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Abstract
The Kaposi’s sarcoma-associated herpesvirus is the causative agent of primary effusion lymphoma
(PEL), for which cytotoxic chemotherapy represents the standard of care. The high mortality
associated with PEL may be explained in part by resistance of these tumors to chemotherapy. The
membrane-bound glycoprotein emmprin (CD147) enhances chemoresistance in tumors through
effects on transporter expression, trafficking and interactions. Interactions between hyaluronan
and hyaluronan receptors on the cell surface also facilitate emmprin-mediated chemoresistance.
Whether emmprin or hyaluronan-receptor interactions regulate chemotherapeutic resistance for
virus-associated malignancies is unknown. Using human PEL tumor cells, we found that PEL
sensitivity to chemotherapy is directly proportional to expression of emmprin, the lymphatic
vessel endothelial hyaluronan receptor-1 (LYVE-1) and a drug transporter known as the breast
cancer resistance protein/ABCG2 (BCRP), and that emmprin, LYVE-1 and BCRP interact with
each other and colocalize on the PEL cell surface. In addition, we found that emmprin induces
chemoresistance in PEL cells through upregulation of BCRP expression, and RNA interference
targeting of emmprin, LYVE-1 or BCRP enhances PEL cell apoptosis induced by chemotherapy.
Finally, disruption of hyaluronan-receptor interactions using small hyaluronan oligosaccharides
reduces expression of emmprin and BCRP while sensitizing PEL cells to chemotherapy.
Collectively, these data support interdependent roles for emmprin, LYVE-1 and BCRP in
chemotherapeutic resistance for PEL.
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Introduction
The Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiologic agent of primary
effusion lymphoma (PEL),1 multicentric Castleman’s disease2 and Kaposi’s sarcoma.3 PEL
represents a rapidly progressive illness arising primarily in patients infected with the human
immunodeficiency virus (HIV), although cases have also been documented in organ
transplant recipients.4 Administration of cytotoxic chemotherapeutic agents represents the
current standard of care for the treatment of PEL.5-7 However, the myelosuppressive effects
of cytotoxic chemotherapy synergize with those caused by antiretroviral therapy or immune
suppression.4,11 Furthermore, the prognosis for PEL remains poor with a median survival of
~6 months,5-7 dictating the need for safer and more effective therapeutic options. Therapies
targeting the mammalian target of rapamycin or CD20 have proven helpful in select
cases,8,9 although a lack of efficacy due to induction of alternative tumor-promoting signal
transduction pathways or outgrowth of CD20-negative tumors limits the utility of these
approaches.10 Many PEL tumors demonstrate resistance to chemotherapeutic agents used in
the clinic.4 p53 mutagenesis and the KSHV-encoded latency-associated nuclear antigen-2
(LANA2) have been implicated in PEL resistance to chemotherapy,4,11 but a better
understanding of mechanisms for PEL chemoresistance is needed in order to develop
clinically applicable approaches for sensitizing PEL tumors to cytotoxic agents.

Emmprin (CD147; basigin) was originally identified as a membrane-bound inducer of
matrix metalloproteinase (MMP) synthesis,12,13 enhanced tumor growth, and tumor cell
invasion.14 More recent studies have demonstrated emmprin interactions with
monocarboxylate and ATP-binding cassette (ABC)-family multidrug transporters to
facilitate export of lactate or chemotherapeutic agents, respectively.15-19 Emmprin also
stimulates production of hyaluronan,20 an extracellular polysaccharide that promotes tumor
chemoresistance through interactions with the cell surface receptor CD44.21-25 Small
hyaluronan oligosaccharides (oHAs) interact monovalently with CD44, competitively
blocking polyvalent interactions between CD44 and endogenous hyaluronan,26,27 and oHAs
sensitize murine lymphoma, malignant peripheral nerve sheath tumor, glioma and various
carcinoma cell lines to chemotherapy in vitro and in vivo.18,21-24,28 The lymphatic vessel
endothelial hyaluronan receptor-1 (LYVE-1), which has structural similarity to CD44, also
serves as a receptor for hyaluronan.29 Interestingly, LYVE-1 is expressed by KSHV-
infected cells and within KSHV-associated tumors,30-32 although a role for LYVE-1 in
KSHV pathogenesis has not been established. Furthermore, surface expression of CD44 is
negligible for PEL cells.33 It is unknown whether emmprin, hyaluronan receptors or other
associated proteins regulate chemotherapeutic resistance for virus-mediated tumors.

Using patient-derived PEL tumors, we found recently that PEL cells express emmprin,
LYVE-1 and the ABC family transporter known as the breast cancer resistance protein/
ABCG2 (BCRP) on the cell surface. Therefore, we sought to determine whether emmprin,
LYVE-1 and/or BCRP, either alone or through interdependent interactions, regulate PEL
resistance to chemotherapeutic agents.

Materials and methods
Cell culture

KSHV-infected PEL cells, including BC-1, BC-3, BCP-1 and BCBL-1 cell lines, were
kindly provided by the laboratories of Dr Dean H Kedes (University of Virginia) and Dr
Dirk Dittmer (University of North Carolina, Chapel Hill). All PEL cells were maintained in
RPMI-1640 media (Gibco, Gaithersburg, MD, USA) supplemented with 10% fetal bovine
serum, 10 mM HEPES (pH 7.5), 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM L-
glutamine, 0.05 mM β-mercaptoethanol and 0.02% (wt/vol) sodium bicarbonate.
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Preparation of oHAs
oHAs were prepared as described previously.17 Briefly, the oHA preparation comprises a
mixed fraction of average molecular weight (MW) ~2.5 × 103 composed of 3 to 10
disaccharide units fractionated from testicular hyaluronidase (type 1-S) digests of
hyaluronan polymer (Sigma-Aldrich (St Louis, MO, USA), sodium salt). Fractionation was
performed using trichloroacetic acid precipitation followed by serial dialysis with 5000
MWCO (Amicon Ultra Ultracel, Millipore, Billerica, MA, USA) and 1000 MWCO
(Spectra/Por Membrane, Spectrum Laboratories, Rancho Dominguez, CA, USA)
membranes.

Cell viability assays
Cell viability was assessed using both MTT and Trypan blue exclusion assays as previously
described.34 For MTT assays, a total of 5 × 103 PEL cells were incubated individual wells of
a 96-well plate for 24 h. Serial dilutions of paclitaxel, doxorubicin or oHAs were added and
subsequently incubated in 1 mg/ml MTT solution (Sigma-Aldrich) at 37°C for 3 h.
Thereafter, cells were incubated in 50% dimethylsulfoxide overnight and optical densities
determined at 570 nm using a spectrophotometer (Thermo Labsystems, West Palm Beach,
FL, USA). For Trypan blue exclusion assays, cells were incubated with 0.4% Trypan blue
(MP Biomedicals, Northbrook, IL, USA) and observed under light microscopy. Relative cell
viability was determined after assessment of at least 1000 cells per condition for each
experiment using the following formula: (no. of live cells/no. of total cells for experimental
conditions)/ (no. of live cells/no. of total cells for vehicle-treated control cells).

Gene amplification
Total RNA was isolated using the RNeasy Mini kit according to the manufacturer’s
instructions (QIAGEN, Valencia, CA, USA). Complementary DNA was synthesized from
equivalent concentrations of total RNA using the SuperScript III First-Strand Synthesis
SuperMix Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Coding sequences for hyaluronan synthases 1–3 (has1–3; and β-actin for
internal controls) were amplified from 200 ng input complementary DNA using iQ SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA). Custom primer sequences used for
amplification experiments were as follows: has1 sense 5′-CAAGGCGCTCGGAGATTC-3′;
has1 antisense 5′-GACCGCTGATGCAGGATACA-3′; has2 sense 5′-
CATCATCCAAAGCCTGTT-3′; has2 antisense 5′-TCTTCTGAGTTCCCATCTA-3′;
has3 sense 5′-TGGCTCAACCAGCAAACC-3′; has3 antisense 5′-
CAGCAGGAAGAGGAGAATGT-3′; β-GGAAATCGTGCGTGACATT-3′; β-actin
antisense 5′-GACTCGTCATACTCCTGCTTG-3′. Amplification was carried out using an
iCycler IQ Real-Time PCR Detection System, and cycle threshold (Ct) values determined in
duplicate for emmprin has transcripts and β-actin for each experiment. ‘No template’ (water)
and ‘no-RT’ controls were used to ensure minimal background DNA contamination. Fold
changes for experimental groups relative to assigned controls were calculated using
automated iQ5 2.0 software (Bio-Rad).

RNA interference (RNAi)
Emmprin, LYVE-1, BCRP and non-target small interfering RNAs were purchased from the
manufacturer (ON-TARGET plus SMART pool, Dharmacon, Lafayette, CO, USA). Cells
were incubated with small interfering RNAs in 12-well plates using DharmaFECT
Transfection Reagent (Dharmacon) according to the manufacturer’s instructions, and gene
silencing assessed using immunoblots within 48 h.
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Immunoprecipitation and immunoblot assays
Cells were lysed in buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1% NP40, 1 mM

EDTA, 5 mM NaF and 5 mM Na3VO4. Total cell lysates (30 μg) were resolved by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to nitrocellulose
membranes, and immunoblotted with 100–200 μg/ml antibodies recognizing the following
proteins: BCRP, LYVE-1 (Santa Cruz, Santa Cruz, CA, USA), Bax, pro-/cleaved caspase-9,
pro-/cleaved caspase-3, Bcl-2 (Cell Signaling, Boston, MA, USA) and emmprin (BD
Pharmingen, San Jose, CA, USA). For loading controls, blots were reacted with antibodies
detecting β-actin (Sigma-Aldrich). Immunoreactive bands were developed using an
enhanced chemiluminescence reaction (Perkin-Elmer, San Jose, CA, USA), and visualized
by autoradiography. Immunoprecipitation assays were performed using the Catch and
Release v2.0 Reversible Immunoprecipitation System (Millipore) according to the
manufacturer’s instructions (Invitrogen). Mouse or rabbit IgG were used as negative
controls.

Flow cytometry
PEL cells were resuspended in 3% bovine serum albumin in 1 × phosphate-buffered saline,
incubated on ice for 10 min, and then incubated with primary antibodies (diluted 1:50 for
emmprin, and 1:20 for BCRP and LYVE-1) for an additional 30 min. Following two
subsequent wash steps, cells were incubated for an additional 30 min with either goat anti-
rabbit IgG Alexa-647 or goat anti-mouse IgG Alexa-647 (Invitrogen) diluted 1:200. Control
cells were incubated with secondary antibodies only. Cells were resuspended in 1 ×
phosphate-buffered saline before analysis. For quantitative apoptosis assays, the fluorescein
isothiocyanate Annexin V Apoptosis Detection Kit I (BD Pharmingen) and propidium
iodide were used according to the manufacturer’s instructions to identify early apoptotic
(annexin+ propidium iodide−) and late apoptotic (annexin+ propidium iodide+) cells for 10
000 cells in each experimental and control condition. Data were collected using a FACS
Calibur four-color flow cytometer (Bio-Rad), and FlowJo software (TreeStar, San Carlos,
CA, USA) was used to quantify cell surface localization of target proteins. The percentage
of total apoptotic cells in each sample was calculated as follows: (early apoptotic + late
apoptotic cells) / total cells analyzed.

Immunofluorescence assays
PEL cells were incubated in 3% paraformaldehyde at 4 °C for fixation, and then with a
blocking reagent (3% bovine serum albumin in 1 × phosphate-buffered saline) for an
additional 30 min. Cells were subsequently incubated for 1 h at 25 °C with primary
antibodies (diluted 1:50 for emmprin, and 1:20 for BCRP and LYVE-1), followed by goat
anti-rabbit IgG Texas Red or goat anti-mouse IgG Alexa-488 (Invitrogen) diluted 1:100 for
an additional 1 h at 25 °C. To detect the presence of doxorubicin within individual cells,
doxorubicin was excited using an argon laser (λex-488 nm) and detected using an emission
filter set at 505–530 nm, as described previously.35 Images were captured using a Leica TCS
SP5 AOBS confocal microscope (Leica Microsystems Inc., Buffalo Grove, IL, USA)
equipped with a × 63/1.4 objective lens.

Transduction assays
PEL cells were transduced (multiplicity of infection ~20) using a recombinant adenoviral
vector encoding emmprin or a control vector as previously described.36 After 24 h, cells
were incubated with paclitaxel and doxorubicin (Sigma-Aldrich) with or without 100 μg/ml
oHA before quantification of cell viability.
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Hyaluronan quantification
Hyaluronan concentrations were determined within cell supernatants using an enzyme-
linked immunosorbent-like assay described previously.37

Statistical analysis
Significance for differences between experimental and control groups was determined using
the two-tailed Student’s t-test (Excel 8.0), and P-values <0.05 or <0.01 were considered
significant or highly significant, respectively.

Results
PEL chemoresistance correlates directly with emmprin, LYVE-1 and BCRP expression

Using four representative human PEL cell lines, we sought to determine whether
chemoresistance for PEL cells correlates with their expression of emmprin, LYVE-1 and
BCRP. We chose to focus on BCRP as we observed its clear expression on the PEL cell
surface (Figure 1b), whereas we did not observe appreciable PEL cell expression of the
other ubiquitous, well-characterized ABC transporter, P-glycoprotein (not shown). For our
experiments, we used four human PEL cell lines: two ‘chemoresistant’ cell lines (BCP-1 and
BCBL-1 cells) and two ‘chemosensitive’ cell lines (BC-1 and BC-3 cells), previously
characterized based on their relative sensitivity to the DNA synthesis inhibitor doxorubicin.4

Using immunoblotting and flow cytometry, respectively, we found that total protein
expression and membrane localization of emmprin, LYVE-1 and BCRP were significantly
greater for chemoresistant PEL cells (Figures 1a and b). Of note, chemoresistant PEL cells
exhibited greater expression of both high-MW (~65 kDa) and low-MW (~35 kDa) emmprin
glycoforms. Emmprin isoforms with high or low levels of glycosylation demonstrate
biologic activity with respect to induction of MMP expression.38,39 Correlating with these
results, we also noted greater expression of representative MMPs (MMP1, MMP2 and
MMP9) in chemoresistant PEL cells (Supplementary Figure S1). In addition, chemoresistant
PEL cells exhibited increased hyaluronan secretion and greater expression of hyaluronan
synthase transcripts (has1–3 for BCP-1; has2/3 for BCBL-1) relative to chemosensitive PEL
cells (Figures 1c and d). Protein complexes containing emmprin or CD44 and drug
transporters have been previously identified on the surface of tumor cells.18,21 Using
confocal microscopy, we observed colocalization of emmprin, LYVE-1 and BCRP on the
PEL cell surface (Figure 2a). Moreover, BCRP and LYVE-1 co-immunoprecipitated with
emmprin, and BCRP and emmprin co-immunoprecipitated with LYVE-1 (Figures 2b and c).
These results support interactions between emmprin, LYVE-1 and BCRP on the surface of
chemoresistant PEL cells.

Emmprin and LYVE-1 regulate BCRP expression and PEL resistance to chemotherapy
Following RNAi resulting in partial inhibition of emmprin expression in PEL cells,
immunoblots revealed partial reduction of total BCRP protein expression, but no clearly
discernable reduction in LYVE-1 expression (Figure 3a). Inhibition of emmprin expression
significantly reduced hyaluronan secretion by chemoresistant PEL cells (Figure 3b).
Furthermore, flow cytometry and confocal microscopy demonstrated that inhibition of
emmprin significantly reduced BCRP localization on the cell surface, but not LYVE-1
(Figures 3c and d). Doxorubicin is used routinely for the treatment of PEL.7 The
microtubule inhibitor paclitaxel also induces apoptosis of human PEL tumors in vitro,40 but
paclitaxel is not routinely used for the treatment of PEL due, in part, to the demonstration of
PEL resistance to paclitaxel.11 Our viability assays showed that targeting emmprin increased
the sensitivity of chemoresistant PEL cells to both doxorubicin and paclitaxel (Figure 3e).
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Using transduction with a recombinant adenovirus encoding emmprin, we found that ectopic
overexpression of emmprin increased BCRP expression in chemosensitive PEL cells
whereas LYVE-1 remained unaffected (Figure 4a). Furthermore, emmprin overexpression
significantly reduced PEL cell sensitivity to both doxorubicin and paclitaxel and, using
RNAi, we confirmed that this effect was mediated almost entirely through upregulation of
BCRP (Figure 4b). RNAi subsequently confirmed that reducing BCRP expression
significantly enhanced PEL cytotoxicity induced by either doxorubicin or paclitaxel (Figures
4c and d). Emmprin overexpression also significantly increased hyaluronan secretion
(Figure 5a), and the increase in chemoresistance caused by emmprin overexpression was
suppressed by co-administration of oHAs (Figure 5b), suggesting that the chemoprotective
effect of emmprin for PEL cells is dependent upon hyaluronan-receptor interactions.

Since we observed LYVE-1 expression on the surface of PEL cells as well as oHA
suppression of emmprin-mediated chemoresistance, we hypothesized that inhibition of
LYVE-1 expression would also sensitize PEL cells to chemotherapy. We found that RNAi
targeting LYVE-1 reduced both total expression and membrane localization of BCRP in
PEL cells, but did not affect emmprin expression significantly (Figures 6a–c). Moreover, we
found that reduced LYVE-1 expression significantly enhanced PEL cell sensitivity to both
doxorubicin and paclitaxel (Figure 6d). Using complimentary flow cytometric assays, we
also found that reduction in expression of either emmprin or LYVE-1 led to enhanced
apoptosis in the presence of chemotherapeutic agents. However, no effect was observed
when either emmprin or LYVE-1 was targeted in the absence of these agents (Figures 7a
and b).

Collectively, these results suggest that cooperative mechanisms involving emmprin and
hyaluronan interactions with LYVE-1 regulate PEL chemoresistance, and that upregulation
of BCRP is responsible for these effects.

oHAs sensitize PEL cells to chemotherapeutic agents
Published data indicate that oHAs induce apoptosis for lymphoma cell lines,28,41 and as
previously stated, we observed that oHAs suppress emmprin-induced chemoresistance for
PEL cells (Figure 5b). Therefore, we sought to determine whether oHAs reduce PEL
viability through induction of apoptosis, and whether oHAs alone sensitize PEL cells to
chemotherapy. In agreement with our results indicating that RNAi targeting emmprin or
LYVE-1 alone have no impact on PEL viability, we found that oHAs alone did not induce
cytotoxicity for PEL cells (Supplementary Figure S2). However, oHAs significantly
enhanced PEL cytotoxicity induced by either doxorubicin or paclitaxel, with this effect
being more pronounced for chemoresistant PEL cells (Figures 8a–d and Supplementary
Figure S3). Furthermore, oHAs enhanced doxorubicin or paclitaxel induction of PEL
apoptosis (Figure 8e). In parallel, we confirmed that oHAs reduced expression of the anti-
apoptotic protein Bcl-2 (B-cell lymphoma 2), increased expression of the pro-apoptotic
protein Bax and increased expression of the functional, pro-apoptotic cleaved proteins
caspase-9 and caspase-3 while reducing the pro-forms of these proteins (Figure 8f).
Interestingly, we observed that oHAs suppressed doxorubicin- or paclitaxel-induced
expression of emmprin and BCRP but not LYVE-1 (Figure 9a), although oHAs alone had no
significant impact on basal expression of emmprin, LYVE-1 or BCRP (Supplementary
Figure S4). In addition, oHAs suppressed doxorubicin- or paclitaxel-induced cell surface
expression of BCRP (Figures 9b and c). Laser excitation of intrinsic fluorescence for
doxorubicin has been recently reported,35 and we confirmed that intracellular accumulation
of doxorubicin occurred in a significantly greater number of oHA-treated cells in these
assays. Furthermore, intracellular accumulation of doxorubicin correlated with the degree of
apoptosis for individual cells as determined by visualization of nuclear fragmentation
(Figure 10). Other work has demonstrated that blocking hyaluronan interactions with CD44
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disrupts emmprin- and CD44-drug efflux pump complexes on the cell surface,18 and we
found that oHAs reduced co-precipitation of LYVE-1 with either emmprin or BCRP
(Supplementary Figure S5). However, additional experiments are needed to resolve whether
this latter observation is caused, in part, by a reduction of emmprin and BCRP expression
with oHAs. Collectively, these data support a role for hyaluronan-receptor interactions in the
induction of PEL chemoresistance, and demonstrate that disruption of these interactions
enhances chemotherapy-mediated apoptosis for PEL cells.

Discussion
Cytotoxic chemotherapeutic agents represent the current standard of care for PEL, but these
agents may aggravate toxicities associated with antiretroviral agents administered to HIV-
infected patients and have not improved the poor prognosis for patients with these tumors.4-7

Sensitization of PEL to existing chemotherapies may allow for dose reduction of cytotoxic
agents to minimize associated toxicities, as well as augmentation of chemotherapy-mediated
PEL apoptosis to improve clinical outcomes. Data from a single report suggest that mutation
of p53 leads to doxorubicin resistance for PEL cells.4 A second report found that the KSHV-
encoded LANA2 modulates microtubule dynamics through direct binding to polymerized
microtubules, thereby interfering with microtubule stabilization by paclitaxel and increasing
PEL resistance to this drug.11 However, neither of these mechanisms of resistance can be
easily targeted for therapeutic purposes, supporting the need for identification of alternative
mechanisms for PEL resistance, specifically those involving potential targets at the cell
surface. Emmprin, through interactions with hyaluronan receptors17,23 and membrane-bound
transporters,17-19 facilitates tumor cell chemoresistance. In addition, disruption of
hyaluronan interactions with its cognate receptors interferes with emmprin-mediated drug
resistance,23 in part through disruption of protein complexes containing emmprin.17,18 Our
studies were undertaken to determine whether emmprin, the hyaluronan receptor LYVE-1
and the ABC-family multidrug transporter BCRP regulate PEL resistance to chemotherapy.
This approach was initially supported by our observation of a direct correlation between
PEL resistance to chemotherapeutic agents and expression of emmprin, LYVE-1, and
BCRP, as well as hyaluronan secretion (Figure 1), and data supporting interactions for these
proteins on the PEL cell surface (Figure 2).

Our data are the first, to our knowledge, establishing roles for either emmprin or LYVE-1 in
the regulation of BCRP expression, although data from our group have demonstrated
decreased expression of BCRP by glioma cells after oHA treatment.22 Our data are also
consistent with previously published data from our group and others indicating that
increased emmprin expression stimulates hyaluronan–CD44 interactions,20,23 which in turn
increase expression of another ABC family transporter, P-glycoprotein;24,42 however, we
find that P-glycoprotein is not expressed to an appreciable extent by PEL cells (not shown).
The BCRP promoter contains a CAAT box and Sp1-binding sites.43 Emmprin and LYVE-1
regulate signal transduction pathways23,44-47 that are known to regulate transcriptional
activation through cooperative mechanisms involving CAAT box and Sp1 binding.48,49

However, the role of these pathways in transcriptional activation of BCRP requires
confirmation. Our studies were not designed to address whether KSHV itself regulates
expression of BCRP, emmprin or LYVE-1 in PEL cells. However, we previously reported
data revealing that KSHV-encoded LANA induces expression of emmprin.50 Sp1 also
induces transcriptional activation of emmprin,51 and LANA interacts directly with Sp1 to
promote Sp1-mediated transcriptional activation of telomerase.52 Our future studies will
address mechanisms for KSHV-initiated transcriptional activation of these proteins. Of note,
our data suggest that neither emmprin nor LYVE-1 regulate expression of one another,
although we hypothesize that these two proteins are functionally interdependent by virtue of
their interactions.
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We found that either oHA treatment or direct LYVE-1 silencing suppresses BCRP
expression and enhances PEL cytotoxicity in the presence of chemotherapeutic agents.
These data support the possibility that hyaluronan interactions with LYVE-1 on the PEL cell
surface facilitate PEL chemoresistance through upregulation of BCRP expression. Although
its function as a receptor for hyaluronan is well characterized,29 this is the first report to our
knowledge implicating LYVE-1 in downstream regulation of a membrane transport protein
important for chemotherapeutic resistance, and the first report detailing a mechanism for
LYVE-1 regulation of KSHV-associated cancer pathogenesis despite the fact that LYVE-1
expression has been reported within Kaposi’s sarcoma lesions.32 Published studies implicate
interactions between emmprin and the hyaluronan receptor CD44 in the induction of cancer
cell chemo-resistance.23,53 In addition, oHAs disrupt emmprin–CD44 interactions17 as well
as CD44-mediated intracellular signal transduction and cell pathogenesis relevant to cancer
progression.18,20,23,24,28,54,55 However, we found that both total and membrane expression
of CD44 are negligible for the PEL cell lines used in our studies (data not shown) in
agreement with published results.33 Our data do not exclude the possibility that oHAs
enhance PEL cytotoxicity through disruption of hyaluronan interactions with a receptor
other than either CD44 or LYVE-1,56,57 or through other mechanisms.

We found that direct targeting of emmprin or LYVE-1 using RNAi, and treatment with
oHAs, enhance chemotherapy-induced apoptosis for PEL cells. Given that none of these
interventions induced apoptosis in the absence of cytotoxic agents, and that emmprin-
enhanced viability for PEL cells was reduced by targeting BCRP, our data suggest that
targeting emmprin or LYVE-1 augments chemotherapy-induced PEL apoptosis through
inhibition of BCRP expression and drug efflux. This is supported by our observation that
chemother-apeutic agents increase emmprin expression by PEL cells in a manner previously
observed for other cancer cell types.70 Since emmprin stimulates hyaluronan synthesis,20

and the effect of emmprin on drug resistance is most likely mediated by hyaluronan-receptor
interactions,23 it is likely that chemother-apeutic agents also stimulate hyaluronan–LYVE-1
signaling and that oHAs act by interfering with this signaling. In addition, we observed an
increase in the number of PEL cells exhibiting intracellular accumulation of doxorubicin in
the presence of oHAs, further supporting the conclusion that oHAs inhibit drug efflux
through their effects on transporter expression as we and others have observed.18,21,22,24

Emmprin and LYVE-1 also activate signal transduction pathways, including mitogen-
activated protein kinase, phosphatidylinositol 3-kinase/Akt and nuclear factor-κB,23,44-47

that regulate apoptosis.58-61 Constitutive activation of these pathways plays a pivotal role in
anti-apoptotic signaling and PEL cell survival,62-65 and inhibition of these pathways induces
PEL apoptosis.66-69 Therefore, we cannot categorically exclude the possibility that
inhibition of emmprin or LYVE-1 also induces PEL apoptosis through interference with
signal transduction.

We found that emmprin, LYVE-1 and BCRP colocalize and interact on the PEL cell surface.
Recent reports suggest that emmprin interacts with CD44 (ref. 17) and P-glycoprotein,18,19

thereby facilitating drug efflux and resistance to chemotherapy. It is likely that emmprin and
CD44 interact with several plasma membrane proteins within the context of lipid rafts rather
than through direct binding to one another,55,71,72 and whether emmprin, LYVE-1 and
BCRP interact in this manner on the PEL cell surface is currently under investigation.
Moreover, oHAs inhibit drug efflux activity and sensitize tumor cells to chemotherapy
through disruption of hyaluronan–CD44–drug transporter interactions and internalization of
both CD44 and drug transporters18,21,24 in addition to their effects on transporter expression.
We found that emmprin or LYVE-1 targeting with RNAi, or treatment with oHAs, reduced
total BCRP expression in PEL cells. Using confocal immunofluorescence assays, we also
observed a reduction of PEL membrane localization of BCRP with these interventions, but
without coincident increases in cytoplasmic BCRP expression; however, these findings do
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not categorically exclude the possibility that BCRP is internalized and degraded as a result
of emmprin or LYVE-1 targeting or oHA treatment. In addition, although we found that
oHAs reduced co-immunoprecipitation of emmprin, LYVE-1 and BCRP, we cannot exclude
the possibility that the observed reduction in BCRP protein expression with oHA treatment
contributes to reduced quantitative interactions between these proteins at the cell surface.
Additional experiments should clarify which of these mechanisms for emmprin/LYVE-1
regulation of BCRP play a key role in protecting PEL cells from apoptosis and cytotoxicity
induced by chemotherapeutic agents.

In summary, this study provides the first description of cooperative interactions between
emmprin, LYVE-1 and BCRP in regulating chemotherapeutic resistance, specifically for
PEL. They also support the potential utility of targeting one or more of these intermediates
as a therapeutic approach for PEL and other KSHV-associated diseases.
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Figure 1.
Chemoresistance of PEL cells correlates directly with LYVE-1, emmprin and BCRP
expression. (a) Immunoblot analyses were used to detect basal expression of emmprin,
LYVE-1 and BCRP for relatively chemosensitive (BC-1 and BC-3) and chemoresistant
(BCP-1 and BCBL-1) PEL cells. β-Actin was identified for internal controls. Data shown
represent one of three independent experiments. (b) Flow cytometric analyses were used to
quantify emmprin, LYVE-1 and BCRP expression on the surface of representative
chemosensitive (BC-3) and chemoresistant (BCP-1) PEL cells. Mean fluorescence intensity
(MFI), reflecting surface expression of each protein for 10 000 cells in each condition, was
calculated for BCP-1 cells relative to BC-3 cells using FlowJo software. (c) Hyaluronan
secretion in culture supernatants was quantified as described in the Materials and methods.
(d) Transcripts representing three hyaluronan synthase genes (has1–3) were quantified by
qRT-PCR, and their expression relative to that for BC-1 cells determined as described in the
Materials and methods. Error bars represent the s.e.m. for three independent experiments.
*P<0.05; ** P<0.01.
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Figure 2.
Emmprin, LYVE-1 and BCRP interact on the PEL cell surface. (a) Confocal
immunofluorescence assays (IFAs) were performed as described in the Materials and
methods to identify expression and localization of emmprin, LYVE-1 and BCRP using
BCP-1 cells. Red or green fluorescence represents localization of a single protein, whereas
yellow fluorescence represents colocalization of two proteins in merged images. Data shown
represent one of three independent experiments and at least 100 cells analyzed for each
experiment. (b, c) Co-immunoprecipitation (co-IP) assays were performed as described in
the Materials and methods. Proteins were identified within total protein (input) fractions for
positive controls, and IgG antibodies of the same subclass were used for negative controls
for both anti-emmprin and anti-LYVE-1 co-IP assays.
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Figure 3.
Targeting emmprin reduces BCRP expression, hyaluronan secretion and PEL cell resistance
to chemotherapeutic agents. BCP-1 cells were transfected with emmprin-specific small
interfering RNA (e-siRNA) or non-target control siRNA (n-siRNA). After 48 h, immunoblot
analyses were used to quantify protein expression (a), supernatants used to quantify
hyaluronan secretion (b), and flow cytometric analyses used to quantify emmprin, BCRP
and LYVE-1 expression on the cell surface (c). For the latter, mean fluorescence intensities
representing cell surface expression (MFI), following analysis of 10 000 cells, were
determined for e-siRNA-treated BCP-1 cells (white bars) relative to controls (black bars).
(d) Confocal IFAs were performed to identify and localize emmprin and BCRP expression
as described in the Materials and methods. (e) e-siRNA-transfected or n-siRNA control-
transfected cells (24 h) were incubated with the indicated concentrations of paclitaxel
(Taxol) or doxorubicin (Dox) for 72 h and relative cell viability quantified using Trypan
blue exclusion as described in the Materials and methods. For all experiments, error bars
represent the s.e.m. for three independent experiments. **P<0.01.
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Figure 4.
Emmprin induces PEL resistance to chemotherapy through induction of BCRP expression.
(a) BC-1 cells were transduced using a recombinant human emmprin-encoding adenovirus
(AdV-emmprin) or control adenovirus (AdV), and protein expression quantified 48 h later
by immunoblotting. (b) BC-1 cells were transfected with control non-target- (n) or BCRP
(b)-specific small interfering RNA (siRNA) for 24 h, and then transduced as in (a) for an
additional 48 h before incubation with the indicated concentrations (nM on x axis) of Taxol
(left panel) or Dox (right panel) for 72 h each. Relative cell viability was quantified using
Trypan blue exclusion. Error bars represent the s.e.m. for three independent experiments. (c)
BCBL-1 cells were transfected with BCRP-siRNA or non-target control siRNA (n-siRNA)
for 48 h, and then immunoblot analyses were used to detect BCRP expression. (d)
Following transfection as in (c), BCBL-1 cells were incubated with Taxol or Dox for 72 h at
the indicated concentrations and relative cell viability quantified using Trypan blue
exclusion.

Qin et al. Page 17

Leukemia. Author manuscript; available in PMC 2013 June 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Emmprin induces PEL resistance to chemotherapy through induction of hyaluronan-receptor
interactions. (a) BC-1 cells were transduced as in Figure 4 and supernatants used for
quantification of hyaluronan secretion after 48 h. (b) BC-1 cells were transduced as above
for 48 h and subsequently incubated with either Taxol or Dox at the indicated concentrations
in the presence or absence of 100 μg/ml oHA for an additional 72 h. Relative cell viability
was quantified using Trypan blue exclusion. Error bars represent the s.e.m. for three
independent experiments.
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Figure 6.
Targeting LYVE-1 reduces BCRP expression and PEL cell resistance to chemotherapeutic
agents. BCP-1 cells were transfected with LYVE-1-siRNA or non-target control small
interfering RNA (n-siRNA). After 48 h, immunoblot analyses were used to quantify protein
expression (a) and flow cytometric assays used to quantify LYVE-1 and BCRP expression
on the cell surface (b). For the latter, mean fluorescence intensities representing cell surface
expression (MFI), following analysis of 10 000 cells, were determined for LYVE-1-siRNA-
treated BCP-1 cells relative to controls. (c) Confocal immunofluorescence assays (IFAs)
were used to identify and localize LYVE-1 and BCRP expression as described in the
Materials and methods. (d) LYVE-1-siRNA-transfected or n-siRNA control-transfected
BCP-1 cells were incubated with Taxol or Dox for 72 h at the indicated concentrations, and
cell viability quantified using Trypan blue exclusion. Error bars represent the s.e.m. for three
independent experiments. **P<0.01.
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Figure 7.
Targeting emmprin or LYVE-1 enhances PEL cell apoptosis induced by chemotherapeutic
agents. (a) BCP-1 cells were transfected with emmprin-small interfering RNA (e-siRNA),
LYVE-1-siRNA (l-siRNA) or non-target control siRNA (n-siRNA) for 24 h, and then
incubated in the presence or absence of 100 nM Dox for an additional 24 h. Apoptosis was
quantified by flow cytometry using Annexin V and propidium iodide as described in the
Materials and methods. (b) The percentage of total (early + late) apoptotic cells within at
least 10 000 cells in each group per experiment was determined as described in the Materials
and methods. Error bars represent the s.e.m. for three independent experiments. **P<0.01.
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Figure 8.
oHAs sensitize chemoresistant PEL cells to chemotherapeutic agents. BCP-1 (a, b) and
BCBL-1 cells (c, d) were incubated with either Taxol or Dox at the indicated concentrations
and for the indicated times in the presence or absence of 100 μg/ml oHA. Relative cell
viability was quantified using Trypan blue exclusion. Error bars represent the s.e.m. for
three independent experiments. (e) BCP-1 cells were incubated with 100 nM Taxol or 100 nM

Dox in the presence or absence of 100 μg/ml oHA for 48 h, and then apoptosis quantified by
flow cytometry as described in the Materials and methods. (f) In parallel with experiments in
(e), immunoblots were performed to identify apoptosis-associated protein expression as
described in the Materials and methods. Data shown for (e) and (f) represent one of three
independent experiments.
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Figure 9.
oHAs reduce emmprin and BCRP expression in PEL cells treated with chemotherapeutic
agents. (a) BCP-1 cells were incubated with 100 nM Taxol or 100 nM Dox for 96 h in the
presence or absence of 100 μg/ml oHA. Immunoblot analyses were used to detect total
protein expression, including β-actin for internal controls. Data shown represent one of three
independent experiments. (b) Flow cytometry analyses were used to quantify BCRP cell
surface expression for similar conditions as in (a). Mean fluorescence intensity (MFI),
reflecting surface expression of BCRP for 10 000 cells, was determined for experimental
groups relative to untreated BCP-1 control cells. Error bars represent the s.e.m. for three
independent experiments *P<0.05; **P<0.01. (c) BCP-1 cells were treated as in (a), and
then confocal IFAs performed for identification and localization of BCRP expression as
described in the Materials and methods. Data shown represent one of three independent
experiments.
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Figure 10.
PEL cells incubated with oHAs exhibit increased intracellular accumulation of doxorubicin.
BCP-1 cells were incubated with 100 nM Dox for 48 h in the presence or absence of 100 μg/
ml oHA, and then confocal IFAs were performed to identify intracellular doxorubicin
(green) as described in the Materials and methods. For identification of nuclei (blue), cells
were counterstained with 0.5 μg/ml 4′,6-diamidino-2-phenylindole (DAPI; Sigma) in 180
mM Tris-HCl (pH 7.5), and visualization of nuclear fragmentation used to identify cells
undergoing apoptosis (arrows). Data shown represent one of three independent experiments.
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