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Introduction

Ewing sarcoma is a pediatric cancer in the small round blue cell 
family of tumors. Ewing sarcoma patients with regional lymph 
node involvement tend to have a particularly low duration of sur-
vival after diagnosis, and the patients who relapse with Ewing 
sarcoma have a very unfavorable prognosis.1,2 The nature of the 
progenitor cell(s) for Ewing sarcoma is unclear, but there is evi-
dence that the disease may arise from mesenchymal stem cells.3,4 
Ewing sarcomas possess characteristic gene fusions as a result 
of chromosomal translocations between EWS and ETS family 
member genes. The products of these gene fusions are thought 
to act as abnormal transcription factors that induce expression of 
some specific genes and repress the expression of others, contrib-
uting to a tumorigenic phenotype.5-7

Despite surgery, chemotherapy, and radiotherapy treatments, the children, adolescents, and young adults who are 
diagnosed with metastasized Ewing sarcoma face a dismal prognosis. Amyloid precursor-like protein 2 (APLP2) has 
recently been implicated in the survival of cancer cells and in our current study, APLP2’s contribution to the survival 
of Ewing sarcoma cells was examined. APLP2 was readily detected in all Ewing sarcoma cell lines analyzed by western 
blotting, with the TC71 Ewing sarcoma cells expressing the lowest level of APLP2 among the lines. While irradiation 
induces apoptosis in TC71 Ewing sarcoma cells (as we determined by quantifying the proportion of cells in the sub-G1 
population), transfection of additional APLP2 into TC71 decreased irradiation-induced apoptosis. Consistent with these 
findings, in parallel studies, we noted that isolates of the TC71 cell line that survived co-culture with lymphokine-activated 
killer (LAK) cells (which kill by inducing apoptosis in target cells) displayed increased expression of APLP2, in addition to 
smaller sub-G1 cell populations after irradiation. Together, these findings suggest that APLP2 lowers the sensitivity of 
Ewing sarcoma cells to radiotherapy-induced apoptosis and that APLP2 expression is increased in Ewing sarcoma cells 
able to survive exposure to cytotoxic immune cells.
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Standard multi-modal therapy for Ewing sarcoma includes 
radiation, surgery, and chemotherapy, treatments that can be 
accompanied by severe side effects.8,9 Even with the best of avail-
able treatments, Ewing sarcoma is often fatal, demonstrating 
that the tumor cells are capable of resisting current treatments. 
Although Ewing sarcoma tumors were initially identified as 
radiosensitive,10 high-dose radiation therapy is recommended for 
Ewing sarcoma patients.11 Higher doses of radiation come at a 
cost, carrying an increased risk for secondary malignancies, such 
as various types of bone tumor or leukemia.12 To date, expres-
sion of certain molecules involved in the regulation of apopto-
sis or in the pathogenesis of Ewing sarcoma (including the most 
commonly observed Ewing sarcoma gene fusion product, EWS-
FLI1) have been shown to influence the radiosensitivity of Ewing 
sarcoma cells.7,13-15 Radiotherapy can be more effective when 
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Results

APLP2 suppresses the induction of irradiation-induced apop-
tosis. On the basis of previous findings on APLP2 expression 
in cancer cells and its role in cell survival,29,34-36 we investi-
gated APLP2 expression in several Ewing sarcoma cell lines and 
detected substantial levels of APLP2 by immunoblotting 
(Fig. 1). In addition to the cell lines for which data are shown in 
Figure 1 (A4573, RD-ES, and TC-71), we also found substantial 
expression of APLP2 in the Ewing sarcoma cell lines Hs822.T, 
Hs863.T, A673, and RD-ES (data not shown). We next sought to 
determine the influence of APLP2 on the apoptosis of irradiated 
TC71 Ewing sarcoma cells. To begin, we examined the effect of 
increasing doses of radiation on the apoptosis of untransfected 
TC71 cells expressing endogenous levels of APLP2. Following 
irradiation, a dose-dependent accumulation of the population in 
sub-G

1
 (a hallmark of apoptotic cells37) was found in the irra-

diated cells, with the full effect being observed at 20–25 Gy 
(Fig. 2). We then assessed various transfection approaches to 
upregulate the expression of APLP2 in the TC71 cells (which, as 
shown in Fig. 1, endogenously expresses a lower level of APLP2 
than some other Ewing sarcoma cell lines). Among the trans-
fection methods that we tested, the optimal results for tran-
sient transfection of a full-length APLP2 cDNA were obtained 
with Lipofectamine, which produced a clear increase in APLP2 
expression (Fig. 3A). To test the effect of APLP2 on irradiation-
induced apoptosis, TC71 cells were transfected with APLP2 and 
subsequently exposed to radiation. As indicated in Figure 3B, 
transfection with APLP2 (compared with transfection with vec-
tor alone) caused a substantial reduction in the percentage of 

combined with agents that increase sensitivity of cells to radia-
tion effects (a.k.a. chemical radiosensitizers).16 Thus, more effec-
tive therapies with reduced toxicity and improved patient survival 
can be achieved through a greater understanding of the molecu-
lar basis of Ewing sarcoma cell survival.

Ewing sarcoma cells have been demonstrated to be highly 
susceptible to lysis by LAK cells, which are generated by expo-
sure of leukocytes to high-dose interleukin-2, and include cells 
with natural killer cell markers and ones with T cell mark-
ers.17-19 In addition to the susceptibility of Ewing sarcoma 
cells to LAK cells, there is evidence for LAK cell effectiveness 
against other pediatric cancers (neuroblastoma and rhabdo-
myosarcoma), as well as against lymphoma, hepatocellular car-
cinoma, pancreatic cancer, glioblastoma, and colon cancer.20-27 
However, as with all anti-tumor therapies, there is some selec-
tion for tumor resistance and evasion that occurs with the use 
of immunotherapies, including immunotherapies based on 
cytotoxic effector cells such as LAK cells. Understanding the 
nature of resistance to immunotherapies, as well as to conven-
tional therapies such as chemotherapy and radiotherapy, is nec-
essary in order for new approaches to overcome tumors to be 
successfully developed.

An ideal molecular target increases the susceptibility of tumor 
cells to apoptotic death mediated by more than one source (e.g., 
radiation therapy and cytotoxic cells). Amyloid precursor-like 
protein 2 (APLP2) has been implicated as a pro-survival media-
tor in Chinese hamster ovary cells transfected with APLP2 and 
in normal mouse sperm.28 Our laboratory recently demonstrated 
that APLP2 is a pro-survival factor in pancreatic cancer cells 
and also showed that APLP2 reduces the surface expression of 
the major histocompatibility complex (MHC) class I molecule 
(which is vital for T cell recognition and lysis of tumor cells) 
by an endocytic mechanism.29-33 Findings from our laboratory 
and others show that APLP2 is elevated in a variety of cancer 
cell lines (e.g., pancreatic and prostate cancer cell lines) and in 
human pancreatic and colorectal cancer tissues.29,32-36 Therefore, 
we hypothesized that APLP2 might be a pro-survival factor in 
Ewing sarcoma cells.

In these studies, we have identified APLP2 as a protein 
that is amply expressed in several Ewing sarcoma cell lines. 
Overexpression of APLP2 in Ewing sarcoma cells reduced the 
percentage of cells in the sub-G

1
 population (i.e., the apop-

totic population) following irradiation. Furthermore, although 
most Ewing sarcoma cells were found to be susceptible to lysis 
by LAK cells, some Ewing sarcoma cells were able to survive 
incubation with LAK cells, indicating resistance. We have dem-
onstrated that cell lines derived from the resistant tumor cell 
population have substantially increased expression of APLP2. 
We also noted that a relatively low proportion of the LAK-
resistant Ewing sarcoma cells exposed to gamma radiation had 
sub-G

1
 DNA content. These findings suggest that the radia-

tion-exposed LAK-resistant Ewing sarcoma cells are relatively 
resistant to acquiring signs of apoptosis. Collectively, our find-
ings suggest that APLP2 has a regulatory role in the survival of 
Ewing sarcoma cells.

Figure 1. Substantial levels of APLP2 are present in Ewing sarcoma cell 
lines. Lysates of the Ewing sarcoma cell lines A4573, RD-ES, and TC-71 
were immunoblotted with a polyclonal antiserum specific for APLP2 or 
with an antiserum for actin (as a loading control). MDA-MB435s (mela-
noma cell line) and 721.221 (B lymphoblastoid cell line) were included 
as controls expressing known high or low (respectively) levels of APLP2. 
The white line indicates the position of an intervening lane that was 
removed from the figure. The data shown are representative of results 
from 2 experiments that included these 3 Ewing sarcoma cell lines 
analyzed together and are representative of over 10 experiments that 
included various other groups of Ewing sarcoma cell lines.
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At the maximum level of exposure to cytotoxic effectors (4 h 
at a 100:1 effector:target ratio), 79% or 34% of the K562 cells 
were lysed by the cytotoxic cells generated in the presence of IL-2 
(LAK cells) or absence of IL-2 (control effector cells), respectively 
(Fig. 4C). Furthermore, both TC71 and RD-ES Ewing sarcoma 
cell lines reached approximately 60% or 20% lysis following 
the maximum exposure to the cytotoxic cells generated in the 
presence or absence of IL-2, respectively (Fig. 4C). These results 
support previous observations that Ewing sarcoma cells are sus-
ceptible to lysis by NK cells and LAK cells.17,18,42-44 Notably, while 
the majority of TC71 Ewing sarcoma cells exposed to LAK cells 
were killed when a high effector:target ratio was used, some of 
the TC71 cells survived exposure to the immune cells and repre-
sent a refractory population.

To generate lines from LAK-resistant cells, a separate co-
culture (at a ratio of 10 LAK cells per 1 unlabeled TC71 cell) 
was set up, and then the effector LAK cells were removed after 
5 d. From the remaining LAK-evasive TC71 cells, we established 
four lines (LCT1la, LCT1t, LCT2la, and LCT2t). In a sepa-
rate cytotoxicity assay, we found that three of the four cell lines 
(LCT1la, LCT1t, and LCT2t) were resistant both to LAK effec-
tor cells and to control effector cells when re-challenged (Fig. 5). 
As demonstrated in Figure 5, the LCT2la line was more resis-
tant than TC71 at 2 of the 4 effector:target ratios for both the 
control effector cells and the LAK cells, and analysis of variance 
(ANOVA) showed a significant difference (P = 0.0451) between 
TC71 and LCT2la as LAK cell targets. By ANOVA, the control 
effector cells also showed a trend to difference (P = 0.0671) for 
killing LCT2la vs. TC71, although statistical significance at a 
threshold of P < 0.05 was not reached. Thus LCT2la was not as 
resistant as the other LCT lines, but still showed some increase 
in resistance relative to TC71. Furthermore, the observation that 
the test results with lower effector:target ratios showed a greater 
distinction between TC71 and the LCT cell lines is consistent 
with the low effector:target ratio (10:1) used to originally select 
the LCT cell lines.

LAK-resistant Ewing sarcoma cells express elevated levels 
of APLP2 and are more resistant to irradiation-induced apop-
tosis. The TC71 cell lines evading LAK-cell cytotoxicity were 
tested for expression of APLP2 by western blotting. We found 
that APLP2 was strongly elevated in all 4 LAK-resistant cell lines 
(by a 2- to 7-fold increase) compared with the parental TC71 
cells (Fig. 6A and data not shown). We also examined whether 
an increase in APLP2 homologs (APP and APLP1) had occurred 
in the LAK-resistant cells and found no detectable APP and no 
increase in APLP1 (data not shown). These findings demonstrate 
that among the Ewing sarcoma cell lines derived from LAK-
escaping cells, there was an increase in total and surface APLP2 
expression, but not in APP or APLP1 expression.

As mentioned above, when APLP2 was overexpressed in the 
TC71 cell line, the cells became more resistant to irradiation-
mediated apoptosis (Fig. 3). Therefore, we examined if our 
LAK-escaping cell lines, which had elevated APLP2 expression, 
were also less susceptible to apoptosis subsequent to irradiation. 
Indeed, at 24 h post-irradiation, all 4 LAK-escaping cell lines 
demonstrated reduced sub-G

1
 DNA content (Fig. 6B), compared 

irradiated cells with sub-G
1
 DNA content (i.e., apoptotic cells). 

These data suggest that APLP2 has an anti-apoptotic effect in 
irradiated Ewing sarcoma cells.

Ewing sarcoma cell lines escaping LAK cell lysis have 
increased APLP2 expression. In addition to challenging Ewing 
sarcoma cells with radiation, we extended our studies by chal-
lenging the survival of Ewing sarcoma cells with cytotoxic 
immune cells. As tools for our experiments, we isolated Ewing 
sarcoma cells that failed to be cleared by cytotoxic immune cells, 
since they represent an immune-evasive population. To gener-
ate cytotoxic cell populations for our use, we cultured human 
peripheral blood leukocytes, with or without high-dose IL-2, for 
3 d to generate LAK cells or control effector cells, respectively. 
Similar to observations made before in many laboratories, both 
populations contained cells with surface markers characteristic 
of cytotoxic T lymphocytes, NK, and NK-T cells (Fig. 4A), with 
elevated CD56 expression on the NK cells in the IL-2-activated 
cell population (Fig. 4B), consistent with previous reports.39-41

Figure 2. Irradiated TC71 Ewing sarcoma cells undergo apoptosis with 
a maximum sub-G1 population at 20–25 Gy. TC71 cells were seeded in 
60 mm2 dishes at least 24 h prior to irradiation at the indicated dose, 
and the cells were in the log phase of growth at the time of irradiation. 
Twenty-four hours post-irradiation, the cells were fixed and stained 
with propidium iodide, and their DNA content was determined by flow 
cytometry. Cell cycle analysis was performed using ModFit software. 
(A) A dose-dependent increase in apoptotic cells was observed up to 
20–25 Gy. Error bars denote the standard deviation; n = 2. (B) Repre-
sentative, bright-field images of cells in culture 24 h post-irradiation at 
the indicated radiation dosage. The data shown are representative of 
results from 3 experiments.
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effector population), we will examine whether there is a posi-
tive or negative correlation of the evasion of either (or both) 
of these effector populations with APLP2 expression and with 
the surface expression of MHC class I molecules. In these stud-
ies, we will also examine whether NK cell selection pressure on 
Ewing sarcoma cells affects APLP2 expression in correlation with 
changes in the surface expression of other NK inhibitory recep-
tors (besides MHC class I molecules) and with changes in the 
surface expression of NK activating receptors.46,47 The increased 
expression of APLP2 in LAK-evasive Ewing sarcoma cells sup-
ports the possibility that APLP2 might be capable of reducing 
the susceptibility of Ewing sarcoma cells to destruction mediated 
by cytotoxic immune cells as a result of APLP2’s anti-apoptotic 
effects, since cytotoxic cells kill by an apoptotic mechanism.48-50 
However, further experiments will be required to solidify a role 
for APLP2 in the immune-evasive properties of Ewing sarco-
mas and to obtain a total picture of how APLP2’s combined 

with the original TC71 cell line. Thus, these data demonstrate 
that the Ewing sarcoma cell lines that evaded cytotoxic destruc-
tion have elevated APLP2 expression and are also less susceptible 
to irradiation-induced apoptosis.

Discussion

In our study, we investigated the ability of APLP2 expressed in 
Ewing sarcoma cell lines (Fig. 1) to serve an anti-apoptotic func-
tion within Ewing sarcoma cells, before or following a laboratory 
model mimicking radiotherapy. Overexpression of APLP2 in 
Ewing sarcoma cells, as a result of APLP2 transfection, reduced 
the sub-G

1
 population following radiation (Figs. 2 and  3). 

Therefore, APLP2 is capable of regulating the induction of apop-
tosis in Ewing sarcoma cells after irradiation. The precise mecha-
nism whereby APLP2 suppresses radiation-mediated apoptosis in 
Ewing sarcoma cells has not been determined, but might involve 
interactions with Fe65 proteins. Fe65 associates with a sequence 
derived from the APLP2 C-terminus, and some studies have 
implicated this complex in gene transcription.38 Thus, in our 
studies, increased APLP2 expression may have upregulated tran-
scription of unidentified survival-related genes by a mechanism 
involving association with Fe65. Fe65 is also known to be neces-
sary for Tip-60-mediated histone H4 acetylation at DNA strand 
breaks, and interaction between Fe65 and APP is necessary for 
this function of Fe65 in DNA repair.45 Therefore, an alternative 
possibility is that APLP2, as an APP homolog, has a role equiva-
lent to APP in this process, in which case our results could be 
due to increased APLP2/Fe65 interactions that upregulate DNA 
repair.

The LAK-escaping Ewing sarcoma cell lines, isolated from the 
TC71 cell line, that we generated displayed elevated expression 
of APLP2 (Fig. 6A and data not shown). In agreement with our 
results using Ewing sarcoma cells transfected with APLP2, these 
LAK-evasive cell lines (three of which maintained resistance 
to cytotoxic cells post-incubation, Fig. 5) also demonstrated 
reduced irradiation-mediated apoptosis (relative to control TC71 
cells) (Fig. 6B). Thus, through immune selection, we were able 
to isolate an endogenous population of Ewing sarcoma cells that 
displayed elevated expression of APLP2 and had increased resis-
tance to the pro-apoptotic effects of ionizing radiation. These 
data complement our findings with transient APLP2 transfec-
tions indicating that APLP2 decreases the apoptotic sensitivity of 
irradiated Ewing sarcoma cells (Fig. 3).

As mentioned above in the Introduction, our laboratory has 
also shown that APLP2 can facilitate the endocytosis of MHC 
class I molecules, which are antigen-presenting molecules that 
trigger lysis of tumor cells by T cells.29-33 In contrast to their 
activation of T cells, MHC class I molecule interaction with 
inhibitory receptors on NK cells downregulates NK cell cyto-
toxic function.46,47 Because LAK cell populations include both 
T cells and NK cells (e.g., see Fig. 4), selection of tumor cells 
by co-culture with LAK cells could potentially provide pres-
sure both for increase and decrease of cell-surface MHC class I 
expression. In our future studies, using Ewing sarcoma cells cul-
tured with NK cells or with cytotoxic T cells (each as an isolated 

Figure 3. APLP2 reduces the sensitivity of TC71 Ewing sarcoma cells 
to irradiation-mediated apoptosis. (A) TC71 cells were seeded at 5 × 
106 cells per 100 mm dish, and upon reaching 40–50% confluence at 
about 24 h they were transfected with the pCMV-Tag4A vector alone 
or with pCMV-Tag4A-APLP2. The transfected cells were collected at 
48 h and lysed for use in western blots for APLP2 (and for actin, as a 
control). (B) TC71 cells at 40–50% confluence were transfected with the 
pCMV-Tag4A empty vector or with pCMV-Tag4A-APLP2 and incubated 
for 48 h. The cells were then irradiated (0 Gy or 20 Gy), incubated for an 
additional 24 h, harvested, fixed, stained with propidium iodide, and 
analyzed for DNA content by flow cytometry. The results in the graph 
depict the percentage of cells with sub-G1 DNA content in APLP2-
overexpressing cells vs. vector only-transfected cells. Duplicate samples 
were used and error bars denote the percent confidence interval. The 
results shown are representative of results from 3 separate experi-
ments.
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(Invitrogen, 25030), 100 units/mL penicillin and 100 μg/mL 
streptomycin (Invitrogen, 15140). The K562, TC71 and RD-ES 
cell lines were cultured in RPMI 1640 (Fisher Scientific 10-04-
CV) and supplemented with 10–15% v/v fetal bovine serum, 
1 mM sodium pyruvate, 2 mM l-glutamine, 100 units/mL peni-
cillin, and 100 μg/mL streptomycin.

To generate LAK cells, human peripheral blood leukocytes 
were incubated for three days at 37 °C, 5% CO

2
 in RPMI 1640 

with 10% fetal bovine serum, 1 μL/mL β-mercaptoethanol 
(Sigma-Aldrich, M-7522) and 1000 units/mL IL-2 and then cells 
in suspension were collected. Control effector cells were gener-
ated simultaneously, by the same process as the LAK cells, except 
that they were cultured in the absence of IL-2. To select for LAK-
escaping Ewing sarcoma cells, LAK cells and TC71 cells were 
co-cultured at an effector:target ratio of 10:1 in RPMI 1640 con-
taining 10% fetal bovine serum, 1 mM sodium pyruvate, 2 mM 
l-glutamine, 100 units/mL penicillin, and 100 μg/mL strepto-
mycin, plus 1 μL/ml β-mercaptoethanol and 1000 units/mL 
IL-2. Following 5 d of culture, the effector cells (in suspension) 
were removed, and adherent cells were collected and cultured for 
16 d in RPMI 1640 containing the additives listed above (includ-
ing 1 μL/ml β-mercaptoethanol, but not IL-2). Four separate 
lines, designated as LCT1la, LCT1t, LCT2la, and LCT2t, were 
established from the cells.

anti-apoptotic and pro-endocytic functions may figure into its 
advancement of Ewing sarcoma immune evasion.

In conclusion, our findings suggest that APLP2 should be 
considered as a factor potentially able to regulate Ewing sarcoma 
apoptosis, whether mediated by irradiation or cytotoxic immune 
effector cells. Thus, exploring the impact of therapies targeting 
APLP2 may present a new, unexplored field in Ewing sarcoma 
treatment. Strategies targeting APLP2 may have value as adju-
vants that could increase Ewing sarcoma susceptibility to a vari-
ety of pro-apoptotic therapies.

Materials and Methods

Cell culture. The Ewing sarcoma cell lines A673, Hs822.T, 
Hs863.T, and RD-ES were purchased from ATCC (CRL-1598, 
CRL-7556, CRL-7598, HTB-166, respectively) and the A4573 
and TC71 cell lines were gifts from Dr Eugenie Kleinerman 
at the University of Texas MD Anderson Cancer Center. The 
MDA-MB435s melanoma cell line was obtained from Dr Vinod 
Labhasetwar (Cleveland Clinic) and the K562 cell line from 
Dr  Ted Hansen (Washington University School of Medicine). 
The cell lines A673, Hs822.T, Hs863.T, and A-4573 were cul-
tured in DMEM supplemented with 10% v/v fetal bovine serum, 
1 mM sodium pyruvate (Invitrogen, 11360), 2 mM l-glutamine 

Figure 4. Ewing sarcoma cell lines are lysed by LAK cells. (A) Effector cell populations (control effector cells and LAK cells) were characterized for their 
composition of cytotoxic cells by cell surface markers: cytotoxic T lymphocytes (CTLs) (CD3+CD8+CD56−); natural killer (NK) cells (CD3−CD56+); and natu-
ral killer T (NKT) cells (CD3+CD8+CD56+). Error bars denote the standard error of the mean, with n = 5. (B) NK cells within the LAK cell population had 
enhanced CD56 surface expression, compared with NK cells within the control effector cell population (P < 0.001). The mean fluorescence units (MFU) 
from staining of the NK cells in the population with phycoerythrin (PE)-conjugated, anti-CD56 antibody is shown. Error bars denote the standard error 
of the mean, with n = 5. For (A and B), the flow cytometric analysis for assessment of T cell and NK cell markers on the effector cells was performed 
once, with multiple samples per analytical point as indicated. (C) Peripheral blood leukocytes were cultured for 3 d in the presence (LAK cells) or ab-
sence of high-dose IL-2 (control effector cells) and then incubated with 51Cr-labeled Ewing sarcoma TC71 (circle) and RD-ES (triangle) cell lines. Labeled 
K562 cells served as a positive control. 51Cr release from lysed cells was measured and the percent cytotoxicity was calculated for each set of triplicate 
wells (as described in the Materials and Methods section). The error bars represent the standard error of the mean; n = 6. The data shown are represen-
tative of results from 3 similar experiments.
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were seeded in 100 mm diameter dishes at 5 × 106 cells per 
dish. Once the cells had attached and reached 40–50% conflu-
ence (at ~24  h), they were transfected with the pCMV-Tag4A 
empty vector as a control (by the use of Lipofectamine from Life 
Technologies, 11668019) or transfected with pCMV-Tag4A-
APLP2 (also by the use of Lipofectamine). Transfected cells were 
collected at 48 h post-transfection. At collection, all cells were 
washed and lysed to create whole cell lysates to be electropho-
resed with 5× SDS loading buffer on a 4–20% Tris-glycine gel. 
As described in more detail below, following transfer to blotting 
membrane, the proteins were probed with antibodies.

To prepare full-length APLP2 cDNA-transfected cells for 
use in cell cycle analysis experiments, TC71 cells were seeded in 
60 mm diameter dishes at 30–40% confluence. After cells had 
attached and reached 40–50% confluence, they were transfected 
(using Lipofectamine) with the pCMV-Tag4A empty vector 
or with pCMV-Tag4A-APLP2 and incubated overnight. After 
replacement of the media, the transfected cells were incubated 
another 24 h. The percentage of sub-G

1
 DNA content of the cells 

was then analyzed by flow cytometry in the transfected cells at 
24 h post-radiation treatment (20 Gy) relative to no radiation 
treatment (0 Gy). Before flow cytometric analysis, the cells were 
harvested, fixed with 70% ethanol, and stained with propidium 
iodide.

Antibodies. The anti-APLP2 rabbit polyclonal antibody 
was purchased from Calbiochem/EMD Chemicals (171617). 
The anti-actin monoclonal antibody was obtained from Novus 
Biologicals (NBP1-41294). Secondary monoclonal antibod-
ies used for immunoblot analysis were peroxidase-conjugated 
AffiniPure goat anti-mouse IgG light chain or peroxidase-con-
jugated IgG fraction mouse anti-rabbit IgG light chain (Jackson 
ImmunoResearch Laboratories, Inc., 115-035-174 and 211-032-
171, respectively).

For flow cytometric characterization of cytotoxic effector cell 
types in control effector cell and LAK cell populations, the fol-
lowing monoclonal antibodies were purchased from AbD Serotec: 
AlexaFluor 647-conjugated mouse IgG1 anti-human CD3 
(MCA463A647T), FITC-conjugated mouse IgG1 anti-human 
CD8 (MCA2511F), R-phycoerythrin (PE)-conjugated mouse 
IgG2b anti-human CD56 (1437PE), and AlexaFluor 647-conju-
gated mouse IgG1, isotype control (MCA928A647). Additional 
isotype controls used include FITC-conjugated mouse IgG1 (BD 
Biosciences, 551954) and PE-conjugated mouse IgG2b (eBiosci-
ence, 12-4732).

Transfections. Cells were transiently transfected with a pre-
viously described full-length APLP2 cDNA,30 in the pCMV-
Tag4A vector. For transfecting TC71 cells with full-length 
APLP2 cDNA prior to western blotting procedures, TC71 cells 

Figure 5. Ewing sarcoma cell lines escaping LAK cell-mediated destruction were established. The LCT2la cell line did not have impaired resistance to 
LAK cytotoxicity; however, the remaining three cell lines were more resistant to LAK cytotoxicity, compared with TC71 cells. Peripheral blood mono-
nuclear cells (PBMC) were obtained from healthy donor apheresis and used to generate LAK cells following three days in culture with 1000 U/mL 
 recombinant human interleukin (IL)-2. Control effector cells were PBMC cultured in the absence of IL-2. The results obtained using the TC71 cells as 
targets are shown by the lines with dark circles. The results obtained using the LCT lines as targets are shown by lines with open symbols (as indicated 
on the figure for each of the 4 LCT lines). Sensitivity of LCT cell lines to LAK-mediated cytotoxicity was determined by the chromium-51 release assay. 
Line graphs represent the mean percent cytotoxicity for the indicated cell line under the given condition. Significance was determined using two-way 
ANOVA for independent samples. Error bars denote the standard error of the mean, n = 2, 3. The experiment for which results are shown in this figure 
was performed once, and within the experiment for which results are shown in this figure, similar results were obtained with multiple sample points 
and over a range of 4 E:T ratios with 2 separate cytotoxic effector populations (i.e., with LAK cells and with control effector cells).
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The percent cytotoxicity was calculated from each set of experi-
mental values minus the average of spontaneous release values, 
divided by the average of total release values minus the average 
of spontaneous release values, all multiplied by 100. Total release 
values were obtained by lysing cells in Triton X-100, and sponta-
neous release values were obtained from 51Cr-labeled target cells 
incubated alone in media. The chronic myelogenous leukemia 
K562 cell line served as a positive control. Due to their lack 
of surface major histocompatibility complex class I molecules, 
K562 cells can readily be lysed by the NK cells present in LAK 
cell lines.51

Immunoblots. For preparation of cell lysates, pellets of 1 × 107 
cells were resuspended in cell lysis buffer (20 mM Tris pH 7.5, 
150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100). Resuspended 
pellets were incubated on ice for 1 h with occasional vortexing and 
then stored at −80 °C overnight. The next day, the lysates were 
thawed on ice and then spun in a desktop centrifuge at top speed 
for 30 min at 4 °C. Supernatants were collected in new tubes and 
stored at −80 °C. Aliquots of lysates were added to 5× SDS loading 
buffer and boiled for 5 min prior to electrophoresis on 4→20% 
Tris-glycine pre-cast gels (Invitrogen, EC60285). Proteins were 
transferred to Immobilon membranes (Millipore, IPVH000010). 
Following overnight blocking in 5% w/v nonfat dry milk, the blots 
were incubated with primary antibodies diluted in 5% nonfat dry 
milk for 2 h, washed 3 times with 0.05% Tween 20 in PBS and 
incubated with secondary antibodies diluted in 0.05% Tween 20 
for 1 h. Three washes with 0.3% Tween 20 were performed, and 
then membranes were submerged for 1 min in Pierce ECL sub-
strate from Thermo Scientific (32106) and developed on Kodak 
BioMax MR film (894-1114). When protein band densities were 
quantified, the Molecular Imager ChemiDoc XRS system with 
Quantity One 1-D Analysis Software (Bio-Rad) was used.

Irradiation and cell cycle analysis. Cells were seeded at 
least 24 h prior to irradiation with a Mark I 68A Cesium-137 
Irradiator (J. L. Shepherd and Associates). Cell cycle analysis was 
performed as previously described.52 Briefly, irradiated cells were 
cultured at 37 °C, 5% CO

2
 for an additional 24 h, then stained 

with propidium iodide and analyzed for DNA content by flow 
cytometry on a BD FACS Calibur with ModFit software (Verity 
Software House, Inc.) or Diva software (BD Biosciences). All 
analyses were performed using at least 20 000 cells.

Flow cytometry. For flow cytometry, cells were gently col-
lected on the morning of analysis and kept on ice throughout the 
assay. To prepare cytotoxic effector cells for flow cytometry, sus-
pension control effector cells and LAK cells were centrifuged at 
125× g for 8 min without any brake and then the supernatant was 
discarded. LAK cell pellets were washed twice with 0.2% weight 
per volume bovine serum albumin in phosphate-buffered saline 
and incubated with 5 μL of primary antibody per 1 × 106 cells in 
a 96-well plate for 30 min on ice in the dark. Excess antibodies 
were removed by centrifugation at 450× g for 5 min at 4 °C and 
three washes in 0.2% weight per volume bovine serum albumin 
in phosphate-buffered saline. Antibody-labeled LAK cells were 
resuspended to 2.5 × 106 cell/mL and analyzed with a FACS 
Calibur instrument and Cell Quest software at the UNMC Cell 
Analysis Facility.

Cytotoxicity assay. Ewing sarcoma target cells were labeled 
with Na-51Cr for 1 h and then incubated with the LAK cells 
(generated as described above) for 4 h in triplicate at a series 
of effector:target ratios. The cells were gently centrifuged and 
supernatants were counted on a Pharmacia LKB gamma counter. 

Figure 6. Ewing sarcoma cells that survived co-culture with LAK cells 
express higher levels of APLP2 and have more resistance to irradiation-
induced apoptosis. (A) Lysates of the TC71 cell line and LAK-escaping 
LCT1la, LCT2la, and LCT2t cell lines were immunoblotted for APLP2 or 
actin. The results shown are representative of the findings from two 
separate experiments. (B) All 4 LCT cell lines have reduced sensitivity to 
irradiation-mediated apoptosis, compared with TC71 cells. Log-phase 
cells were exposed to 25 Gy gamma radiation, then cultured for 24 h 
prior to propidium iodide staining and DNA content analysis. Error bars 
denote the standard error of the mean; n = 3. Statistical significance was 
determined for all LAK-escaping cell lines compared with the parental 
TC71 cell line using the Student t test. The data shown were acquired in 
2 independent experiments.
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