 48-h treatment
period. Gating was set to exclude 95% of stained control cells (HL-60).

B

Fluorescence Mean

toward CXCL13, the ligand of CXCRS (Ebert et al. 2005).
We compared migration of HL-60 cells, which do not ex-
press CXCRS, to that of RA-treated HL-60 cells (to induce
CXCRS5 expression) and CXCR5™ cells. Following a pre-
viously reported experimental protocol for CXCL13-
mediated migration, we measured the percentage of cells
that migrated from Transwell inserts to wells below con-
taining varying concentrations of CXCLI13 in complete
growth media (Lee et al. 2006). As shown in Fig. 2, we
used concentrations between 0 and 2.5 pg/mL and did not
observe chemotaxis in untreated HL-60 cells, which do not
express CXCRS5, over the 6-h incubation period. RA-
treated HL-60 cells, which express CXCRS5, migrated at
low levels under all conditions, with increased migration
at 0.5 pg/mL CXCLI13. CXCRS5™" cells did not migrate
without ligand, migrated minimally at 0.1 pg/mL
CXCL13, and had the highest degree of migration with
0.5 pg/mL CXCL13. For both RA-treated HL-60 cells
and CXCR5" cells, migration decreased with 2.5 pg/mL
CXCL13 compared to 0.5 pg/mL CXCL13. The ectopic
CXCRS ergo appears to be functional.

No detectable FRET signal between CXCR5 and membrane
protein candidates We used a previously established and val-
idated flow cytometry-based FRET assay to test whether
CXCRS interacts with CD11b, CD38, CXCR4, CXCRS,
and EBI2. We chose this set of candidates based on their
upregulation in RA-induced differentiation and their previ-
ously reported interactions in other cellular contexts
(Hickstein et al. 1989; Kontani et al. 1993; Barroso et al.
2012; El-Haibi et al. 2013). As shown in Fig. 3, HL-60 and
CXCRS* cells were treated for 24 h with RA as indicated and
FRET measurements were performed using the Alexa Fluor
488/Alexa Fluor 546 and Alexa Fluor 488/Alexa Fluor 555
pairs. We observed no enhancement of signal in the FRET
channels above background, unstained levels; hence, there

CXCRS5 Expression Levels
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n=3. % p<0.01; **¥** p<0.0001. (B) CXCRS expression levels
shown in terms of mean fluorescence levels. *, p <0.05; **, p<0.01.
Error bars indicate standard deviation (SD).
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Figure 2. CXCRS5" cells exhibit chemotaxis toward CXCL13. (A) HL-60 and cells from the wells were counted. Representative images of
and CXCRS5" cells were cultured with (HL-60 RA) or without (HL-60, microscope fields are shown. (B) Percent migration toward CXCL13
CXCR5%) RA for 48 h and 1.5 x 10° cells were seeded into Transwell was calculated by dividing counts from the wells by the total number of
membranes over wells containing complete culture media supplemented cells seeded and then multiplying by 100. n = 3. Error bars indicate SD.
with CXCL13 (0.1, 0.5, or 2.5 pg/mL) as indicated. After a 6-h *¥#% p<0.001; ¥*¥*¥* p<0.0001.

incubation period, Transwell inserts were removed, wells were imaged,
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was no FRET-measured dimerization of CXCRS5 with any of
the anticipated membrane partners.

No detectable FRET signal between CXCR5 and cytosolic pro-
tein candidates, c-Cbl and Lyn We used flow cytometry-based
FRET to test whether CXCRS interacts with c-Cbl and Lyn,
two cytosolic proteins important for RA-induced differentia-
tion. CXCRS5 has been found to cause MAPK signaling and c-
Cbl and Lyn are known regulators of MAPK signaling

@ Springer

pathways (Battle et al. 2000; Wei et al. 2000; Swaminathan
and Tsygankov 2006; Congleton et al. 2012). Both proteins
are present in a signalsome driven by MAPK signaling depen-
dent on CXCRS (Shen and Yen 2008; Congleton et al. 2012).
HL-60 and CXCRS5™ cells with or without 24-h RA treatment
were analyzed. As shown in Fig. 4, we observed no enhance-
ment of signal in the FRET channels above background, un-
stained levels. Since the typical detectable FRET distance is
approximately 10 nM, this indicates there was no immediate
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Figure 4. Flow cytometry FRET between CXCRS and two cytosolic
proteins. Primary antibodies conjugated to Alexa Fluor 488 (donor) or
Alexa Fluor 546/555 (acceptor) were used to label CXCRS and candidate
interaction partners on the cell surface. FRET means (n = 3) are shown for

association of CXCRS5 and these candidates (Shrestha et al.
2015).

Differentiation-associated signaling protein expression is not
affected by CXCR5 overexpression We sought to test whether
CXCRS overexpression might affect members of an ensemble
of MAPK proteins—RA-induced differentiation is driven by a
signalsome that incorporates a c-Raf/MEK/ERK axis that un-
dergoes sustained activation and drives differentiation (Yen et
al. 1998). We treated HL-60 and CXCRS5™ cells for 48 h with
or without 1 uM RA, collected total cell lysate, and performed
western blots probing for c-Raf, MEK, ERK, and their acti-
vated phosphoproteins. We did not observe differences in ex-
pression or phosphorylation of the proteins assessed between
HL-60 and CXCRS5™ cells; representative blots are shown in

HL-60 CXCRS5*

-- RA - RA

C_F{af — — e f—

C-Raf PS621 c o o s
MEK
p-MEK

ERK — s ==

p-ERK /== == —— —=
GAPDH

Figure 5. Levels and phosphorylation status of several MAPK proteins
are similar in CXCR5" cells and HL-60 cells with and without RA
treatment. CXCR5+ and HL-60 cells were treated with 1 uM RA for
48 h as indicated. Lysate was collected and western blots were
performed, probing for c-Raf, c-Raf pS621, MEK, pMEK, ERK, and
pERK. GAPDH was used as a loading control. 25 ug of lysate was
loaded per lane; representative images cropped to show the band of
interest are shown. n =3 biological replicates.
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each pair in HL-60 and CXCRS5" cells with or without 24-h RA treatment
as indicated. Samples were stained with PBS, single antibodies, or both
antibodies (dual). Candidate CXCRS interaction partners tested were c-
Cbl (A) and Lyn (B).

Fig. 5. Levels of total MEK and total ERK remained constant
following RA treatment, whereas levels of total c-Raf, c-Raf
phosphorylated at S621, phosphorylated MEK, and phosphor-
ylated ERK were enhanced. GAPDH was used as a loading
control.

Overexpression of CXCR5 does not alter RA-induced differen-
tiation We characterized the effects of high levels of ectopic
CXCRS5 on RA-induced differentiation. We compared RA-
induced differentiation in HL-60 cells to that of CXCR5™ cells
over a 72-h treatment period, using several myeloid lincage
markers as indicators of maturation: CD38 and CD11b cell
surface expression, G;/Gy cell cycle arrest, and cell density.
We used several different concentrations of RA, from 0.1 to
the standard 1 uM, in order to capture effects of CXCRS5
overexpression that may only be apparent when using weaker
RA stimulation.

As shown in Fig. 6, while some of the markers, such as
CD11b, exhibited a dose-response relationship with varying
concentrations of RA, there were no significant differences
between HL-60 and CXCR5™ cells. CD38 levels after 8 h of
treatment were higher in the CXCR5™ cells, but these differ-
ences are not statistically significant. Interestingly, there was a
slight, albeit not statistically significant, enhancement of cell
density/growth in RA-treated cells associated with ectopic
CXCRS expression. This is consistent with the other data
indicating functionality of the ectopic CXCRS, but the molec-
ular mechanism here is enigmatic.

Discussion

While CXCRS is capable of generating a MAPK signal, the
mechanistic details are not known. Such an understanding is
of import to the biology of cell proliferation and
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Figure 6. CXCR5™ cells
differentiate similarly to HL-60
cells upon RA treatment at several
concentrations. (A) HL-60 and
CXCRS5* cells were treated with
0.1,0.5,0or 1 uM RA over 72 h as
indicated. CD11b expression was
assessed by flow cytometry at 24,
48, and 72 h. Gating was set to
exclude 95% of stained control
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differentiation. Previous reports have implicated the protein in
RA-induced differentiation of HL-60 cells through its ability
to activate MAPK signaling (Battle et al. 2000; Wang and Yen
2008). A durable MAPK signaling is known to be necessary
to drive cell cycle arrest and differentiation (Traverse et al.
1992; Yen et al. 1994, 1998; Yen and Varvayanis 2000).
Knocking out CXCRS cripples differentiation, and ectopic
expression can enhance it (Battle et al. 2000; Wang and Yen
2004, 2008). Here, we sought to explore binding partners of
CXCRS that may help to explain its role in RA-induced dif-
ferentiation. Given that dimerization is one of the classical
means of starting receptor signaling, we explored the conjec-
ture that RA-induced proteins might collaborate with CXCR5
by dimerization to generate the sustained MAPK signaling
involved in RA-induced differentiation.

We first created stable HL-60 transfectants overexpressing
CXCRS5, CXCR5* cells. As shown in Fig. 1, CXCR5" cells
express CXCRS at levels well above that of RA-treated HL-60
cells as well as of a positive control, the Raji cell line. We then
established that the overexpressed CXCRS5 was functional by
showing it enhanced migration toward CXCL13—a known
attribute of the receptor. CXCRS5™ cells demonstrated strong
chemotaxis toward CXCL13, especially at the 0.5 pg/mL
concentration, as shown in Fig. 2. HL-60 cells, which do not

ST @ Springer

express CXCRS, did not migrate toward the ligand. When
treated with RA to induce modest expression of CXCRS,
HL-60 cells exhibited a milder degree of migration with a
dose-response curve similar to that of the CXCR5" cells.
There was a background level of migration in RA-treated
HL-60 cells; however, this may be due to expression of a
number of other cell surface receptors that could drive migra-
tion toward other factors in the media. Interestingly, the pro-
pensity of CXCR5" and RA-treated HL-60 cells to migrate
toward CXCL13 diminished at the highest dose of CXCL13
tested, suggesting that activity in response to CXCL13 may
follow a bell-shaped curve. The results suggest that the
CXCRS receptor may function—as do other receptors depen-
dent, for example, on partners and relative stoichiometry
therewith—in a dose-dependent manner.

‘We next probed a set of candidate interaction partners in an
attempt to determine if a classical receptor dimerization pro-
cess was connecting CXCRS to downstream MAPK signal-
ing. We performed several flow cytometry-based FRET ex-
periments, shown in Figs. 3 and 4, using a previously
established experimental protocol for detecting protein dimer-
ization (Forster 1948). This method, based on directly conju-
gating Alexa Fluor dyes to primary antibodies against targets
of interest, detected CD38 dimerization as described in a
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previous report (MacDonald etal. 2017). However, we did not
detect interactions between CXCRS and any of our candi-
dates, a combination of surface markers and downstream pro-
teins implicated in RA-induced differentiation or shown to
interact with CXCRS5 in other cellular contexts (Hickstein et
al. 1989; Kontani et al. 1993; Lamkin et al. 2006; Shen and
Yen 2008; Barroso et al. 2012; Congleton et al. 2012; El-Haibi
et al. 2013). The candidate cell surface proteins were either
implicated in other contexts or RA-induced moieties that
might rationalize prolonged signal duration. The putative
downstream signaling candidates tested, c-Cbl and Lyn, are
regulators of the MAPK signaling pathway, the central c-Raf/
MEK/ERK axes of which undergoes prolonged activation by
RA to drive differentiation (Traverse et al. 1992; Yen et al.
1994, 1998; Wei et al. 2000; Yen and Varvayanis 2000;
Swaminathan and Tsygankov 2006). The absence of FRET
argues against a direct association, but it does not preclude
interactions of partners indirectly connected at a distance ex-
ceeding the Forster radius.

Our CXCR5™ cell line did not behave as previous ectopic
CXCRS expressing lines had; we saw no phenotypic enhance-
ment of RA-induced differentiation or associated signaling, as
shown in Figs. 5 and 6 (Battle et al. 2000; Wang and Yen
2004, 2008). Several factors may explain the differences in
behavior of the presently generated cell line compared to pre-
viously described CXCRS5-expressing lines. Although we
used a vector with a design similar to those previously used,
with an EF1« promoter and an internal ribosomal entry site
linked to a neomycin resistance gene, the two were not iden-
tical and we do not know how the expression levels of
CXCRS in the previous papers compare to those in the current
report (Battle et al. 2000; Wang and Yen 2004, 2008). Based
on the comparisons to the Raji cell line and RA-treated HL-60
cells, the levels of CXCRS5 expressed in the CXCR5™ line are
very high. It is possible that the dose-response for CXCRS
receptor signaling activity and consequential cellular effects
may follow a bell-shaped curve, such that low and high levels
of the receptor in the presence of a given amount of ligand
have little effect but moderate levels may enhance its activity
and, in turn, RA-induced differentiation. This shape of dose-
response curve, while it is not indicative, can be a feature of
ligand-induced receptor dimerization (Atanasova and Whitty
2012). An optimum dose for eliciting a given effect may be a
telltale of complex multi-molecular signaling complexes
(Onfroy et al. 2017). Differential stoichiometric effects of
CXCRS with different signaling partners could contribute to
potentially complex dose-dependent effects. Additionally, it is
possible that serum levels of the CXCRS ligand, CXCL13,
were not identical in the present and previous reports (Battle
et al. 2000; Wang and Yen 2004, 2008). CXCL13 levels in
fetal bovine serum are not routinely assessed by manufac-
turers, and bovine and human CXCL13 share over 50% se-
quence identity, so it is plausible that bovine CXCL13 may be

able to act as a ligand for human CXCRS (Bateman et al.
2017).

Conclusions

Here, we report that FRET revealed no interaction between
CXCRS and a small ensemble of candidates that may have
helped explain its role in RA-induced differentiation in HL-60
cells. This includes the surface receptors CD11b and CD38,
the cytosolic Src family kinase Lyn, the scaffolding protein
and E3 ubiquitin ligase c-Cbl, and several partners previously
reported in different cellular contexts: CXCR4, EBI2, and
CXCRS5 itself (Barroso et al. 2012; El-Haibi et al. 2013).
Our results suggest that CXCRS may not directly interact with
these proteins in the HL-60 context. Given its role in RA-
induced differentiation and that its ligand, CXCL13, is
overexpressed in the context of a variety of infections, includ-
ing those of Helicobacter pylori, Treponema pallidum, and
Borrelia spp., greater understanding of CXCRS signaling is
of significance in that it may ultimately yield actionable tar-
gets for therapeutic use (Rupprecht et al. 2007; Marra et al.
2010; Nakashima et al. 2011; Schmidt et al. 2011; Zeng et al.
2016). Further studies that extend the present report to eluci-
date the mechanism by which CXCRS is able to generate a
downstream MAPK signal are thus called for.
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