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Table 1. Effect of hexamethylene bisacetamide-induced protein 1 (HEXIM1) cDNA tagged with a FLAG epitope at the carboxy terminus
(HEXtM1-f) on viral entry and transcription in SUP-T1 cells examined by quantitative real time polymerase chain reaction.

Integrated HIV-1 genome

HIV-1 transcript Luciferase activity

Alu-LtTR  B-globin  Normalized®  HIV-1 RNA CyPA Normalized® Normalized®
Exp.  Transduced gene {copy) (copy) (%) (copy) (copy) (%) RLUC (%)
1 GFP 52x10° 6.7x10° 100.0 1.6x10° 6.8x107 100.0 3.2x10° 100.0
HEXIM1-f 20x10°  7.4x10° 351.3 6.7 x 10 1.0x 10° 0.03 1.5%x10° 0.5
2 GFP 46x10° 1.8x107 100.0 3.1x10°  8.9x107 100.0 71 x10° 100.0
HEXIM1-f 1.6x107 19x107 333.2 9.4x10° 9.3x107 29 3.4x10° 0.5

*The number of Alu-long terminal repeat (LTR) products divided by the number of beta-globin products in SUP-T1/GFP is set to 100%. The
abundance of Alu-LTR products in SUP-T1/HEXIM1-f relative to SUP-T1/green fluorescent protein (GFP) is shown.
The number of HIV-1 RNA transcripts in SUP-T1/GFP divided by the number of cyclophilin A (CyPA) transcripts is set to 100%. The abundance of

HIV-1 RNA in SUP-TI/HEXIM1-f relative to SUP-T1/GFP is shown.
“The luciferase activity is shown by relative light unit (RLU).

‘*[he luciferase activity in SUP-T1/GFP is set to 100%. The luciferase activity in SUP-TI/HEXIM1-f relative to SUP-T1/GFP is shown.

To test this further, we analyzed the efficiency of post-
transcriptional processes with a transient transfection assay
measuring the amount of Pr55 Gag, a viral gene product,
and virus-like particles (VLPs) produced in the culture
supernatants. For this purpose, we used the CMV
promoter-driven gag-pol expression plasmid, because
HEXIM1-f did not affect CMV-driven transcription
(Fig. 1b). At the levels of HEXIM1-f where LTR -driven
Tat-dependent transcription was drastically inhibited
(Fig. 3c, lanes 7, 8), the amount of CMV promoter-
driven Gag expression was almost identical to that in the
absence of HEXIM1-f (Fig. 3c, lanes 1—4). Furthermore,
the processing pattern of Pr55 Gag in the presence of
HEXIM1-f was identical to that in its absence (Fig. 3c).
These data indicate that HEXIM1-f did not inhibit the
transcription from a Tat-independent promoter, the
translation of viral protein, or the protease activity of
HIV-1. Finally, the potential effect of HEXIM1 on viral
budding was examined. To do this, the amount of p24 CA
in the culture supernatant of transfected cells was
quantified as a representation of the amount of VLP
. Expressing HEXIM1-f reduced VLP production from
cells co-transfected with pLTR gag-pol and pSV'tat at levels
comparable to the protein expression levels (Fig. 3¢ and
d). In contrast, expressing HEXIM1-f did not reduce the
amount of VLP produced by cells co-transfected with
pCMVgag-pol and pSVtat in conditions in which Tat-
dependent LTR transcription was substantially inhibited
(Fig. 3c and d). Taken together, this indicates that
HEXIM1-f lowers the efficiency of Tat-dependent
transcription from LTR promoter but does not block
the efficiency of the late phase of the viral life cycle
including translation, Gag’s assembly, and budding. Thus,
it is likely that HEXIM!1 primarily targets Tat/P-TEFb-
dependent transcription to inhibit HIV-1 replication.

Our findings demonstrated that HEXIMI1, a cellular P-
TEFb inhibitor, is a specific negative regulator of
lentiviral replication in human T cell lines. The
replication of vaccinia virus, adenovirus, and HSV-1
were not affected by HEXIM1-f expression; however, the
Tat-dependent transcription of the LTR promoter of both
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HIV-1 and SIV was reduced by HEXIM1-f. HEXIM1
limired replication of HIV-1 dramatically at levels where
it did not visibly affect cell physiology (as little as a 5-fold
increase over the endogenous levels), nor were revertants
immediately selected in HEXIM1-f-expressing cells.
These data support the feasibility of developing HIV-1
inhibitors targeting the processes in which HEXIM1 is
involved. For example, it is conceivable to hunt for a non-
toxic chemical inducer for HEXIM1 since expression of
HEXIM1 is induced by hexamethylene bisacetamide
(HMBA) that is considerably toxic for cells [20].

P-TEFb has been shown to support transcription of the ¢-
myc and CIITA transcription factors (reviewed in
[21,22]). The functions of these transactivators are critical
for cell proliferation, but in this study constitutive
expression of HEXIM1-f, which reduces P-TEFb
activity, did not affect the cell proliferation of human
T cell lines, the human epithelial cell lines HEK293 or the
NP2 glioblastoma cell lines (data not shown). How can
this be explained? Very recently, a high-molecular-weight
bromodomain protein, Brd4, was found to function as a
‘cellular tar’ [23,24]. Interestingly, it was shown that Brd4
binds not only to cyclin T1 but also to cyclin T2, a widely
expressed variant of cyclin T, to which HEXIM1 binds
but Tat does not [23-25]. We hypothesize that Brd4
might be able to recruit and activate P-TEFb more
efficiently than does Tat, leaving cellular transcription
unaffected by the upregulated expression of HEXIM1
from the retroviral vector. An alternative possibility
comes from the fact that HEXIM1 does not interact with
the ubiquitously expressed cyclin K, which functions as a
P-TEFb component. It is possible that Tat is not able to
utilize P-TEFb consisting of CDK9 and cyclin K but
Brd4 can, such that cyclin K may substitute for cyclin T1
to support Brd4-mediated cellular gene transcription.
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The C-terminal cytoplasmic domain of the metastatic potentiator
CXCR4 regulates its function and spatiotemporal expression. However,
little is known about the mechanism underlying constitutive
internalization of CXCR4 compared to internalization mediated by
its ligand, stromal cell-derived factor-1 alpha (SDF-1a)/CXCL12. We
established a system to analyze the role of the CXCR4 cytoplasmic
tail in steady-state internalization using the NP2 cell line, which
lacks endogenous CXCR4 and SDF-1o. Deleting more than six
amino acids from the C-terminus dramatically reduced constitutive
internalization of CXCR4. Alanine substitution mutations revealed
that three of those amino acids Ser** Glu*** Ser>* are essential for
efficient steady-state internalization of CXCR4. Mutating GIu** to
Asp did not disrupt internalization, suggesting that the steady-state
internalization motif is S(E/D)S. When responses to SDF-1a were
tested, cells expressing CXCR4 mutants lacking the C-terminal 10, 14,
22, 31 or 44 amino acids did not show downregulation of cell sur-
face CXCR4 or the cell migration induced by SDF-1a. iInterestingly,
however, we identified two mutants, one with E344A mutation and
the other lacking the C-terminal 17 amino acids, that were defective
in constitutive internalization but competent in ligand-promoted
internalization and cell migration. These data demonstrate that
ligand-dependent and -independent internalization is genetically
separable and that, between amino acids 336 and 342, there is a
negative regulatory element for ligand-promoted internalization.
Potential involvement of this novel motif in cancer metastasis and
other CXCR4-associated disorders such as warts, hypogammaglo-
bulinemia, infections and myelokathexis (WHIM) syndrome is
discussed. (Cancer Sci 2007; 98: 373-379)

The chemokine receptor CXCR4 is a class-A G protein-coupled
receptor (GPCR; reviewed in ¢ and its natural ligand is
stromal cell-derived factor-1 alpha (SDF-10t)/CXCL12. CXCR4
also serves as the receptor for HIV type 1 (HIV-1). Many cell
types express CXCR4, including peripheral blood lymphocytes,
monocytes-macrophages, thymocytes, dendritic cells, endothelial
cells, epithelium-derived tumor cells, microglial cells, neurons
and hematopoietic stem cells. CXCR4 plays multiple biological
roles from promoting development of neuronal networks to
regulating migration of leukocytes, cerebellar granule cells and
hematopoietic stem cells.®® Analysis of knockout mice indicates
that the CXCR4/SDF-1a system is essential for maintenance of
hematopoiesis and intestinal vascularization.®®

The CXCR4/SDF-1a system also functions in pathological
processes, including autoimmune diseases, cancer progression
and metastasis, and AIDS caused by HIV-1. Recently, metastasis
of breast cancer cells was found to be regulated by the CXCR4/
SDF-1a axis.® Similarly, other studies have found that metasta-
sis of other malignancies was controlled by the CXCR4/SDF-1a
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system, including colon carcinoma? non-small cell lung
cancer"? and prostate cancer.!” These observations suggest that
the CXCR4/SDF-1a axis is a potential target for metastatic
cancer therapy.

Warts, hypogammaglobulinemia, infections and myelokathexis
(WHIM) syndrome is a rare combined immunodeficiency
characterized by an unusual form of neutropenia. It is reported
that the CXCR4 cytoplasmic tail is mutated and often truncated
in WHIM syndrome."¥ Thus, determining the biochemical activity
of the CXCR4 cytoplasmic tail should facilitate understanding
of the pathogenesis of WHIM syndrome as well as suggest ways
to control cancer metastasis.

Following SDF-1a binding, CXCR4 is activated, triggering
multiple signaling cascades via Go or B-arrestin 2 (reviewed
in®). To desensitize activated CXCR4, the G protein-coupled
receptor kinase (GRK) is recruited and phosphorylates serine
residues on the CXCR4 cytoplasmic tail, thereby inactivating
Go-mediated signal. Simultaneously, CXCR4 is internalized in
a clathrin-dependent manner. $-arrestin 2 competes with G, for
CXCR4 binding and can initiate signal transduction independent
from Ga. B-arrestin 2 can also induce clathrin-dependent CXCR4
endocytosis. Thus, cell surface levels of CXCR4 transiently decrease
after agonist binding but, several hours later, surface levels of CXCR4
return to normal. Most internalized CXCR4 is transported to
lysosomes and degraded, but some intenalized CXCR4 is recycled.
It is reported that amino acids within the cytoplasmic tail are
required for agonist-dependent endocytosis of CXCR4.1618)

By contrast, it is unclear how steady-state cell surface levels of
CXCR4 are maintained in the absence of SDF-1c. Although cell
surface levels of CXCR4 could be regulated at the transcriptional
level, it is likely that primary regulation occurs post-translationally.
Given that the cell surface levels of CXCR4 are positively
correlated with cancer cells’ ability to metastasize,®!¥ under-
standing the post-translational behavior of CXCR4 is likely to
shed light on metastatic processes. Historically, cells expressing
endogenous CXCR4 have been used for analysis of CXCR4
trafficking. However, as is the case with many G protein-
coupled receptors (GPCR), CXCR4 trafficking is influenced by
spontaneous oligomerization in the absence of ligand @2
Thus, previous observations might not correctly model pheno-
types seen in CXCR4 mutants.

In the present study, we analyzed the contribution of the
cytoplasmic tail to the post-translational trafficking of CXCR4
in a cell line lacking both endogenous CXCR4 and SDF-1a.
Using genetic approaches, we identified two amino acid motifs
within the CXCR4 cytoplasmic tail; one that positively regulates
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spontaneous ligand-independent internalization and the other that
negatively regulates ligand-dependent CXCR4 internalization.

Materials and methods

Cells. The glioblastoma cell line NP2, human embryonic kidney
(HEK) 293T, and HelLa, cells were maintained in RPMI-1640
(Sigma, Tokyo, Japan) supplemented with 10% FBS (Japan
Bioserum, Tokyo, Japan), penicillin and streptomycin (Invitrogen,
Tokyo, Japan). All cell lines were incubated at 37°C in the
humidified 5% CO, atmosphere.

Plasmids. Full-length CXCR4 cDNA was amplified from a
plasmid kindly provided by Dr Shioda® using the following
primers: sense, 5-ACCGGTGCCACCATGGAGGGGATCAGT-
ATATACACTTCAG-3', and antisense, 5’-AGATCTCGCTGGA -
GTGAAAACTTGAAGACTCAGACTC-3’. CXCR4 lacking the
cytoplasmic tail (d-44) was amplified using the same sense primer
and the antisense primer, 5’-AGATCTTGGCTCCAAGGAAA-
GCATAGAGGATGGG-3’. Polymerase chain reaction (PCR)
fragments were cloned into the Age I-Bgl II sites of pEGFP-
C2 (Clontech, Palo Alto, CA, USA) to create pCXCR4 FL and
pCXCR4 d-44, respectively. To construct pPCXCR4 FL- and d-44-
GFP, the Sna BI-Bgl 1I fragments from pCXCR4 FL and d-44
were cloned into the Srna BI-Bgl II sites of pEGFP-N2,
respectively (Clontech). To construct pCXCR4 FL- and d-44-GFP
flag, the Sna BI-Bgl 11 fragments from pCXCR4 FL and d-44
were cloned into the Sna BI-Bgl 11 sites of pEGFP-flag in which
the following annealed oligonucleotides had been inserted
into the Bsr Gl site of pEGFP-N2: forward, 5’-GTACGACTAC-
AAAGACGATGACGACTATAAGTAAGC-3’, and reverse, 5’-
GGCCGCTTACTTATAGTCGTCATCGTCTTTGTAGTC-3". To
construct pPCMMP CXCR4 FL- and d-44-GFP, pCXCR4 FL- and
d-44-GFP were digested with Not I, blunted using T4 DNA
polymerase, and further digested with Age 1. The Age I-blunted
Not I fragments of both constructs were cloned into the pCMMP
eGFP plasmid that had been digested with Bam HI, blunted with
T4 DNA polymerase, and digested with Age I. pPCMMP CXCR4
FL- and d-44-GFP-flag were constructed using the same strategy.
CXCR4 deletion and point mutants were PCR-amplified using the
sense primer 5'-ACCGGTGCCACCATGGAGGGGATCAGTG-
TGAAAACTTGAAGACTCAGACTC-3" and the following
reverse primers: d-6, 5-AAGCTTGAGCTCGAGATCTCAG-
ACTCAGACTCAGTGGAAAC-3"; d-10, 5-AAGCTTGAGC-
TCGAGATCTCAGTGGAAACAGATGAATGTCC-3"; d-14,
5-AAGCTTGAGCTCGAGATCTCTGAATGTCCACCTCGC-
TTTCC-3’; d-17, 5-AAGCTTGAGCTCGAGATCTCACCTC-
GCTTTCCTTTGG-3"; d-22, 5-AAGCTTGAGCTCGAGATCT-
CGGAGAGGATCTTGAGGCTGGACC-3%; d-31, 5"-AAGCTT-
GAGCTCGAGATCTCGCTCACAGAGGTGAGTGCGTGC-3;
E343A, 5-CGAGATCTCGCTGGAGTGAAAACTTGAAGAC-
TCAGACGCAGTGGAAACAGATGAATGTC-3; S344A, 5'-
. CGAGATCTCGCTGGAGTGAAAACTTGAAGACTCAGCCT-
CAGTGGAAACAGATGAATGTC-3; E345A, 5-CGAGATC-
TCGCTGGAGTGAAAACTTGAAGACGCAGACTCAGTGGA-
AACAGATGAATGTC-3"; S346A, 5-CGAGATCTCGCTGGA-
GTGAAAACTTGAAGCCTCAGACTCAGTGGAAACAGATG-
AATGTC-3’; S347E, 5-CGAGATCTCGCTGGAGTGAAAA-
CTTTCAGACTCAGACTCAGTGGAAACAGATGAATGTC-3";
H350E, 5-CGAGATCTCGCTGGACTCAAAACTTGAAGAC-
TCAGACTCAGTGGAAACAGATGAATGTC-3"; S347E/H350E,
-5’-CGAGATCTCGCTGGACTCAAAACTTTCAGACTCAGA-
CTCAGTGGAAACAGATGAATGTC-3"; and E343/345D, 5'-
CGAGATCTCGCTGGAGTGAAAACTTGAAGAGTCAGAGT
CAGTGGAAACAGATGAATGTC-3". The PCR fragments
were cloned into the Age I-Bgl II sites of pPCMMP CXCR4 FL-
GFP-flag, replacing wild-type with mutant CXCR4. Protein
expression of each mutant in 293T cells was verified by Western
blot analysis.
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Immunoblotting. Immunoblotting was performed as
described.®*? The primary antibody was anti-green fluorescent
protein (GFP) polyclonal antibody (Beckton Dickinson, San Jose,
CA, USA). The secondary probe was EnVision+ (Dako, Glostrup,
Denmark). Signals were visualized with an LAS3000 imager
(Fuji Film, Tokyo, Japan) after treating the membranes with the
Lumi-Light Western Blotting Substrate (Roche Diagnostics
GmbH, Mannheim, Germany).

Flow cytometry. Cells were labeled with anti-CXCR4 antibodies
recognizing the N-terminus conjugated with R-phycoerythrin
(PE; 2B11, BD Pharmingen, San Diego, CA) or recognizing the
second extracellular loop (12G5) conjugated with either PE or
PE-CyS5 (Beckton Dickinson) for 30 min at 4°C. Cells were washed
once with phosphate-buffered saline (PBS) supplemented with
1% FBS and analyzed by FACS Aria (Beckton Dickinson). To
isolate GFP-expressing NP2 cells, cells were infected with murine
leukemia virus (MLV)-based retroviral vectors as described.®®
Cells exhibiting similar green fluorescence intensities were gated
and sorted by FACS Aria. Efficiency of internalization was
measured by comparing mean fluorescence intensities for cell
surface CXCR4 detected by a PE-labeled 2B11 monoclonal antibody
before and after SDF-1a treatment (200 ng/mL, Peprotech EC,
London, UK).

Microscopic analysis and imaging of cells. To judge a phenotype
of a CXCR4 mutant, three independent scientists investigated the
mutant cell phenotype under a fluorescent microscope (Olympus,
Tokyo, Japan). Each scientist investigated more than 1000
cells for each mutant. More than 99% of cells of a mutant fell
in the indicated phenotypic category. These phenotypes were
unchanged for more than a year of continuous cultivation in
tissue culture. For imaging, NP2 cells were grown on glass plates
for more than 24 h, fixed in 4% formaldehyde in PBS for
5 min, stained with Hoechst 33258, mounted (Vectorshield,
Vector Laboratories, Burlingame, CA, USA), and imaged using
a confocal microscope META 510 (Carl Zeiss, Tokyo, Japan).
A representative cell for each CXCR4 mutant carrying a wide
cytoplasm was chosen such that the spatial resolution was high.
The focal plane just above the glass surface was scanned with
an optical thickness of approximately 1 um. For the imaging
of subcellular compartments, cells were incubated with either
BODIPY TR ceramid, ER-Tracker Blue-White DPX, or Lysotracker
Red DND-99 (Invitrogen) according to the manufacturer’s protocol
and imaged without fixation. Image brightness and contrast were
processed by METAS10 software (Carl Zeiss). Unless noted,
cells were imaged at X630 magnification, the GFP signal was
displayed in green, and Hoechst 33258-stained nuclei were blue.
To visualize ligand-induced internalization, cells were treated
with 200 ng/mL SDF-1a before fixation. The live cell imaging
was performed using Leica DFC350FX system and the images
were processed by FW4000 software (Leica Microsystems,
Tokyo, Japan). Cells were plated on the glass-bottomed dish
(Matsunami glass, Kishiwada, Japan) and incubated at 37°C in
the humidified 5% CO, atmosphere during the monitoring.

Cell migration assay. Cell migration was measured using an
HTS FluoroBlok Multiwell Insert System (8.0 um pore size, BD
Falcon) according to the manufacturer’s protocol. For stimulation
assays, cells were incubated without serum overnight before
SDF-1o treatment (200 ng/mL). Cells were allowed to migrate
overnight.

Statistical analysis. Significance of differences were determined
by a Student’s t-test. P-values less than 0.05 were considered
significant. :

RESULTS

Deleting 10 amino acids from the carboxyl end of CXCR4 alters the
efficiency of constitutive internalization. Previous studies indicated
that the cytoplasmic tail of CXCR4 amino acids 308-352 plays
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Fig. 1. The effect of stromal cell-derived factor-1 alpha (SDF-10) treatment
on NP2 cells expressing CXCR4 mutants. (a) Cells expressing d-17 were
treated with SDF-1q, incubated at 37°C for the indicated times, fixed
and imaged. The blue signal represents the Hoechst-stained nucleus.
(Original magnification, x630; bar, 10 um). (b) FACS analysis to measure
internalization efficiency of cell surface CXCR4 and mutant forms 2 h
after SDF-1a exposure. The average and standard deviation from the
indicated number of independent experiments are shown. Asterisks
represent statistically significant difference from the FL levels (P < 0.01).
(c) Cell migration assay to assess response of cells expressing CXCR4
and mutants to SDF-1a. The number of migrated cells in three to six
randomly selected fields was counted and the average and standard
deviation were calculated. (3O) number of migrated cells in the absence
of ligand; (M) migration in the presence of ligand. (*) statistically
significant differences in the number of migrated cells between
SDF-1a-untreated and -treated cells (P < 0.01).

a critical role in ligand-dependent internalization (Fig. 1a). Also,
it has been shown in transfected cells that cell surface levels of
CXCR4 lacking the cytoplasmic tail (equivalent to the d-44
mutant here) are higher than those of the full length, wild-type
protein (hereafter designated FL), suggesting that the cytoplasmic
tail of CXCR4 regulates steady-state internalization.%?” To
confirm this, we constructed expression plasmids of CXCR4
FL and d-44 fused to GFP or GFP-FLAG at the C-terminus.
Previous studies and data reported here indicated that CXCR4
function is not affected by this modification.®® The expression
of each construct was verified by Western blot analysis (Fig. 1b).
Single cell-based quantitative analyzes revealed that the ratio of
cell surface levels to the total amount of CXCR4 FL (Fig. 1c,
left) was consistently lower than that of d-44 (Fig. 1c, middle)
at any expression levels (Fig. Ic, right for the comparison).
These data supported previous findings and demonstrate that
constitutive internalization occurs at any level of CXCR4 expression.

To further examine the contribution of the cytoplasmic tail to
post-translational trafficking of CXCR4, we devised a system
utilizing the human NP2 glioma line: NP2 cells are flat and
exhibit a large cytoplasmic space such that intracellular com-
partments can be well resolved under the microscope. NP2 cells
also lack endogenous CXCR4“? and SDF-1a (data not shown),
both of which could potentially affect distribution of transduced
CXCR4. However, NP2 cells are capable of appropriate signaling
in response to CXCR4/SDF-la interaction. We generated a
series of CXCR4 deletion mutants lacking the cytoplasmic
tail (Fig. 2a) and transduced them into NP2 cells using MLV
vectors. Cells bearing similar green fluorescence intensities
were collected by FACS sorter. The expression of each mutant
was verified by Western blot analysis (Fig. 2b). Microscopic
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Fig. 2. Expression profiles of CXCR4 and a mutant with cytoplasmic tail
deletion. (a) Schematic representation of CXCR4. The N-terminus CXCR4
is exposed in the extraceliular space and the C-terminus is intracellular.
Gray represents the lipid bilayer. The amino acid sequence of the
cytoplasmic tail is shown. Residues in red are required for ligand-
induced endocytosis. The CXCR4 d-44 mutant lacks amino acid 309-351.
(b) Schematic representation and Western blot of FL and d-44
constructs. {c) Flow cytometry profiles of FL and d-44 expressed in 2937
cells. The horizontal axis represents green fluorescence intensity
indicative of green fluorescent protein (GFP)-tagged CXCR4 protein
levels, and the vertical axis is PE-Cy5 fluorescence intensity, reflecting
cell surface CXCR4 detected by the anti-CXCR4 antibody. GFP-positive
cells expressing FL are colored in red (left) and those expressing d-44 in
green (middle). The expressional differences between FL and d-44 is
highlighted on the overlay plot (right).

observations revealed that cells expressing FL. were bordered by
green fluorescence, and significant green fluorescence was detected
in vesicular compartments of varying diameters lying close to
the nucleus surrounding the nucleus (hereafter designated the
FL phenotype, Fig. 2c, left). Vesicles around the nucleus were
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Fig. 3. Identification of the amino acids required for steady-state CXCR4

internalization. (a) Amino acid sequences of the cytoplasmic tail of FL
and deletion mutants. Residues in red are required for ligand-induced
endocytosis. (b) The protein expression of each mutant in 293T cells
was verified by Western blot analysis. (¢) Confocal micrographs of NP2
cells expressing FL and d-44 mutant proteins. The blue signal represents
the Hoechst-stained nucleus. (Original magnification, x630; bar, 10 um.)
(d) Confocal micrographs showing NP2 cells expressing CXCR4 FL stained
with ER, Golgi, or lysosome organella markers. The organella marker
signal is shown in red, the GFP signal is in green. The pixels that
both red and green signals co-localized are shown in yellow. (Original
magnification, x630; bar, 10 um.) (e) CXCR4 FL trafficking in the
absence of SDF-1a in NP2 cells. Cell surface CXCR4 FL was labeled with
an antibody conjugated with PE-Cy5 (red), incubated at 37°C for the
indicated times, fixed and imaged. (Original magnification, x630; bar,
10 um.) (f) Confocal micrographs of NP2 cells expressing FL and mutant
proteins. The intracellular vesicular green fluorescence reflecting
steady-state internalization can be seen in the d-6 mutant. The blue
signal represents the Hoechst-stained nucleus. (Original magnification,
%x630; bar, 10 um.)

mostly lysosomes, as demonstrated by fluorescent organella
marker analyses in which cells expressing CXCR4 FL-GFP
stained with the lysosomal marker yielded a substantial amount
of co-localization signal. On the other hand, only a mall amount
of co-localization signal was detected when the ER or Golgi
markers were used (Fig. 2d), consistent with our biochemical
fractionation (unpublished data) and previous publications.16272830)
The active constitutive internalization was visualized by labeling
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cell surface CXCR4 by PE-CyS5-conjugated monoclonal antibody
followed by fluorescence imaging after cells were incubated at
37°C (Fig. 2e). The live cell imaging revealed that internalizing
GFP-positive vesicles trafficked at an average velocity of 4.7 mm/h
(n = 15), which is within the range of clathrin-dependent vesicular
transport (2-20 mm/h), not that of caveolin-dependent vesicular
transport (25170 mm/h).®1-39 These data suggest that the FL is
constitutively internalized from the cell surface to the cytoplasmic
compartment. In sharp contrast, most green fluorescent signals
from d-44 mutant-expressing cells were detected at the cell
surface, and only a few small GFP-positive vesicles were seen
in the cytoplasm near the nucleus (hereafter designated the d-44
phenotype, Fig. 2c, right). Similar observations were made in
d-10, d-14, d-17, d-22 and d-31 mutant-expressing cells (Fig. 2f).
The d-6 construct displayed a phenotype similar to FL, although
the intracellular GFP signal was less prominent (Fig. 2c). Similar
results were obtained in HelLa and 293 cells (data not shown).
These data suggest that wild-type CXCR4 was trafficked to the
plasma membrane but was internalized spontaneously. Thus,
steady-state internalization appeared to be regulated by amino
acids located between d-6 and d-10 (e.g. amino acids 343-346).

Steady-state and SDF-1a-induced CXCR4 internalization is genetically
separable. Next, we investigated distribution of CXCR4 protein
and cell migration after SDF-1a treatment. Confocal analysis
showed that after SDF-1a exposure, cells expressing FL, d-6 and
d-17 mutants showed GFP signals in intracellular compartments,
which were enhanced 60 min after SDF-1q treatment, an effect
most clearly shown in d-17-expressing cells (Fig. 3a). GFP
signals from intracellular vesicles gradually disappeared 1-2 h
after exposure to ligand. Such redistribution of GFP signals was
not observed in cells expressing d-10, d-14, d-22, d-31 and d-44
(data not shown). Cell surface levels of CXCR4 before and after
SDF-1o treatment were measured by FACS analysis undertaken
with an antibody directed against the CXCR4 N-terminus, because
that antibody did not interfere with ligand-receptor interaction
(Fig. 3b). The downregulation of cell surface levels of FL. 2 h
after ligand exposure was 67.1 £ 11.1%, whereas that of d-44
was 96.3 + 12.3% (average and standard deviation from 12
and 10 independent experiments, respectively), consistent with
previous reports.t7?"?% Ljgand-induced downregulation of d-6
was 74.9 +12.9% (n = 8), similar to FL levels. Ligand-induced
internalization was significantly less efficient in cells expressing
d-10, d-14, d-17, d-22, d-31 and d-44 mutants when compared
with FL (P < 0.001). Although the d-17 mutant supported
ligand-facilitated internalization, as evidenced by microscopic
observation, cell surface levels remained unchanged (Fig. 3a,b).
This may be due in part to rapid recruitment of newly synthesized
d-17 to the cell surface.

Next, we examined cells expressing CXCR4 mutants in response
to SDF-1a. Migration results from intracellular signaling initiated
by SDF-1a/CXCR4 interaction. Induction of cell migration by
SDF-1a in cells expressing FL was 7.2-fold that of untreated
cells (P < 0.05). In contrast, migration of cells expressing d-44
in response to SDF-la was undetectable. These data are in
agreement with a previous report.?® The d-6 mutant, which is
internalized upon SDF-1a treatment, supported ligand-promoted
cell migration by 6.1-fold (P < 0.01) relative to untreated cells,
similar to FL. Other deletion mutants tested did not display
enhanced cell migration following ligand treatment, except for
d-17, which showed modestly enhanced (1.9-fold) migration
relative to untreated cells, which was not statistically significant.
When basal migratory activities were compared, removal of
six or more amino acids from the cytoplasmic tail appeared to
potentiate migration in the absence of ligand (open bars, Fig. 3c).
These data suggest that constitutive internalization is regulated
independently of ligand-facilitated internalization.

Identification of OXCR4 S(E/D)S as a ligand-independent internalization
motif. The above data indicated that the carboxy-terminal four
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amino acids (ESES; residues 343-346) likely function in ligand-
independent CXCR4 internalization. To further characterize which
amino acids are required for ligand-independent internalization,
we generated alanine substitution mutants for each of the four
amino acids in the context of FL and examined their phenotypes
(Fig. 4a). Protein expression of mutants was verified in Western
blot analysis (Fig. 4a). Among the four mutants, the E343A
mutant showed the FL phenotype, while the others displayed the
d-44 phenotype in the absence of ligand (Fig. 4b). These data
demonstrate that Ser**-Glu#-Ser** constitute the core motif
for SDF-10-independent CXCR4 internalization. Both E345A
and S346A mutants exhibited the Thr**2-Glu**3-Ser’* sequence
adjacent to the original SES sequence. However, this ‘SES-like’
motif did not support constitutive internalization, suggesting
that Thr cannot substitute for Ser to maintain functionality as a
constitutive internalization motif. We reasoned that if such a
motif requires an acidic amino acid between two serine residues,
changing Glu to Asp should maintain the motif ’s function. Thus,
we constructed a mutant in which Glu was replaced with Asp
(E343/345D; Fig. 4a). Also, to determine whether two adjacent
SES sequences could augment the FL phenotype, we substituted
Ser*” with Glu (S347E), creating an additional SES motif next
to the original SES one (Fig. 4a). As controls, we created H350E
and S347E/H350E mutants (Fig. 4a). Expression of these mutants
was verified by Western blot analysis (Fig. 4a). Interestingly, the
E343/345D mutant retained the FL phenotype (Fig. 4b), indicating
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that an acidic residue is required to maintain function of the
constitutive internalization motif. S347E showed an intermediate
phenotype in which numerous fine GFP-positive vesicles were
seen close to the nucleus (Fig. 4b). These data indicate that the
two adjacent SES sequences do not augment the FL phenotype
but actually interfere with steady-state internalization. Both
H350E and S347E/H350E mutants also showed an intermediate
phenotype (Fig. 4b), suggesting that more than three acidic amino
acids close to the SES motif may inhibit its function, potentially
by generating a negative “charge cluster. Overall, we conclude
that the SDF-1a-independent internalization motif is located at
amino acids 344-346 of the CXCR4 cytoplasmic tail.

Finally, we analyzed phenotypes of the S344A mutant in greater
detail. Two hours after SDF-1a treatment, cells expressing this
mutant showed accumulation of GFP signals at perinuclear
regions, similar to the d-17 mutant (Figs. 1a and 4c). FACS
analysis revealed that cell surface levels of S344A decreased
to 70.8 £ 11.7% (n = 7) following SDF-1a treatment relative to
untreated cells, almost as efficient as FL (Fig. 3b). Migratory
activity of cells expressing the S344A mutant was stimulated
3.0-fold by SDF-1a., while that of cells expressing FL assayed
in parallel showed a 5.8-fold increase relative to untreated cells.
These data demonstrate that the S344A mutant, which is defective
in constitutive internalization, can undergo ligand-dependent
intemalization and stimulate migration. Along with the d-17
data, our observations strongly suggest that genetic elements
required for the ligand-dependent and -independent internaliza-
tion are separable.

Discussion

We demonstrated here that CXCR4 is constitutively internalized
in the absence of SDF-1a and that steady-state trafficking of
CXCR4 is regulated by its cytoplasmic tail. We show that the
three amino acid motif, Ser**-Glu*?-Ser**, within the cytoplasmic
tail is essential for efficient steady-state internalization of CXCR4.
Our work indicates that ligand-independent internalization
of CXCR4 is genetically separable from ligand-dependent inter-
nalization: mutants defective in steady-state internalization (d-
17 and S344A) were competent to respond to SDF-1a-promoted
intemalization signals. That residues required for ligand-dependent
endocytosis (Ser324, 325, 330, 338, 339, lle’® Leu*® and Lys™';
summarized in Fig. 1a)5'® do not overlap with those required
for ligand-independent internalization, further supports the idea
that these activities are separable.

Interestingly, the d-17 mutant displayed SDF-1o-promoted
internalization, whereas the d-14 and d-22 mutants did not.
These data suggest that an element between amino acids 336
and 342 negatively regulates ligand-initiated CXCR4 inter-
nalization. We are currently determining what amino acids are
required for that motif. What is unique about the constitutive
internalization motif is its position effect in terms of the distance
of the motif from the “body” of the receptor. SES-like motifs
can be found in the cytoplasmic tails of both CXC-chemokine
receptors (for example, CXCR3) and CC-chemokine receptors
including CCR2, CCR5 and CCR?7. Indeed, these receptors
share similar amino acid sequences in which two acidic amino
acids (mostly Asp) positioned between the 36th and 45th amino
acids of the cytoplasmic tail, where Ser and Thr residues are often
in the close proximity to the acidic amino acids but positively
charged amino acids, are infrequent. We hypothesize that for the
ligand-independent internalization motif to function, the SES
motif or its equivalent must be positioned at approximately the
40th residue of the cytoplasmic tail.

Many GPCR, including ala-adrenoceptor, and the p-opioid
receptor, are spontaneously internalized.®%3” Therefore, we
conclude that various GPCR actively and continuously undergo
endocytosis in the absence of ligand in a manner similar to
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CXCR4 and hypothesize that the function of constitutive receptor
internalization is to fine-tune the threshold at which cells sense
ligand. Cells should be able to rapidly post up- and downregulate
cell surface levels of CXCR4 using post-translational mecha-
nisms. Such regulation should enable cells to migrate toward
SDF-10o.-rich tissues as needed and should also prevent inappro-
priate cells from migrating.

Our work is relevant to cancer cell metastasis and the
pathogenesis of WHIM syndrome. Cell surface levels of CXCR4
positively correlate with cancer cells’ ability to metastasize.®'?
We hypothesize that enhanced metastatic capabilities of cancer
cells could be due in part to mutations that disrupt the function
of SES motif, which would result in upregulation of cell surface
levels of signal-competent CXCR4 (as exemplified by the E344A
mutant). As for WHIM syndrome, it was recently reported that
it is due to mutations within CXCR4’s cytoplasmic domain.43®
Interestingly, these mutations result in loss of SES motif. We
predict that loss of the SES motif should increase cell surface
CXCR4 levels. Although CXCR4 mutations generated here are
not identical to reported WHIM mutations, the d-10 mutant
resembles mutations seen in WHIM syndrome, and it exhibits
enhanced basal cell migratory activity. Increased cell surface
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CXCR4 or increased migratory potential may contribute to
WHIM pathogenesis. The response of d-10-expressing cells to
SDF-1a, however, was not as robust as that of cells derived
from WHIM.®*#? This discordance may be partly due to the cell
type differences, as we have employed a glioblastoma cell line
for our studies.

Thus, CXCR4 is a potentially important therapeutic target
not only for cancers but for other conditions such as HIV-1
infection, chronic autoimmune disease, and genetic disorders
including WHIM syndrome. CXCR4 also plays critical roles in
embryogenesis, homeostasis and inflammation. Although there
are potential caveats for treating cancer with CXCR4 antagonists,
our data furthers the understanding of mechanisms regulating
CXCR4 and could be useful in devising therapeutic strategies.
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