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Introduction

Ewing sarcoma (EWS) is a pediatric cancer that most often 
develops in the second decade of life.1 Typically, EWS is driven 
by chromosomal translocations generating EWS-FLI1 fusions, 
which encode aberrant transcription factors.2 The current 
approach to EWS involves surgery, radiation, and high-dose che-
motherapy, all treatments with harsh side effects. While the 5-y 
survival rate for non-metastasized EWS is now around 60–70%, 
metastatic EWS only has a 25% 5-y survival rate.3,4 Thus, 
improved therapeutic approaches with high efficacy and limited 
side effects are urgently needed for EWS patients.

Many immunotherapeutic strategies are under development 
as alternative approaches to EWS, including cell-based strate-
gies.5,6 Even in the absence of immunization, cytotoxic T lym-
phocytes (CTLs) that recognize EWS-associated antigens in the 
context of MHC class I molecules have been found in late-stage 
patients.7 However, EWS cells have been observed to exhibit vari-
able, and often low, expression levels of MHC class I molecules 
on their surface.8,9 Because MHC class I molecules bind intra-
cellular peptides and migrate to the cell surface for presenting 
such peptides to CTLs, reduced MHC class I expression levels 
constitute a means for cancer cells to avoid immunodetection 
and eradication.10,11 Notably, patients with cancers of the EWS 
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Ewing’s sarcoma (EWS) is a pediatric cancer that is conventionally treated by surgery, chemotherapy, and radiation 
therapy. Innovative immunotherapies to treat EWS are currently under development. Unfortunately for EWS patients, 
when the disease is found to be resistant to current therapeutic approaches, the prognosis is predictably grim. Radia-
tion therapy and immunotherapy could potentially synergize in the eradication of EWS, as some studies have previously 
shown that irradiation increases the presence of immune receptors, including MHC class I molecules, on the surface of 
tumor cells. However, EWS cells have been reported to express low levels of MHC class I molecules, a phenotype that 
would inhibit T-cell mediated lysis. We have previously demonstrated that the transgene-driven overexpression of amy-
loid β (A4) precursor-like protein 2 (APLP2) reduces the expression of MHC class I molecules on the surface of human 
cervical carcinoma HeLa cells. We thus examined whether endogenously expressed APLP2 downregulates MHC class I 
expression on EWS cells, particularly upon irradiation. We found that irradiation induces the relocalization of APLP2 and 
MHC class I molecules on the surface of EWS cells, redistributing cells from subpopulations with relatively low APLP2 and 
high MHC class I into subpopulations with relatively high APLP2 and low MHC class I surface expression. Consistent with 
these findings, the transfection of an APLP2-targeting siRNA into EWS cells increased MHC class I expression on the cell 
surface. Furthermore, APLP2 was found by co-immunoprecipitation to bind to MHC class I molecules. Taken together, 
these findings suggest that APLP2 inhibits MHC class I expression on the surface of irradiated EWS cells by a mechanism 
that involves APLP2/MHC class I interactions. Thus, therapeutic strategies that limit APLP2 expression may boost the abil-
ity of T cells to recognize and eradicate EWS in patients.
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family that express few or no MHC class I molecules appear to 
exhibit significantly reduced survival rates.12 Patients bearing 
osteosarcomas that express relatively low levels of MHC class I 
molecules were likewise found to exhibit poor survival rates.13 
Thus, determining the molecular mechanisms by which sarcoma 
cells are able to limit MHC class I expression on the cell surface 
is necessary to develop therapeutic strategies that allow for their 
eradication by CTLs.

We have identified amyloid β (A4) precursor-like protein 2 
(APLP2) as a protein that is amply expressed by several types of 
cancer cell lines, including EWS cell lines.14 APLP2 is a mem-
ber of the amyloid precursor protein (APP) family, which has 
3 members in mammals (APP, APLP1, and APLP2).15–17 These 
proteins have biochemical functions related to transcription, 
homeostasis, cell survival, growth, and migration.17–25 In addi-
tion, recent clues indicate that this family of proteins may regu-
late endocytosis. For example, APP has been demonstrated to 
facilitate the internalization of the high-affinity choline trans-
porter.26 Furthermore, studies from our laboratory using HeLa 
(a human cervical adenocarcinoma cell line) have demonstrated 
that APLP2 increases the endocytosis of MHC class I mol-
ecules.14,27–31 Additional data from our previous studies indicate 
that APLP2 displays MHC allotype specificity. For example, 
we have reported that APLP2 binds more strongly to HLA-
A2 than to HLA-A24 molecules in humans. Similarly, in mice 
APLP2 interacts more robustly with Kd, Db, and Dq than with 
Ld molecules.14,28

Based on the aforementioned findings, we hypothesized that 
APLP2 is responsible, at least in part, for restricting MHC class 
I expression on the surface of EWS cells, thus potentially con-
tributing to EWS immune evasion. We report here that 2 EWS 
cell lines (TC71 and A673 cells) comprise cellular subpopula-
tions displaying reciprocal surface expression levels of MHC class 
I molecules and APLP2. Since radiation therapy has previously 
been shown to upregulate surface-exposed MHC class I mole-
cules and is clinically used to treat EWS patients,1,32,33 we also 
examined the impact of ionizing radiation on the expression of 
APLP2 and MHC class I molecules on the cell surface.

Altogether, our data indicate that APLP2 limits the expres-
sion of MHC class I molecules on the surface of EWS TC71 and 
A673 cells. Of particular clinical relevance, such a reduction was 
noted to persist even upon irradiation, a stimulus that effectively 
upregulated MHC class I expression on EWS cell subsets char-
acterized by lower APLP2 levels but not on those with relatively 
high APLP2 surface expression. Thus, APLP2 might allow EWS 
cells to evade recognition by T cells, hence interfering with the 
ability of radiation therapy to facilitate T cell-mediated elimi-
nation of EWS. Our findings suggest that treatments reducing 
APLP2 expression may offer a means to improve the efficacy of 
endogenous immune responses and T cell-based immunothera-
pies against EWS. The identification of an endogenous subpopu-
lation of APLP2high EWS cells that expresses low levels of MHC 
class I molecules even upon irradiation adds to the growing body 
of knowledge on tumor immunoevasion, which is necessary to 
understand in order to design effective immunotherapeutic regi-
mens for EWS patients.

Results

APLP2 associates with MHC class I molecules in EWS cells
Previously, we demonstrated by immunoblotting that APLP2 

is abundantly expressed by a variety of cancer cell lines, including 
EWS-derived cells.14 Furthermore, in an earlier study using HeLa 
cells, we found that APLP2 binds to MHC class I molecules at 
the cell surface and facilitates their endocytosis and routing to 
lysosomes.30 We surmised that if APLP2 also modulates the 
expression of MHC class I molecules on EWS cells, then their 
association would be demonstrable also in this cellular setting. 
To assess whether there is an interaction between APLP2 and 
MHC class I molecules in EWS cell lines, TC71 and A673 cells 
were lysed and MHC class I molecules were immunoprecipitated 
with the pan-human MHC class I antibody W6/32. As a con-
trol, the W6/32 immunoprecipitates were probed with an anti-
body recognizing MHC class I heavy chains (HC10) (Fig. 1, top 
panel). To detect MHC class I-associated APLP2, the immu-
noblots were probed with an APLP2-specific antiserum (Fig. 1, 
bottom panel). The presence of APLP2 in immunoprecipitates 
obtained with anti-MHC class I antibodies indicates that APLP2 
is complexed with MHC class I molecules in EWS cells (Fig. 1).

APLP2 is expressed on the surface of EWS cells and ionizing 
radiation causes increased distribution of APLP2 to the surface 
of EWS cells.

We also postulated that if APLP2 influences MHC class I 
expression by EWS cells through an endocytic mechanism, then 
APLP2 should be detectable on the surface of EWS cells. To deter-
mine whether APLP2 can be found at the surface of EWS cells, 
we examined the TC71 and A673 cell lines for APLP2 expres-
sion by flow cytometry. For both cell lines, three distinct profiles 
of surface APLP2 expression could be identified, observed as 3 
regions on flow cytometry histograms, and representing three 
sub-populations of cells: low (APLP2low), intermediate (APLP2int) 
and high expressers (APLP2high) (Fig. 2A and B). Control data 
for these experiments, as obtained with isotype-matched anti-
bodies, can be found in Figure S1.

Since radiation therapy is a standard approach to EWS, we 
also examined the effect of γ radiation on APLP2 surface expres-
sion. The majority of non-irradiated TC71 and A673 cells resided 
within the APLP2low subpopulation (Fig. 2A and B). By 24 h post-
irradiation, fractions of both TC71 and A673 cells had shifted 
into subpopulations with considerably higher APLP2 surface lev-
els, and even the APLP2low subpopulations showed slightly higher 
APLP2 surface expression (Fig. 2A and B). The observed redis-
tributions from the APLP2low to the APLP2high subpopulations 
were dose-dependent in the range of 0 to 15 Gy, with relatively 
little alterations when high doses were employed (15–25 Gy) 
(Fig. 2A and B). The changes in the expression of APLP2 on the 
surface of irradiated EWS cells could not be ascribed to increased 
total APLP2 levels, as the immunoblotting of whole cell lysates 
showed no substantial alteration in total APLP2 amounts in 
either EWS cell line irradiated with up to 25 Gy (Fig. 2C and D). 
Although in cells exposed to 25 Gy there was a slight decrease in 
the levels of both APLP2 and actin, there was no decrease in an 
additional control protein, heat shock 70kDa protein 8 (HSPA8, 
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also known as HSC70) (Fig. 2E). (The effect of irradia-
tion on the survival of TC71 and A673 cells is illustrated 
in Figure S2. Additional data on this matter can be found 
in a recent publication from our laboratory,34 demonstrat-
ing that TC71 cells, but not A673 cells, exhibit a dose-
dependent apoptotic response to irradiation.) Our results 
suggest that ionizing radiation increases the frequency 
of EWS cells that display high levels of APLP2 on their 
surface due to APLP2 relocalization from an intracellular 
compartment.

The level of cell-surface MHC class I molecules is 
reduced on APLP2high EWS cells

 Several laboratories have reported that EWS cells 
express low amounts of MHC class I molecules on their 
surface.8,9,12 Since we had noted 3 subpopulations of 
EWS cells varying from each other with respect to sur-
face APLP2 levels (Fig. 2A and B), and we had previously 
found that APLP2 can inhibit MHC class I expression 
on the surface of HeLa cells,30,31 we next investigated 
whether such 3 EWS subpopulations would exhibit distinct 
MHC class I expression profiles. In line with our previous find-
ings, lower levels of MHC class I molecules were observed on 
the surface of APLP2high cells, as compared with APLP2low cells, 
in both the TC71 and A673 cell lines (Fig.  3, gating shown 
in Figure  S3). Since irradiation resulted in a shift of EWS 
cells toward APLP2high cell subpopulations (Fig.  2A and B), 
we co-assessed MHC class I and APLP2 expression on irradi-
ated TC71 and A673 cells. We identified 3 distinct subpopula-
tions of cells within both EWS cell lines: APLP2lowMHCIhigh, 
APLP2intMHCIhigh, and APLP2highMHCIlow cells (Fig.  3; 
Figure S3). Ionizing radiation increased the amount of surface-
exposed MHC class I molecules, especially on APLP2low cells 
(Fig. 3; Figure S3). MHC class I levels rose steeply on the sur-
face of irradiated APLP2lowMHCIhigh TC71 (Fig.  3A, squares) 
and, to a lesser extent, A673 cells (Fig. 3B, squares). In contrast, 
the expression levels of MHC class I molecules on the surface of 
APLP2high MHCIlow cells did not markedly increase upon irra-
diation (Fig.  3A and B, circles), not even when the cells were 
exposed to 20–25 Gy. This indicates that EWS cell subpopula-
tions that express high amounts of APLP2 fail to increase surface 
MHC class I molecules upon irradiation. Thus, even after expo-
sure to ionizing radiation, APLP2highMHCIlow EWS cells main-
tain reduced expression of MHC class I molecules.

Reducing APLP2 expression in EWS cells by siRNA 
increases the expression of MHC class I molecules on the cell 
surface

To further investigate whether APLP2 actively inhibits MHC 
class I expression on EWS cells, we downregulated APLP2 
expression in TC71 and A673 cells by transiently transfecting 
them with an APLP2-specific siRNA. At 48 h post-transfection, 
the transfected cells were harvested, and reduced APLP2 expres-
sion was confirmed by immunoblotting (Fig.  4A). The down-
regulation of APLP2 increased MHC class I expression on the 
surface of both TC71 and A673 cells, as demonstrated by flow 
cytometry analysis of cells immunostained with the anti-human 
MHC class I antibody W6/32 or an antibody specific for the 

HLA-A2 allotype (BB7.2) (Fig.  4B). Taken together with our 
findings on naturally occurring EWS cell subsets characterized 
by the reciprocal expression of APLP2 and MHC class I mol-
ecules, these functional data implicate endogenous APLP2 in 
the downregulation of MHC class I expression on the surface of 
EWS cells.

Discussion

Here, we have reported the identification of potentially clini-
cally relevant endogenous subpopulations of EWS cells that 
express distinct levels of surface APLP2 and MHC class I mol-
ecules. We found that the TC71 and A673 subsets with the low-
est (APLP2low) and second lowest (APLP2int) levels of surface 
APLP2 express slightly higher amounts of surface APLP2 in 
response to irradiation (as evinced by the rightward shift in the 
histograms illustrated in Figure  2A). Furthermore, upon irra-
diation, the proportion of APLP2low TC71 and A673 cells drops, 
while the fraction of cells in the APLP2int and APLP2high sub-
sets rises. Although this phenotype is consistent for both of these 
cell lines, the extent of the redistribution from the APLP2low to 
the APLP2int and APLP2high subpopulations is more dramatic for 
TC71 than for A673 cells. 

Among these 3 cell subsets with disparate levels of surface-
exposed APLP2, 2 subpopulations (APLP2low and APLP2int) 
exhibit relatively high expression of MHC class I molecules on 
the surface. Conversely, APLP2high cells display low amounts of 
MHC class I molecules on their surface (Fig. 3; and Figure S3). 
APLP2 binds to MHC class I molecules in EWS cell lines even 
in the absence of irradiation (Fig.  1). Upon irradiation, the 
expression of APLP2 and MHC class I molecules on the sur-
face of EWS cells is altered, resulting in a shift of cells from the 
APLP2lowMHCIhigh to the APLP2highMHCIlow subset (Fig. 3; and 
Figure S3). Although in our experiments the expression of these 
proteins on the cell surface was not tracked chronologically, the 
existence of an APLP2intMHCIhigh subpopulation suggests that 
high surface APLP2 levels may precede the reduction of surface 

Figure  1. APLP2 is associated with MHC class I molecules in EWS cells. The 
W6/32 antibody was used to immunoprecipitate folded, MHC class I molecules 
from TC71 and A673 cell lysates. As a control, the procedure was also performed 
with no immunoprecipitating antibody (lanes labeled as “Protein A-Sepharose”) 
and with an irrelevant IgG (isotype control) antibody (anti-CD3 antibody, lanes 
labeled as “Control Ab”). Immunoprecipitates were then probed by immunoblot-
ting with the HC10 antibody against the MHC class I heavy chain (MHC-I HC) and 
APLP2. The results shown are representative of 6 separate experiments.
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Figure 2. APLP2 is expressed on the surface of EWS cells and can be redistributed by ionizing radiation. (A–E) Radiation shifts EWS cells toward sub-
populations with high levels of surface-exposed APLP2, but does not increase total APLP2 expression. EWS cells were irradiated with the indicated dose 
of γ rays and cultured for 24 h prior to analysis. (A) Representative histograms of surface APLP2 expression on TC71 (left) and A673 (right) cells 24 h 
post-irradiation as determined by flow cytometry. (B) The mean frequencies of EWS cells with APLP2low (box), APLP2int (triangle) and APLP2high (diamond) 
phenotypes are shown with respect to radiation intensity. Error bars denote SD (n = 6 experimental replicates within 1 experiment that yielded results 
representative of several experiments (2 experiments including both TC71 and A673, 2 with A673 but not TC71, and 3 with TC71 but not A673).  (C–E) 
Irradiated TC71 and A673 cells were lysed, and the lysate supernatants were subjected to immunoblotting to determine total expression levels of APLP2 
(C and D). Actin levels were monitored to ensure equal lane loading in C and D. Separate experiments were performed to demonstrate that there is no 
decrease in the expression of another loading control, HSC70, in TC71 and A673 cells exposed to 25 Gy (E). Immunoblotting data are representative of 
n = 2-3 independent experiments yielding similar results.
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MHC class I expression. This scenario is consistent with our 
model, theorizing that the presence of APLP2 at the cell surface 
is required for the APLP2-mediated endocytosis of MHC class I 
molecules.29–31

The fact that irradiation redistributes EWS cells among sub-
populations with distinct levels of surface-exposed APLP2 and 
MHC class I molecules (Fig. 3; Figure S3) suggests that EWS 
cells exhibit a high degree of plasticity, rather than a static phe-
notypic profile, allowing them to exchange dynamically among 
these subsets. Further investigation into the plasticity of these 
cell subpopulations could generate insights of potential thera-
peutic relevance. In this context, it is of particular importance 
that the expression of MHC class I molecules was upregulated 
by irradiation only on APLP2lowMHCIhigh cells, and not on 
APLP2highMHCIlow cells.

The radiation-induced upregulation of MHC class I molecules 
on the surface of APLP2low and APLP2int EWS cells may reflect 
multiple alternative (but not mutually exclusive) mechanisms. 
For APLP2low and APLP2int cells, the relative lack of APLP2 mol-
ecules available to bind to MHC class I molecules at the surface 
and increase their endocytosis may allow the rise in cell-surface 
MHC class I expression after irradiation; this would be consistent 
with our previous findings with HeLa cells.30 Cytokine secretion 
following irradiation could be an alternative explanation, since 
an increase in the levels of MHC class I molecules on the surface 
of irradiated breast cancer cells has been attributed to the release 
of interferon (IFN)β upon DNA damage.35 In another study 
based a mouse melanoma model, local radiation was shown to 
result in the release of IFNγ into the tumor microenvironment, 
a signal that led to the upregulation of MHC class I molecules 
on the surface of the malignant cells.36 Reits et al. demonstrated 
that the amounts of MHC class I molecules are elevated on the 

surface of irradiated melanoma and colon adenocarcinoma cells 
due to increased intracellular protein degradation (resulting in 
increased production of MHC class I-binding peptides), and 
also as a result of enhanced translation upon the activation of the 
mammalian target of rapamycin (mTOR) pathway.32 Other stud-
ies have found that irradiation increases the expression of MHC 
class I molecules, as well as other immune receptors, on the sur-
face of cancer cells in situ or in culture.33,37

Studies based on melanoma models have demonstrated that 
even a partial reduction of surface-exposed MHC class I mol-
ecules can decrease the functional recognition of malignant cells 
by CTLs.10,11 Many tumors exhibit a partial downregulation of 
MHC class I molecules in vivo, since the complete absence of these 
proteins may leave malignant cells unprotected from attacks by 
natural killer (NK) cells.38 Indeed, minor changes in the surface 
expression of MHC class I molecules within a particular range 
have recently been shown to have a dramatic impact on the abil-
ity of NK cells to lyse EWS cells.39 Therefore, owing to reduced 
levels of surface MHC class I molecules, APLP2highMHCIlow cells 
may be relatively resistant to CTLs, but susceptible to the cyto-
toxic activity of NK cells. In agreement with this reasoning, mice 
inoculated with the ES8 EWS cell line exhibited improved sur-
vival rates when radiation therapy was combined with immuno-
therapy using expanded NK cells.40

In our studies, we have examined total MHC class I surface 
expression, but not yet whether particular MHC class I allotypes, 
such as HLA-A2, are evenly distributed throughout the APLP2-
MHC class I-defined EWS cell subpopulations. Allotypic dif-
ferences would be consistent with the model proposing that 
APLP2-mediated endocytosis reduces the levels of surface-
exposed MHC class I molecules, since we have previously shown 
APLP2 to have an avidity for MHC class I molecules that varies 

Figure 3. The APLP2high phenotype identifies EWS cells with consistently relatively low MHC class I surface expression upon irradiation. (A-B) EWS cells 
exposed to the indicated doses of γ rays were examined by flow cytometry for the co-expression of APLP2 and folded MHC class I molecules (using the 
W6/32 antibody) on their surface. Three cell subpopulations were identified: APLP2highMHCIlow, APLP2intMHCIhigh, and APLP2lowMHCIhigh cells. MHC class 
I-dependent fluorescence (in terms of mean fluorescence units, MFU) is depicted for each subpopulation of TC71 (A) and A673 (B) cells. Error bars denote 
SD (n = 6 experimental replicates within 1 representative experiment out of 3 independent ones performed that yielded similar results, with 1 experi-
ment including both TC71 and A673, and 2 experiments including 1 of the 2 cell lines). Representative dot plots can be found in Figure S3.
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with allotype.26 Earlier studies of MHC class I expression on 
EWS have shown that MHC molecules tend to be present on cells 
from primary sarcomas, but that their expression level is highly 
variable and can be particularly low on advanced sarcomas.41,42 
These findings may relate to the facts that the downregulation 
of MHC class I molecules on cancer cells is often specific for 
particular HLA alleles,8 and that various EWS cell lines manifest 
differential, allotype-specific increases in MHC class I molecule 
expression in response to IFNγ.43

Changes in the expression levels of immune-related mol-
ecules that occur upon radiation therapy are clinically relevant. 
Here, we examined the impact of ionizing radiation on the 
expression of APLP2 and MHC class I molecules at the sur-
face of EWS cells, finding that the presence of elevated levels 
of surface APLP2 correlates with the inability of EWS cells 
to upregulate MHC class I at the surface in response to irra-
diation. We further demonstrated that APLP2 expression levels 
inversely correlate with the amount of MHC class I molecules 
exposed on the surface of EWS cells. EWS cells (and other can-
cer cells) must maintain the levels of surface-exposed MHC 
class I molecules within a tight threshold, to avoid antitumor 
immune defenses. Our analyses suggest that APLP2 has a regu-
latory role in restricting MHC class I expression on the surface 
of EWS cells. In support of this notion, we have demonstrated 
that APLP2 binds to MHC class I molecules in EWS cells, and 
that the siRNA-mediated knockdown of APLP2 increases the 
amount of surface-exposed MHC class I molecules.

MHC class I molecules are so critical for the recognition 
of EWS and other neoplasms by CTLs that cancer cells often 
downmodulate the expression of these proteins to evade immu-
nosurveillance. The downregulation of MHC class I expression 
on EWS cells by epigenetic mechanisms has been previously 
described,43,44 and our findings indicate that the APLP2-mediated 
turnover of MHC class I molecules at the cell surface may repre-
sent an additional mechanism of post-transcriptional reduction 
of surface MHC class I molecules. Our data add to the compen-
dium of knowledge elucidating how the expression of MHC class 
I molecules is regulated in malignant cells, and are expected to 
facilitate the development of efficient CTL- and NK cell-based 
immunotherapeutic strategies to combat EWS.

Materials and Methods

Cell culture
The EWS cell line A673 was purchased from ATCC 

(CRL-1598), and the EWS TC71 cell line was a generous gift 
from Dr. Eugenie Kleinerman at MD Anderson Cancer Center.45 
The A673 cell line was cultured in Dulbecco’s modified Eagle 
medium (DMEM, from Life Technologies, 11965) supplemented 
with 10% v/v fetal bovine serum (Atlanta Biologicals, S11150) 
and the following additives (from Invitrogen): 1 mM sodium 
pyruvate (11360), 2 mM l-glutamine (25030), and 100 units/mL 
penicillin plus 100 μg/mL streptomycin (15140). The TC71 
cell line was cultured in RPMI 1640 medium (Thermo Fisher 
Scientific, 10-04-CV) supplemented with 15% v/v fetal bovine 
serum, 1 mM sodium pyruvate, 2 mM l-glutamine, and 100 
units/mL penicillin plus 100 μg/mL streptomycin.

Antibodies
For the detection of MHC class I molecules by flow cytom-

etry, the W6/32 and BB7.2 antibodies were used, while the HC10 
antibody was used for immunoblotting. HC10 is a monoclonal 
antibody that recognizes the unfolded heavy chain of the human 
MHC class I molecule.46–48 W6/32 is a conformation-specific 
monoclonal antibody specific for folded, β

2-
microglobulin-

associated, MHC class I molecules.48–50 BB7.2 is an antibody 

Figure 4. APLP2 downregulation increases MHC class I surface expres-
sion on EWS cells. (A-B) TC71 and A673 EWS cells were transfected with 
a siRNA pool targeting APLP2 or a non-targeting siRNA pool (as a nega-
tive control) for 48 h. (A) APLP2 downregulation upon transfection with 
APLP2-specific siRNA was confirmed by immunoblotting. Actin levels 
were monitored to ensure proper lane loading. (B) Surface-exposed 
MHC class I molecules were detected by flow cytometry on TC71 (black 
bars) and A673 (white bars) cells transfected with APLP2-specific or con-
trol siRNAs. The pan-human MHC-reactive W6/32 antibody and the allo-
type-specific BB7.2 antibody were used to detect MHC class I molecules 
and HLA-A2 molecules, respectively. The bar graphs depict the percent 
change (means ± SD) in MHC class I-dependent fluorescence (in terms of 
mean fluorescence units, MFU) elicited with APLP2-specific siRNAs (with 
cells transfected with control siRNA represented by 100%, as indicated 
by the dashed line). Individual MFUsiAPLP2/MFUsiControl results were obtained 
from paired samples, and data from 3 independent experiments were 
pooled. For each cell line and each antibody, siAPLP2 transfection (com-
pared to siControl transfection) resulted in a significantly higher surface 
MHC class I level.  Statistical significance was determined by means of 
unpaired Student t-test (*p < 0.05). The values used for derivation of this 
graph are presented in Table S1.
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recognizing HLA-A2.51 HC10, W6/32, and BB7.2 antibodies 
were produced from hybridomas donated by Dr. Ted Hansen 
(Washington University, St. Louis). The anti-APLP2 antibody 
was purchased from Calbiochem/EMB Chemicals (171617). 
The anti-actin monoclonal antibody (clone AC-40) was pur-
chased from Novus Biologicals (NBP1–41294), and was used 
as a loading control. The anti-HSC70 antibody was obtained 
from Enzo (ALX-804-067-R050), and the anti-CD3 antibody 
was acquired from Caltag (RM3400). Secondary antibodies 
used for immunoblotting analysis were peroxidase-conjugated 
AffiniPure goat anti-mouse IgG light chain or peroxidase-conju-
gated IgG fraction mouse anti-rabbit IgG light chain purchased 
from Jackson ImmunoResearch Laboratories, Inc. (115–035–174 
and 211–032–171, respectively). AlexaFluor 488-conjugated 
goat anti-rabbit IgG (H+L) chain (Invitrogen, A-11008), and 
phycoerythrin (PE)-conjugated goat anti-mouse IgG F(ab’)

2
 

and Cy5-conjugated goat anti-rabbit IgG (both purchased from 
Jackson ImmunoResearch Laboratories, Inc., 115–035–071 and 
111–175–144, respectively) were used as secondary antibodies for 
flow cytometry experiments.

Transfections
For siRNA transfections, 1 × 105 cells were plated in 

35-mm dishes 24 h prior to transfection. An siRNA pool 
against APLP2 was purchased from Thermo Fisher Scientific 
Inc. (ON-TARGETplus SMARTpool Human APLP2, 
L-004179–00). ON-TARGETplus non-targeting pool oligonu-
cleotides (Thermo Fisher Scientific, D0018101050) were used as 
negative controls. All siRNA transfections were performed using 
DharmaFECT 1 (Thermo Fisher Scientific, T-2001). Following 
transfection with either control or APLP2-specific siRNAs, the 
expression of APLP2 was analyzed by immunoblotting.

Flow cytometry
Flow cytometry experiments were performed at 24 h post-

irradiation and 48 h post-transfection. Cells from 6-well plates 
were trypsinized, resuspended and evenly distributed between 
2 96-well plates. Following centrifugation at 450 × g for 5 min 
at 4°C in an Eppendorf 5810R centrifuge, cells were incubated 
with the desired primary antibody for 30 min on ice, washed, 
incubated with fluorescently labeled secondary antibody, washed 
again, and analyzed on a FACS Calibur (BD Biosciences). The 
percent change in MHC class I expression in response to siRNA-
mediated APLP2 knockdown was derived by the following for-
mula: MFU

siAPLP2
/MFU

siControl
 × 100. Data collection and analysis 

were performed at the University of Nebraska Medical Center 
Cell Analysis Core Facility using ModFit or Cell Quest software.

Immunoprecipitation
Ten million cells were harvested, pelleted by centrifugation (at 

450 × g, 5 min), and incubated with precipitating antibody in a 
lysis buffer containing 1% CHAPS in 0.01 M Tris-HCl (pH 7.4), 
0.15 M NaCl supplemented with 20 mM iodoacetamide and 0.2 
mM phenylmethanesulfonyl fluoride for 1 h on ice. W6/32 anti-
bodies were used to capture MHC class I molecules, and then 
the lysates were spun in a microcentrifuge at 14,000 rpm at 
4°C for 30 min.  The supernatants were added to Amersham 
SPA Scintillation Beads - Protein A (GE Healthcare/Amersham 
Biosciences, 17–0780–01) and incubated with occasional gentle 

mixing (without inversion) for 45 min on ice. Beads were washed 
twice with 5 mL wash buffer (0.1% CHAPS in 0.01 M Tris-
HCl, 0.15 M NaCl, pH 7.4, 20 mM iodoacetamide) followed 
by immediate centrifugation at 450 × g, 4°C, 5 min, and then 
washed twice more with centrifugation delayed to 10 min after 
the wash. Proteins were eluted with a Protein Elution Buffer con-
taining 0.125 M Tris (pH 6.8), 2% w/v SDS, 12% w/v glycerol 
and 0.02% w/v bromophenol blue by boiling the tubes for 5 min. 
Samples were centrifuged as described above, and protein-con-
taining supernatants were recovered.

Immunoblotting
To produce cell lysates for immunoblotting, 1 × 107 cells were 

pelleted at 450 × g, 4°C, 5 min, and resuspended in a lysis buffer 
containing 20 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA 
(EDTA) and 0.5% Triton X-100. Resuspended cells were incu-
bated on ice for 1 h with occasional vortexing, and then stored at 
−80 °C overnight. The next day, lysates were thawed on ice, and 
spun in a microcentrifuge at maximum speed for 30 min at 4°C. 
Supernatants were collected in fresh tubes and stored at −80 °C.

Aliquots of cell lysate supernatants (mixed with 5× SDS 
loading dye containing 250 mM Tris-HCl pH 6.8, 10% SDS, 
30% glycerol, 0.02% bromophenol blue, and 5% freshly added 
β-mercaptoethanol) or immunoprecipitation samples were boiled 
for 5 min and then loaded onto 4–20% Tris-glycine pre-cast gels 
(Invitrogen; EC60285). Electrophoresis was performed under 
reducing conditions in an Invitrogen minigel apparatus at 125 
V for 2 h and 15 min at room temperature. Proteins were then 
transferred onto Millipore polyvinylidene fluoride Immobilon-P 
membranes (IPVH000010) with 30 V for 2 h. Following over-
night blocking in 10% w/v non-fat dry milk, blots were incubated 
with primary antibodies (in 10% non-fat dry milk). Thereafter, 3 
washes of 15 min with 0.05% Tween 20 in PBS were performed 
and blots were incubated with secondary antibodies (diluted 
1:5,000 in 0.05% Tween 20) for 1 h. Three washes, of 15 min 
each, were performed with 0.3% Tween 20. Finally, membranes 
were soaked in Pierce ECL immunoblotting substrate from 
Thermo Scientific (32106), and developed on Kodak BioMax 
MR film.

Irradiation and cell cycle analysis
Flow cytometry data were obtained from TC71 and A673 

cells growing in log phase and exposed to γ radiation. The radi-
ation doses that result in maximum subG

1
 content and G

2
/M 

arrest were previously determined for TC71 and A673 cells (data 
not shown), and a range of doses (up to and including these 
maximally effective doses) of γ radiation was used in this study. 
Following irradiation with a Mark I 68A Cesium-137 Irradiator 
(J. L. Shepherd and Associates), EWS cells were cultured at 37°C, 
5% CO

2
 for 24 h, fixed, stained with propidium iodide, then 

analyzed for DNA content by flow cytometry on a BD FACS 
Calibur with ModFit software (Verity Software House, Inc.) as 
described previously.52 Cell cycle analysis was performed on ≥ 
20,000 cells per experimental condition.

Statistical analysis
Statistical significance was determined by means of the 

unpaired, 2-tailed Student’s t-test. Unless otherwise specified, 
data are reported as means ± SD.
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