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ABSTRACT Nasopharyngeal carcinoma (NPC) is a metastatic Epstein-Barr virus (EBV)-
associated cancer that expresses the viral oncogenic protein, latent membrane protein 1
(LMP1). During epithelial metastasis, detached cells must overcome anoikis-induced cell
death and gain the ability to reattach and restore growth potential. Anoikis assays have
revealed cell survival mechanisms during suspension, but few studies have tracked
the fate of cells surviving anoikis-inducing conditions. In this study, a modified anoi-
kis assay was used to examine if the expression of LMP1 confers the recovery of epi-
thelial cells from anoikis. Cells expressing LMP1 mutants and strains were evaluated
for distinguishing properties in survival during suspension, reattachment, and out-
growth potential. Expression of LMP1 promoted the outgrowth of the NPC cell line
HK1 following anoikis induction that was not attributed to enhanced cell survival in
suspension or reattachment. The mechanism of LMP1-induced outgrowth required
Akt signaling and the conserved PXQXT motif on LMP1, which activates Akt. Dele-
tion of any of the three LMP1 C-terminal activation regions (CTAR) abrogated anoikis
recovery, suggesting that additional LMP1-regulated signaling pathways are likely in-
volved. Of the seven LMP1 strains, only B958, China1, and Med� promoted HK1 out-
growth from anoikis. This distinguishing biological property segregates LMP1 strains
into two categories (anoikis recovering and nonrecovering) and suggests that LMP1
strain-specific sequences may be important in determining metastatic outgrowth po-
tential in NPC tumors.

IMPORTANCE LMP1 is one of the most divergent sequences in the EBV genome
and phylogenetically segregates into seven LMP1 strains. The LMP1 strains differ in
geographical distribution and NPC tumor prevalence, but the molecular basis for
this potential selection is not clear. While there are signaling motifs conserved in all
LMP1 sequences from circulating EBV isolates, phylogenetic studies of NPC also sug-
gest that there may be sequence selection for tumor-associated LMP1 strains and
polymorphisms. The present study describes a modified anoikis assay that can distin-
guish LMP1 strains into two groups by biological properties. The pleiotropic LMP1
signaling properties and sequence diversity may offer a unique opportunity to illu-
minate the complex mechanisms of metastasis. Although the host genomic land-
scape is variable between NPC tumors, the present functional-mapping studies on
LMP1 support the notion that viral proteins could serve as molecular tool kits and
potentially reveal sequence-associated risk factors in NPC metastatic progression.

KEYWORDS Epstein-Barr virus, anoikis, functional mapping, latent membrane
protein 1 strains

Epstein-Barr virus (EBV) is a ubiquitous human gammaherpesvirus that infects
greater than 90% of the global population and is associated with several B cell and

epithelial cell cancers, including nasopharyngeal carcinoma (NPC) (1, 2). NPC is preva-
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lent in specific geographic regions, such as Southeast Asia and southern China, with an
annual incidence reaching approximately 25 to 30 cases per 100,000 (3). Although
primary NPC tumors are sensitive to radio- and chemotherapies, NPC tumors are often
not diagnosed until advanced stages of the disease, whereupon high rates of local and
distal metastasis are observed (4). Recurrent and metastatic NPC tumors can be
refractory to conventional therapies and account for the high mortality rates associated
with this cancer (4). Early events in NPC metastasis attributed to the expression of the
EBV latent membrane protein 1 (LMP1) have begun to be elucidated and are in part
attributed to the induction of epithelial-mesenchymal transition (EMT) (5–7). However,
the mechanisms underlying later metastatic events that promote the recolonization
and outgrowth of distant metastatic tumors are largely undetermined.

In NPC, neoplastic cells are consistently positive for clonal and latent EBV infection,
with expression of a restricted set of viral genes termed type II latency that include EBV
nuclear antigen 1 (EBNA1), LMP1, LMP2A, and LMP2B, as well as the noncoding
EBV-encoded RNAs (EBERs) and BamHI rightward transcripts (BARTs) (1). Expression of
LMP1 transcript is detected in more than 90% of NPC tumors, although it is appreciated
that there is cellular heterogeneity in the intensity and frequency of LMP1 staining
within an NPC tumor (8, 9). LMP1 acts as a constitutively active signaling mimic of the
tumor necrosis factor receptor (TNFR) CD40 and is considered the primary viral onco-
gene, as it is essential for the immortalization of B cells in vitro and promotes the
oncogenic potential of epithelial cells (9–12). The LMP1 multipass transmembrane
protein localizes to intracellular membranes, interacting with multiple cellular signaling
pathways in lipid raft microdomains (1, 13). Sequence polymorphisms and hydrophobic
domains have shown that LMP1 contains 6 transmembrane domains and a C-terminal
cytoplasmic domain that includes 3 conserved signaling motifs termed C-terminal
activation regions 1 (CTAR1), -2, and -3 (1, 8). Through its CTAR domains, LMP1
modulates various cellular signaling pathways, including Akt, NF-�B, and mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) signaling
and retinoblastoma (Rb)-regulated cell cycle pathways (13–19). CTAR1 enhances Akt,
Rb, and MAPK/ERK signaling by binding TNFR-associated factor 1 (TRAF1), -2, -3, and -5
and activates canonical and noncanonical NF-�B signaling through multiple NF-�B
dimers, including p52/p50, p52/p65, and p50/p50 (16). Canonical NF-�B signaling,
regulated by the inhibitor of NF-�B alpha (I�B�), is primarily activated by CTAR2
through TRAF2 (20). While the biological properties attributed to CTAR1 and CTAR2
have been extensively analyzed, the potential functions of CTAR3 have only begun to
be elucidated. Recently, CTAR3 has been shown to directly interact with the SUMO-
conjugating enzyme Ubc9 during latency, which contributes to the oncogenic pheno-
types promoted by LMP1 (21). In addition to the conserved CTAR signaling domains,
the C terminus also encodes sequence polymorphisms with signature amino acid
changes that phylogenetically segregate into distinct LMP1 strains that can be found in
circulating lymphocytes and oral secretions of asymptomatic carriers (22). There are at
least seven LMP1 strains, denoted B958, China1, China2, Med�, Med�, Alaskan (AL), and
North Carolina (NC), with China1 as the most prevalent strain detected in NPC tumors
(23, 24). Although notable differences in NF-�B signaling and biological properties have
been described, overall, all LMP1 strains confer oncogenic potential and have not been
clearly distinguished or grouped by phenotypes (25, 26).

Resistance to anoikis-induced cell death, which is triggered by the detachment of
epithelial cells from the extracellular matrix, is a measure of metastatic potential for
epithelial cells in vitro (27). There are broadly defined steps in metastasis that culminate
in the outgrowth of recolonized cells, which initially involve the detachment of cells
from the primary tumor, followed by regional metastasis to lymph nodes, survival
during circulation, and finally reattachment to the extracellular matrix with reinitiation
of cell growth (28). Circulating single cells and micromets may enter a quiescent state,
sometimes termed “dormancy,” in which previously active proliferative programs are
suppressed (29). The tumor cells that survive anoikis-induced cell death may remain
dormant until a signal reinitiates proliferation, leading to the establishment of a
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metastatic tumor. One of the latent proteins expressed in NPC, LMP2A, has been shown
to resist anoikis and to suppress cell death in suspended acini through the activation
of ERK (30, 31). The pleiotropic signaling properties of LMP1 may augment epithelial
metastasis by promoting a combination of EMT, prosurvival, focal adhesions, and cell
cycle effects (13, 32). While the early events in conferring anoikis resistance have been
examined in independent studies for LMP2A, the possible recovery of cells that escape
anoikis has not been documented (30, 31).

In this study, the effect of LMP1 expression on metastatic outgrowth was evaluated
by a modified anoikis assay that examines three phenotypes in epithelial cells: (i)
survival in suspension, (ii) ability to reattach, and (iii) restoration of cell growth. Many
established adherent cell lines are resistant to anoikis-induced cell death, including the
hTERT-immortalized nasopharyngeal cell line NP460hTERT and the NPC tumor-derived
cell lines HONE1 and HNE1 (data not shown), which are suspected to have been
contaminated at some point with HeLa cells (33). However, the EBV-negative NPC cell
line HK1 was identified as anoikis sensitive. In the modified anoikis assay, expression of
LMP1, but not LMP2A, promoted the recovery of HK1 cells following anoikis induction,
and this outgrowth property required the three conserved CTAR signaling domains
(CTAR1, -2, and -3). Dominant-negative expression and mutational analyses determined
that the mechanism involved Akt activation through the PXQXT motif localized to
CTAR1. Remarkably, only three (B958, China1, and Med�) of the seven LMP1 strains
promoted anoikis recovery, and this is the first clearly distinguishable phenotypic
difference that can functionally segregate LMP1 strains. These data indicate that
conserved signaling domains, as well as LMP1 strain-specific sequences, both deter-
mine the potential for anoikis recovery.

RESULTS
LMP1, but not LMP2A, promotes the outgrowth of HK1 cells after anoikis

induction. The traditional anoikis assay measures anchorage independence and pro-
liferation during suspension of adherent cells on poly(2-hydroxyethyl methacrylate)
(poly-HEMA)-coated culture dishes. In the present study, the anoikis assay was ex-
tended to additionally measure the fate of cells that survive anoikis-inducing conditions
and are allowed to reattach and grow as adherent cultures. A schematic and a time line
of the modified anoikis assay are presented in Fig. 1A and B. Epithelial cell lines were
seeded on poly-HEMA-coated dishes for 48 h to induce anoikis. Anoikis-induced cell
clumps were mechanically disrupted and transferred to tissue culture-treated dishes to
attach overnight. Nonadherent dead cells were washed away, and the remaining
adherent surviving cells were cultured and allowed to restore proliferation. Reattach-
ment and outgrowth were assessed by crystal violet staining 1 day postreseeding and
after recovery (4 to 8 days).

The majority of epithelial cell lines are resistant to anoikis-induced cell death. Several
cell lines tested in these studies were resistant to anoikis, including the NPC-derived cell
lines HONE1 and HNE1; a head and neck cancer cell line, PCI-15A; and an hTERT-
immortalized epithelial cell line, NP460hTERT (data not shown). The immortalized
breast epithelial cell line MCF10a is sensitive to anoikis and has been used for previous
studies of anoikis resistance, but LMP1 expression only modestly promoted recovery
from anoikis (reference 31 and data not shown). Therefore, the NPC cell line HK1, which
was the most sensitive to induction of anoikis and recovery, was chosen for further
evaluation.

In the modified anoikis assay, the effects of LMP1 and LMP2A stable expression were
evaluated. Stable HK1 cell lines expressing LMP1 (strain B958) or LMP2A were assessed
for outgrowth potential by crystal violet staining and compared to the pBabe vector
control. At day 1 postrecovery, all stable cell lines (pBabe, LMP1, and LMP2A) reattached
similarly (Fig. 1C, day 1); however, by day 6 postrecovery, only LMP1 efficiently restored
proliferation to yield a confluent crystal violet-stained adherent culture (Fig. 1C, day 6).
These data indicated that LMP1, but not LMP2A, can promote the outgrowth of cells
recovering from anoikis-inducing conditions.
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The modified anoikis assay selects for isogenic cell lines. To further define the
modified anoikis assay, cells recovering from anoikis were tested for isogenic proper-
ties. Anoikis-recovered (AR) LMP1-expressing cells were subjected to sequential rounds
of anoikis induction and recovery (Fig. 1D). Half the proportion of cells were seeded for
recovery in the AR cell line experiments to better distinguish differences in recovery
over longer periods of up to 8 days postreseeding. After one round of anoikis induction
and recovery, LMP1 AR1 cell lines demonstrated enhanced outgrowth compared to the
parental LMP1 stable cell line (Fig. 1E). A second round of anoikis induction and
recovery (AR2) further enhanced the outgrowth potential of LMP1-expressing cells (Fig.
1F). Although the titration of LMP1 levels is important for balancing LMP1’s contrasting
oncogenic and cytotoxic properties, the isogenic enrichment could not be explained by
selection of LMP1 levels, as similar levels were expressed in the LMP1 parental and

FIG 1 LMP1 recovers HK1 cells in a modified anoikis assay. (A) Model for the modified anoikis assay. Cells are detached from the extracellular matrix using 0.05%
trypsin and seeded onto poly-HEMA-coated dishes to induce anoikis. The cells that survive can reattach to a tissue culture-treated surface and reinitiate
proliferation and outgrowth, which is measured by crystal violet staining after 6 to 8 days. (B) Time line for the modified anoikis assay. (C) Crystal violet staining
of recovered HK1 stable cell lines following induction of anoikis after 1 and 6 days. The day 6 images are from three independent experiments. (D) Schematic
representation of the generation of AR cell lines. AR1 indicates cell lines recovered after one round of anoikis induction, and AR2 indicates cell lines recovered
after two rounds of anoikis induction. (E and F) Crystal violet staining of outgrowth following induction of anoikis for AR1 (E) and AR2 (F) cell lines. To better
distinguish differences in the recovery of the AR cell lines, half the proportion of cells seeded in panel C was reseeded and analyzed for up to 8 days for recovery.
(G) Immunoblot analysis of LMP1 expression for AR cell lines using LMP1 S12 hybridoma antibody. High-passage cell lines were passaged for �20 passages.
Low-passage cell lines were passaged for �20 passages. HSC70 was used as a loading control. (H) Anoikis-induced changes in viability were assessed with the
resazurin assay and analyzed after 24, 48, and 72 h on poly-HEMA-coated wells. The relative fluorescence units (RFU) and standard deviations were determined
from 3 biological replicates. The blue lines represent tissue culture-treated dishes, and the red lines represent poly-HEMA-coated tissue culture dishes. The error
bars indicate standard deviations. TC, tissue culture treated.
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isogenic AR lines (Fig. 1G). Additionally, the resazurin cellular-viability assay demon-
strated that the AR1 and AR2 cell lines were equivalently arrested and viable under
poly-HEMA conditions, which is consistent with the hypothesis that the difference in
recovery is attributable to properties postreseeding and not due to differences during
anoikis (Fig. 1H). These results indicate that the modified anoikis assay is indeed a
functional assay that can enrich for cells with enhanced anoikis recovery potential.

LMP1-induced outgrowth is not due to enhanced anoikis resistance or anchor-
age independence. Prior to the reattachment of surviving cells, properties, including
enhanced resistance to anoikis-induced cell death and/or gain in anchorage indepen-
dence during suspension, could contribute to the increased outgrowth observed in the
modified anoikis assay. Therefore, the effect of LMP1 expression during cell suspension
was examined by immunoblotting for cell death markers and by cytotoxicity assays.
Immunoblotting for activated caspases, cleaved poly(ADP-ribose) polymerase (PARP),
and expression of the proapoptotic protein Bim was performed on lysates harvested
from the pBabe vector control or stably LMP1-expressing cells grown on tissue culture-
treated dishes and compared to anoikis-inducing poly-HEMA-coated conditions. Both
pBabe and LMP1 cells from tissue culture-treated dishes showed little to no expression
of Bim or cleavage of PARP and caspases (Fig. 2A). In contrast, pBabe- and LMP1-
expressing cells cultured on poly-HEMA-coated dishes induced the activation of pro-
apoptotic markers, including the cleavage of caspases (caspase 8, caspase 9, caspase 3,
and caspase 7) and PARP and expression of Bim (Fig. 2A). However, the levels of caspase
and PARP cleavage, as well as Bim expression, were similar between pBabe- and
LMP1-expressing cells (Fig. 2A), suggesting that LMP1 does not promote cell survival
under anoikis-inducing conditions. Additionally, a lactate dehydrogenase (LDH) release
assay demonstrated that LMP1-expressing cells can recover from anoikis despite in-
creased anoikis-induced cytotoxicity (41.8%) compared to pBabe control cells (34.9%)
(Fig. 2B) (P � 0.0002) under poly-HEMA conditions, further providing evidence that
LMP1 does not promote anoikis resistance under suspension conditions. Furthermore,

FIG 2 LMP1 does not enhance anoikis resistance. (A) Immunoblotting analysis of cell death markers using HK1 stable cell lines, grown
for 48 h on either tissue culture-treated dishes (TC dish) or poly-HEMA-coated tissue culture dishes. The cell death markers used for
these analyses included full-length and cleaved PARP (cPARP), cleaved caspases (caspases 8, 9, 7, and 3), and the proapoptotic protein
Bim. HSC70 was used as a loading control. (B) After 48 h on poly-HEMA-coated dishes to induce anoikis, HK1 stable cell lines were
analyzed for cytotoxicity by measuring the release of LDH from dying cells. Each data point represents the mean and standard
deviation from 12 biological replicates; the P value was determined by two-tailed Student t test. (C) During a 48-h incubation on
poly-HEMA-coated dishes, HK1 pBabe cells were treated with increasing concentrations of the pan-caspase inhibitor ZVAD-FMK to
inhibit activation of caspases. The cells were transferred to adherent tissue culture dishes and assessed for outgrowth at 1 and 6 days
by crystal violet staining. DMSO, dimethyl sulfoxide.
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treatment of HK1 pBabe cells with increasing concentrations of the pan-caspase
inhibitor ZVAD-FMK under poly-HEMA-coated conditions did not rescue the outgrowth
potential following anoikis induction (Fig. 2C). Therefore, we conclude that LMP1 likely
promotes the recovery of cells by affecting a step subsequent to surviving anoikis.

LMP1 outgrowth is attributable to the restoration of growth potential follow-
ing reattachment to extracellular matrix. LMP1 induces anchorage-independent cell
growth in soft-agar assays and promotes extracellular matrix interactions (5, 6, 15). In
the absence of a difference in cell death markers to justify LMP1-induced outgrowth,
one mechanism of anoikis resistance is the induction of anchorage-independent cell
growth. To determine if LMP1-mediated outgrowth was due to enhanced growth under
suspension conditions, a resazurin assay was performed to examine potential differ-
ences in proliferation during suspension (Fig. 3A). Resazurin is metabolized by mito-
chondrial dehydrogenase, and the assay measures proliferation of metabolically active
cells. Under normal adherent tissue culture conditions (Fig. 3A, black lines), both pBabe
and LMP1 cells show increasing metabolic activity, indicating that the cells are prolif-
erating. However, when seeded onto poly-HEMA-coated dishes neither pBabe nor
LMP1 cells have increasing metabolic activity over the 48-h period, demonstrating that
the two cell lines are equivalently arrested during suspension (Fig. 3A, gray lines).
Additionally, immunoblot analysis of cell cycle markers was performed, including the
cell cycle arrest markers p130 and p27 and the S-phase proliferation marker PCNA (Fig.
3B). Both p130 and p27 were upregulated at similar levels in pBabe- and LMP1-
expressing cells, with decreased PCNA expression in both cell lines, providing further
evidence that LMP1 does not provide a growth advantage during cell suspension that
could account for the increased outgrowth following anoikis recovery (Fig. 3C).

FIG 3 LMP1 outgrowth is attributable to restoration of growth potential following reattachment to
extracellular matrix. (A) Anoikis-induced cell cycle arrest was assessed by resazurin assay and analyzed after
12, 24, and 48 h on poly-HEMA-coated wells. The RFU and standard deviations were determined from 3
biological replicates. (B) Immunoblot analysis of cell cycle proteins p130, p27, and PCNA after 48 h
incubation of HK1 stable cells on tissue culture-treated dishes (TC dish) or poly-HEMA-coated dishes. HSC70
was used as a loading control. (C) Outgrowth of HK1 pBabe and LMP1 cells following induction of anoikis
was examined by resazurin assay at 1 and 6 days postreseeding after 48 h incubation on poly-HEMA-coated
dishes. (D) Crystal violet staining of recovered HK1 stable cell lines 1 and 8 days following induction of
anoikis. Fibronectin, a component of extracellular matrix, was included to facilitate attachment of HK1
pBabe cells.
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LMP1 promotes the spontaneous assembly of focal adhesions and the production of
fibronectin, a constituent of extracellular matrix, which could enhance cellular adhesion
(7). Therefore, to test the importance of adhesion for outgrowth potential, anoikis-
induced HK1 pBabe- and LMP1-expressing cells were transferred to tissue culture plates
with or without fibronectin coating. The outgrowth potential for HK1 LMP1-expressing
cells was the same regardless of the presence or absence of fibronectin coating after 8
days of recovery (Fig. 3D). Moreover, the outgrowth potential for HK1 pBabe cells did
not increase despite the presence of fibronectin to promote cell adhesion (Fig. 3D).
These data indicate that LMP1 most likely affects a step subsequent to the induction of
anoikis and reattachment of viable cells.

LMP1 strain variants B958, China1, and Med� enhance outgrowth potential.
Although China1 is the predominant strain associated with NPC, LMP1 strains show
similar biological and oncogenic properties in vitro, including transformation of Rat-1
fibroblasts, activation of phosphatidylinositol 3-kinase (PI3K)-Akt signaling, increased
cell motility, and induction of cell cycle progression markers (26). To examine for
potential LMP1 strain-dependent properties, HK1 stable cell lines expressing the pre-
viously analyzed representative isolates of the seven LMP1 strains were generated and
tested in the modified anoikis assay (26). LMP1 cytostatic effects can result from
high-level expression (34), which is highest in early passages during stable cell line
selection. Therefore, to select for nontoxic levels of LMP1 expression, all the stable cells
lines were analyzed for expression and biological properties above passage 9. To avoid
differing reactivities to LMP1-specific antibodies, expression of the LMP1 strains was
evaluated by immunoblotting for the common N-terminal hemagglutinin (HA) tag (Fig.
4A). In anoikis recovery and crystal violet staining, only the B958, China1, and Med�

strains promoted the recovery of HK1 cells, while China2, Med�, AL, and NC were
impaired (Fig. 4B). To account for potential differences in viable-cell seeding during
anoikis recovery, the anoikis recovery assay was further modified by trypan blue
exclusion in which an equivalent number of viable cells were seeded for anoikis
recovery, denoted “trypan blue anoikis recovery” experiments (Fig. 4C). Seeding of 1 �

105 viable cells resulted in the increased outgrowth in B958, China1, and Med� strains,
as previously defined in Fig. 4B. Notably, fewer viable cells (5 � 104 cells) were required
for outgrowth in the China1 and Med� strains, suggesting that China1 and Med� may
confer greater recovery potential. Under normal adherent growth conditions, all seven
LMP1 strains grew similarly (Fig. 4D), indicating that the difference in outgrowth was
indeed due to LMP1-mediated effects during anoikis recovery and not to inherent
variability in proliferation rates. An assessment of cell viability during suspension on
poly-HEMA by the resazurin assay (Fig. 4E) supported the results of the LDH cytotoxicity
assay (Fig. 2A), indicating that pBabe vector control cells do not recover despite
increased viability compared to the LMP1 strains and that the recovering LMP1 strains
(B958, China1, and Med�) do not significantly differ from the nonrecovering strains
(China2, Med�, AL, and NC), suggesting that the difference in recovery is likely
attributable to properties postreseeding.

The three conserved signaling domains are important for LMP1-mediated
outgrowth. The C terminus of LMP1 contains three signaling domains (CTAR1, CTAR2,
and CTAR3) that interact with cellular signaling molecules, including TRAFs, TRADD/RIP,
and the SUMO-conjugating enzyme Ubc9, respectively (13, 15, 20, 21). These conserved
signaling domains and motifs were mutated on the LMP1 B958 strain backbone and
analyzed by trypan blue anoikis recovery. The LMP1 mutants included the following
truncation mutations [ΔCTAR1 (Δ187-231), ΔCTAR2-3 (Δ232-386), and ΔCTAR3 (Δ275-
307)] and point mutations at CTAR1 and CTAR2 binding residues (A5 [PXQXT to
AAAAA], Y384G, and A5Y384G), as illustrated in Fig. 5A. Stable HK1 cell lines were
generated for each mutant, and expression was confirmed by anti-HA immunoblotting
(Fig. 5B). Deletion of any one of the three major signaling domains (ΔCTAR1, ΔCTAR2,
and ΔCTAR3) resulted in loss of anoikis recovery (Fig. 5C). Mutation of the PXQXT
signaling motif in either the single CTAR1 (A5) or double CTAR1 and CTAR2 motif
binding mutant (A5Y384G), but not mutation of the CTAR2 (Y384) binding motif,
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attenuated anoikis recovery, although the A5Y394G double mutant appeared more
attenuated than the A5 mutant (Fig. 5C). The attenuated recovery phenotype in the
deletion mutants (ΔCTAR1, ΔCTAR2, and ΔCTAR3) and point mutants (A5 and A5Y384G)
were consistent with results from viable-cell seeding by trypan blue exclusion (Fig. 5D).

FIG 4 LMP1 strain variants B958, China1, and Med� enhance outgrowth potential. (A) Immunoblot analysis of HA-tagged LMP1 strain variants.
HSC70 was used as a loading control. (B) Crystal violet staining of outgrowth for HK1 stable cells of LMP1 strain variants at 1 and 8 days. The day
8 images are from three independent experiments. (C) Crystal violet staining of HK1 outgrowth at 8 days. Specific numbers of viable cells (1 �
104, 5 � 104, and 1 � 105) were seeded following induction of anoikis as indicated at the top. (D) Analysis of growth kinetics by resazurin assay
for HK1 stable cells on adherent tissue culture dishes. The dashed black line indicates the HK1 pBabe control, the blue lines indicate HK1 LMP1
strain variants that recover following induction of anoikis (B958, China1, and Med�), and the red lines indicate HK1 LMP1 strains that do not
recover (China2, Med�, AL, and NC). The RFU and standard deviations were determined from 3 biological replicates. (E) Cell viability was assessed
during anoikis induction by resazurin assay and analyzed after 24 and 48 h on poly-HEMA-coated wells. The RFU and standard deviations were
determined from 3 biological replicates. The black bar indicates the control cell line (pBabe), the blue bars represent recovering cell lines, and
red bars represent nonrecovering cell lines. The P values were calculated using a two-tailed Mann-Whitney test for unpaired, nonparametric
samples to compare the control group (pBabe), recovering group, and nonrecovering group. P values of �0.05 are displayed. *, P � 0.03; **, P �
0.02.
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These data indicate that signaling through any of the three major signaling domains
(CTAR1, CTAR2, and CTAR3) is important for promoting anoikis recovery. However,
further dissection of specific signaling motifs within the major signaling domains
demonstrated that the CTAR1 PXQXT motif is required for anoikis recovery. Under
normal adherent conditions, the proliferation rates of LMP1 signaling mutants were
similar to those of the pBabe vector control, with ΔCTAR1 and ΔCTAR2-3 even showing
slightly enhanced proliferation kinetics (Fig. 5E). This again lends support to the notion
that the impaired outgrowth characteristics in the LMP1 signaling mutants are not due
to inherent differences in proliferation rates between the cell lines (Fig. 5E).

FIG 5 Three conserved signaling domains and the PXQXT motif are critical for outgrowth potential. (A) Schematic representation of LMP1
signaling mutants. (B) Immunoblot analysis of HA-tagged LMP1 signaling mutants. The asterisks indicate the full-length protein for each mutant.
NS, nonspecific band produced by HA antibody. HSC70 was used as a loading control. (C) Crystal violet staining to assess the outgrowth of HK1
cell lines expressing LMP1 signaling mutants 1 and 8 days after recovery from anoikis. The day 8 images represent one of three independent
experiments. (D) Crystal violet staining at 1 and 8 days of outgrowth for LMP1 signaling mutants following induction of anoikis. Specific numbers
of viable cells (1 � 104, 5 � 104, and 1 � 105) were seeded per well for assessment of outgrowth potential as indicated above the wells. (E) Analysis
of growth kinetics by resazurin assay for LMP1 mutants on tissue culture-treated dishes. The dashed black line indicates the HK1 pBabe control,
the blue lines represent LMP1 mutants that recover following induction of anoikis (B958 and Y384G), and the red lines represent LMP1 mutants
that do not recover (ΔCTAR1, ΔCTAR2-3, ΔCTAR3, A5, and A5Y384G). The RFU and standard deviations were determined from 3 biological
replicates.
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The mechanism of LMP1-induced anoikis recovery is mediated by Akt. CTAR1
and CTAR2 modulate multiple cellular signaling pathways through interactions with
TRAFs and TRADD/RIP, including PI3K/Akt, canonical and noncanonical NF-�B, MAPK/
ERK, and JNK/p38 pathways, that result in growth-promoting effects in epithelial cells
(13, 15, 20). To determine if Akt or NF-�B signaling contributes to LMP1-mediated
restoration of outgrowth after induction of anoikis, dominant-negative constructs for
Akt (DNAkt2 [K181M/T309A/S474A] kinase mutant) and a superrepressor of NF-�B
(I�B�SR [S32A/S36A]) signaling were stably expressed and analyzed in HK1 LMP1
China1-expressing cells, which had the highest recovery potential. Expression of HA-
tagged constructs was confirmed by immunoblotting for the single HA tag on the Akt2
kinase mutant and the 2HA-tagged I�B� superrepressor, which is resolvable from the
lower molecular weight of the endogenous I�B� (Fig. 6A). Anoikis recovery was
inhibited by expression of the Akt kinase mutant but only partially inhibited by
expression of the I�B� superrepressor (Fig. 6B), indicating that activation of Akt
signaling is critical for LMP1-mediated outgrowth. These results were further confirmed
by trypan blue anoikis recovery, demonstrating gross impairment of LMP1-mediated
outgrowth by expression of dominant-negative Akt (Fig. 6C). Proliferation rates under
normal growth conditions were similar in all cell lines, indicating that the impairment
in outgrowth upon Akt inhibition is not due to intrinsic growth differences between the
cell lines (Fig. 6D).

FIG 6 Akt signaling is critical for outgrowth potential. (A) Immunoblot analysis of HA-tagged DNAkt2 (K181M/T309A/
S474A) and 2HA-tagged I�B�SR (S32A/S36A). Anti-HA tag antibody was used for the detection of HA-tagged DNAkt2. Due
to a nonspecific band produced by the HA antibody, an anti-I�B� antibody was used for the detection of the size-shifted
2HA-tagged I�B�SR protein. HSC70 was used as a loading control. (B) Crystal violet staining of outgrowth at 1 and 6 days
following induction of anoikis. China1 was used as a positive control for outgrowth. The day 6 images are from three
independent experiments. (C) Crystal violet staining of outgrowth at 8 days. Specific numbers of viable cells (1 � 104, 5 �
104, and 1 � 105) were seeded per well as indicated at the top. (D) Analysis of growth kinetics by resazurin assay for
dominant-negative signaling constructs on tissue culture-treated dishes. The dashed black line indicates the HK1 pBabe
control, the blue lines represent cell lines that recover following induction of anoikis (China1, China1, and I�B�SR), and the
red line represents a cell line that does not recover (China1 DNAkt2). The RFU and standard deviations were determined
from 3 biological replicates.
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Targeted mapping of anoikis recovery from LMP1 sequence diversity. Although
there are conserved motifs in the C-terminal signaling domain, LMP1 is one of the most
divergent sequences in the EBV genome (35). Polymorphisms can also exist between
isolates belonging to the same LMP1 strain (23). A complementary method to system-
atic mapping of LMP1 is to compare the primary amino acid sequence for potential
residues that could distinguish the LMP1 anoikis-recovering strains from the nonrecov-
ering strains. The LMP1 amino acid sequences of the isolates tested in this study were
analyzed for residues that were unique to the anoikis-recovering strains (B958, China1,
and Med�), but not the nonrecovering strains (China2, Med�, NC, and Alaskan). In the
representative strain isolates tested (Fig. 4), there was only one distinguishing amino
acid residue at position 110, encoding valine in the anoikis-recovering strains but
leucine in the nonrecovering strains (Fig. 7A). We extended the analyses to include
publicly deposited LMP1 sequences in the NCBI GenBank database. Genomic LMP1
sequences from 28 NPC biopsy specimens revealed that 25 of the 28 sequences
encoded a valine at position 110 while the others encoded leucine, indicating that the

FIG 7 Characterization of the China1 V110L mutant for anoikis recovery and survival. (A) Alignment of LMP1 strain amino
acid sequences used in this study, ranging from amino acids 91 to 120. Each sequence is from an isolate that
phylogenetically segregates into one of seven distinguished LMP1 strain variants. The asterisk denotes the amino acid
residue (110) that may distinguish the anoikis-recovering LMP1 strains (B958, China1, and Med�) from the nonrecovering
LMP1 strains (Chin 2, Med�, NC, and Alaskan). Sequences were aligned in CLC Main Workbench6, and residues different
from the consensus are colored in red. (B) Crystal violet staining of outgrowth at 1 and 4 days following induction of
anoikis. The day 4 images are from three independent experiments. (C) Immunoblot analysis of HA-tagged LMP1 strains
and the China1 V110L mutant stably expressed in HK1 cells. (D) Crystal violet staining at 1 and 6 days of outgrowth
following induction of anoikis, seeding equivalent numbers of viable cells (1 � 104, 5 � 104, and 1 � 105) for assessment
of outgrowth potential. (E) Crystal violet staining of HK1 stable cell lines recovered on fibronectin-coated or non-
fibronectin-coated tissue culture wells following 1 and 4 days of recovery from anoikis. (F) Analysis of growth kinetics by
resazurin assay on tissue culture-treated dishes. The dashed black line represents pBabe, the blue lines represent
recovering cell lines, and the red lines represent nonrecovering cell lines. (G) LDH release assay of HK1 stable cells after
inducing anoikis for 48 h on poly-HEMA-coated dishes. The P values were calculated using a two-tailed Student t test for
unpaired samples with unequal variance (*, P � 0.001; **, P � 0.005). The error bars indicate standard deviations.
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polymorphism is well conserved in NPC tumors (36, 37). Of the NPC samples analyzed,
only two patients had distant metastasis at the time of diagnosis, and both had a valine
at position 110, which would be consistent with observations from this study in
conferring anoikis recovery (36). Mutation of V110L on the China1 backbone (China1
V110L) resulted in selection and enhanced expression of LMP1 during selection of
outgrowing stable cell lines and attenuation of anoikis recovery (Fig. 7B and C).
However, upon normalizing for viable-cell seeding by trypan blue exclusion, the China1
V110L mutant demonstrated recovery potential comparable to that of the parent,
China1 (Fig. 7D). Fibronectin coating did not rescue the attenuated recovery of China1
V110L seeded in the traditional anoikis recovery assay (Fig. 7E). Furthermore, the
proliferation rates in monolayer culture were similar, indicating that the V110L muta-
tion and higher LMP1 expression levels do not affect cell viability but suggesting that
the attenuation could be attributable to enhanced anoikis-mediated cell death without
loss of recovery potential (Fig. 7F). This was consistent with results from the LDH release
assay showing that the China1 V110L mutant had a higher level of anoikis-induced cell
death—26% compared to 15% in China1 (P � 0.005) (Fig. 7G). Anoikis-induced cell
death was also higher in the nonrecovering NC LMP1 strain than in the recovering
China1 LMP1 strain (P � 0.001) (Fig. 7G). These data indicate that valine at position 110
contributes to survival of anoikis but that additional residues are necessary to confer
anoikis recovery.

DISCUSSION

Up to 40% of NPC tumors relapse with metastases, which are often refractory to
treatment with standard chemotherapy and radiation therapy (4). Understanding the
underlying risk factors for progressive disease would benefit the assessment of meta-
static risk. In this study, a novel LMP1-mediated effect on recovery from anoikis is
described in the NPC cell line HK1. Not all of the seven LMP1 strains (China1, China2,
B958, Med�, Med�, Alaskan, and NC) were able to confer anoikis recovery. The LMP1
strains have distinct geographic distributions and are characterized by signature amino
acid changes in the C terminus (23, 35). Of these strains, China1 and Med� are
consistently detected in NPC tumors in Southeast Asia and northern Africa, respectively
(38, 39). These NPC-prevalent LMP1 strains have a characteristic 30-bp deletion in the
C terminus, a feature that has been linked to the stabilization and enhanced oncogenic
potential of LMP1 (40, 41). Target enrichment of EBV genomes has enabled the
high-throughput sequencing of whole EBV genomes from infected cells and biospeci-
mens to reveal genetic diversity, which is greatest in the latent genes (35). There is early
evidence supporting the notion that the diversity of EBV genomes within an infected
individual is highest during early infection and steadily decreases during establishment
of chronic infection and latency (42). Studies of EBV populations circulating in the
peripheral blood and oral lavage fluids of asymptomatic carriers also demonstrate that
EBV populations are compartmentalized (22). Furthermore, tracking EBV isolates by
unique polymorphisms has shown that EBV can circulate between compartments
within an individual (22). These studies of clinical specimens illustrate the dynamic
nature of EBV transmission but also imply the importance of intrahost EBV sequence
variation in disease association.

Historically, the heteroduplex tracking assay showed that China1 was the predom-
inant strain typed in clonally infected NPC tumors (24, 43). The potential selection of the
China1 strain was not attributed to superior oncogenic transforming properties, al-
though it is suspected that selection for epitopes that escape immune recognition may
be important (24, 26). As more EBV genomes are being sequenced, the potential
selection and molecular basis for tumor-associated sequences may become more
apparent (32). A comparison of different tumor-derived and laboratory-passaged EBV
strains demonstrated that EBV strains could differ in B cell-transforming potential,
cell-type-specific infection efficiencies, and infection outcomes (44). Moreover, a single
amino acid in EBNA2 can drive superior growth and maintenance of lymphoblastoid
cell lines (45). These data indicate that polymorphisms are selected during the estab-
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lishment of latency and that sequence diversity could be an important risk factor for
EBV oncogenic potential. Interestingly, HK1 cells expressing the China1, Med�, or B958
LMP1 strain had the strongest anoikis recovery potential (Fig. 4B and C). Many of the
studies of LMP1 have attributed oncogenic properties to the C-terminal signaling
domains (8, 13). Findings from this study combined with clinical evidence that only 2
of the possible 25 NPC biopsy specimens with valine encoded at position 110 showed
distant metastasis at the time of diagnosis imply that the transmembrane domain may
be important for conferring survival in metastasis but that selection of additional
residues is likely important for increasing metastatic risk (36, 37). Further fine mapping
at position 110 on different LMP1 strain backbones and future epidemiology studies
that stratify metadata with the LMP1 strain should help to unravel whether the China1,
Med�, and B958 strains are indeed more likely to be associated with metastatic NPC
tumors. Examination of the primary sequences of the seven LMP1 strains revealed a
conserved residue in anoikis-recovering (V110) versus nonrecovering (L110) strains,
which are the two polymorphisms observed in NPC tumors. Mutation of V110 to leucine
in the China1 strain decreased anoikis resistance but did not affect the recovery
phenotype (Fig. 7), suggesting that primary sequence analysis alone may not be
sufficient to identify polymorphisms associated with increased risk for NPC metastasis.
As more EBV genomes are being sequenced and deposited in public repositories, future
analysis of LMP1 polymorphisms may necessitate comparison of many more naturally
derived isolates to overcome the challenge of predicting functional residues simply
from the primary sequence. Complementary biochemical methods, such as LMP1
protein-protein interactions, may help to further distinguish potential functionally
selected polymorphisms (32). Despite the appreciation for further LMP1 fine mapping
to elucidate the complex mechanisms contributing to metastatic outgrowth, the
modified anoikis assay does clearly distinguish a phenotypic difference between the
LMP1 strains.

The mechanism of anoikis resistance has been intensely studied (27, 46). Several
cytoplasmic kinases, including ERK, p38 MAPK, SRC, and FAK, promote anoikis resis-
tance through stabilization of prosurvival proteins and downregulation of proapoptotic
proteins, such as Bim-EL (47). Stimulation of signaling through the PI3K/Akt and NF-�B
pathways also contributes to anoikis resistance by upregulating expression of prosur-
vival proteins (47). In this study, the two major signaling pathways that are modulated
by LMP1, Akt and NF-�B, were examined using LMP1 signaling mutants and dominant-
negative or inhibitory constructs. The results demonstrate that Akt signaling, and not
NF-�B, is critical for the recovery of HK1 cells after induction of anoikis (Fig. 6).
Additionally, LMP1 did not downregulate expression of Bim during suspension (Fig. 2A),
further providing evidence that LMP1 does not affect anoikis resistance. Interestingly,
deletion of any of the three CTAR domains abrogated anoikis recovery (Fig. 5), sug-
gesting that while this is a conserved property localized in part to the conserved
signaling domains, there are also additional divergent residues that are involved in
anoikis recovery (Fig. 4). The loss of anoikis recovery potential after deletion of CTAR3
is notable. CTAR3 does not modulate pathways known to be involved in anoikis
resistance but interacts with the SUMO-conjugating enzyme Ubc9, resulting in in-
creased sumoylation of cellular proteins and enhanced cell migration (21). Further
study of CTAR3 motifs and targets may aid in the elucidation of additional novel cellular
pathways involved in anoikis mechanisms.

Several oncogenic viruses promote anoikis resistance in infected cells. Kaposi’s
sarcoma-associated herpesvirus (KSHV) enhances anoikis resistance of endothelial cells
through stimulation of NF-�B signaling by vFLIP (48). Additionally, KSHV increases
anchorage-independent growth, a defining characteristic of anoikis-resistant cells,
through repression of the tumor suppressor tropomyosin 1 by microRNAs (49). The E7
protein of bovine papillomavirus type 1 inhibits anoikis, at least partially, through its
interaction with p600, a protein that has been implicated in cell survival (50). Although
LMP2A did not promote anoikis recovery of HK1 cells in this study, expression of LMP2A
in MCF10a and Intestine 407 cells diminishes anoikis activation (30, 31). The current
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study differs from earlier studies by rescuing cells from anoikis and examining for
phenotypes postanoikis, including cell reattachment and outgrowth. Perhaps, the
modified anoikis recovery assay described in this study could be extended to the
dissection of other viral proteins with suspected metastatic outgrowth properties.
These studies highlight the breadth of mechanisms utilized by oncogenic viruses to
subvert cell death pathways to promote cancer cell survival, but also suggest that
oncogenic viral proteins may be useful molecular mapping tools with which to eluci-
date complex cellular processes, such as metastasis.

MATERIALS AND METHODS
Cell lines and reagents. HK1 stable cell lines were generated by transduction with pBabe retrovi-

ruses expressing HA-tagged LMP1 strain variants and mutants, including B958, China1, China2, Med�,
Med�, AL, NC, ΔCTAR1 (Δ187-231), ΔCTAR2-3 (Δ232-386), ΔCTAR3 (Δ275-307), A5 (PXQXT to AAAAA),
Y384G, and the A5-Y384G double mutant, or LMP2A and selected with 500 �g/ml neomycin or 1 �g/ml
puromycin (26, 51). Additional stable cell lines expressing LMP1 (strain B958) were generated using two
NPC-derived cell lines (HONE1 and HNE1 [NPC AoE Tissue Bank at Hong Kong University]), one primary
head and neck squamous cell carcinoma (HNSCC) cell line (PCI-15A) (Robert Ferris, University of
Pittsburgh), one immortalized nasopharyngeal epithelial cell line (NP460hTERT) (Sai-Wah Tsao, University
of Hong Kong), and one immortalized breast epithelial cell line (MCF10a) (Nancy Raab-Traub, University
of North Carolina). For downregulation of Akt and NF-�B signaling pathways, HA-tagged dominant-
negative kinase mutants of Akt2 (K181M, T309A, and S474A mutants) and an I�B� superrepressor
(S32/36A mutant) were cloned into the pBabe retroviral construct and stably expressed in the HK1 LMP1
China1 cell line. For further dissection of the role of the Akt pathway in outgrowth following induction
of anoikis, a constitutively active myristoylated Akt was expressed in the HK1 cell line to rescue
outgrowth after anoikis. To suppress caspase activity for potential rescue of outgrowth of HK1 pBabe
cells, cells were treated with increasing concentrations of the pan-caspase inhibitor ZVAD-FMK (R&D
Systems) during 48 h of incubation on poly-HEMA-coated dishes and induction of anoikis.

Induction of anoikis and outgrowth assays. Tissue culture dishes (100 mm) were coated (at least
3 times for sufficient coverage) with 10 �g/ml poly-HEMA dissolved in 95% ethanol and allowed to dry
under sterile conditions. To induce anoikis, 6 � 106 to 8 � 106 HK1 stable cells were seeded onto
poly-HEMA-coated tissue culture plates and incubated for 48 h at 37°C. For each experimental-group
comparison, the same number of cells were seeded on poly-HEMA-coated dishes. During suspension,
cells float as single cells or clumps, ranging in size from a few cells to �100 cells per clump. In the
traditional anoikis recovery experiment, cell clumps were broken up mechanically by repeated pipetting,
and equal volumes of disrupted cells were transferred to adherent tissue culture dishes to allow
reattachment and assessment of outgrowth potential. Cell-counting experiments using trypan blue
exclusion demonstrated �98% viability for reattached cells 1 day after transfer to adherent tissue culture
dishes, while cells in suspension demonstrated �50% viability. At specific time points, 1 day posttransfer
and 4 to 8 days posttransfer, cells were fixed and stained with crystal violet (0.1% crystal violet, 10%
ethanol). In fibronectin-facilitated recovery experiments, tissue culture dishes were also coated with
fibronectin to facilitate attachment of viable cells after induction of anoikis. To normalize the number of
viable cells seeded per well, in trypan blue anoikis recovery experiments, the cell clumps were further
broken apart by treatment with 1 mM EDTA for 10 min and passing through a cell strainer. The viable
cells were counted using trypan blue exclusion, and increasing numbers of viable cells were seeded per
well (5 � 102, 1 � 103, 5 � 103, 1 � 104, 5 � 104, and 1 � 105). Cells were fixed with crystal violet at
1 day postseeding and 4 to 8 days postseeding. Each anoikis recovery experiment was repeated, for a
minimum of 3 independent experiments.

Selection of isogenic cell lines. HK1 stable cell lines expressing LMP1 (strain B958) were seeded
onto poly-HEMA-coated dishes to induce anoikis for 48 h. The cells were transferred to adherent 6-well
plates to allow outgrowth of surviving cells. After 1 week, the proliferating cells were transferred to
100-mm tissue culture dishes for continued proliferation (AR1 cell line). If the AR1 cells showed no
evidence of cell death, the cells were seeded on poly-HEMA-coated dishes for the second round of
anoikis induction and recovery. These recovered cell lines were designated AR2 cell lines.

Immunoblotting analysis. Whole-cell lysates were made as described previously. Cells were lysed in
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM EDTA) supplemented with 1 mM
phenylmethylsulfonyl, 2 mM activated sodium orthovanadate, and a 1:100 dilution of protease and
phosphatase inhibitor cocktails (Sigma). Immunoblotting was performed with the following antibodies:
LMP1 S12 (S12 hybridoma tissue culture supernatant; 1:10 dilution); HSC70, p130, PCNA, and I�B� C-21
(Santa Cruz Biotechnology) and cleaved PARP, PARP, cleaved caspase 8, cleaved caspase 9, cleaved
caspase 7, cleaved caspase 3, Bim, p27, and anti-HA tag (Cell Signaling Technologies).

Cell death and viability assays. For the resazurin assay (Cell Signaling Technologies), HK1 stable cell
lines were seeded in RPMI 1640 with 10% fetal bovine serum (FBS) at 5 � 103 cells per uncoated well or
5 � 104 cells per poly-HEMA-coated well of a 96-well plate to determine metabolically viable cells
according to the manufacturer’s protocol. For each resazurin assay, measurements were calculated for
triplicate wells. To determine the percentage of dying cells on poly-HEMA-coated plates, HK1 stable cell
lines were seeded in RPMI 1640 with 10% FBS at 5 � 104 cells per well of a 96-well plate and incubated
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at 37°C for 48 h. After the incubation, 100 �l of supernatant was removed for analysis using an LDH
cytotoxicity kit (Roche) according to the manufacturer’s instructions.

Statistics. Comparisons between individual cell lines were performed using the two-tailed Student
t test for unpaired samples with unequal variance. Group comparisons between the pBabe vector,
recovering, or nonrecovering groups were performed using the two-tailed Mann-Whitney test for
unpaired, nonparametric samples in PRISM.
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