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ABSTRACT
Beta 2-microglobulin (β2m) is a component of the major histocompatibility complex (MHC) class I molecule,
which presents tumor antigens to T lymphocytes to trigger cancer cell destruction. Notably, β2m has been
reported as persistently expressed, rather than down regulated, in some tumor types. For renal cell and oral
squamous cell carcinomas, β2m expression has been linked to increased migratory capabilities. The migra-
tory ability of pancreatic cancer cells contributes to their metastatic tendencies and lethal nature. Therefore,
in this study, we examined the impact of β2m on pancreatic cancer cell migration. We found that
β2m protein is amply expressed in several human pancreatic cancer cell lines (S2-013, PANC-1, and MIA
PaCa-2). Reducing β2m expression by short interfering RNA (siRNA) transfection significantly slowed the
migration of the PANC-1 and S2-013 cancer cell lines, but increased themigration of the MIA PaCa-2 cell line.
The amyloid precursor-like protein 2 (APLP2) has been documented as contributing to pancreatic cancer cell
migration, invasiveness, and metastasis. We have previously shown that β2m/HLA class I/peptide complexes
associate with APLP2 in S2-013 cells, and in this study we also detected their association in PANC-1 cells but
not MIA PaCa-2 cells. In addition, siRNA down regulation of β2m expression diminished the expression of
APLP2 in S2-013 and PANC-1 but heightened the level of APLP2 in MIA PaCa-2 cells, consistent with our
migration data and co-immunoprecipitation data. Thus, our findings indicate that β2m regulates pancreatic
cancer cell migration, and furthermore suggest that APLP2 is an intermediary in this process.
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Introduction

β2m is a 12-kD light chain that non-covalently binds and stabi-
lizes the MHC class I heavy chain, thereby enabling the presen-
tation of an antigenic tumor-derived or pathogen-derived
peptide to a cytotoxic T cell. The presentation of the antigenic
peptide leads to lysis of the targeted malignant or infected cell
bearing the MHC molecule.1–3 Surprisingly, β2m’s expression
has been noted to be maintained (and in some cases even
elevated), instead of being down-regulated, within a variety of
different solid tumors, including renal cell carcinoma, oral squa-
mous cell carcinoma, breast cancer, prostate cancer, colorectal
cancer, and esophageal cancer.4–9 β2m is also elevated in the
serum of patients with lymphoid malignancies, including lym-
phomas, leukemias, and multiple myeloma.10–12 For esophageal,
colorectal, and oral cancers, as well as hematological malignan-
cies, several publications have shown that higher β2m expression
within the tumor is correlated with worse disease and poorer
prognosis.5,8,9,11–13 For renal cell carcinoma and oral squamous
cell carcinoma, β2m increases tumor cell migration and possibly
epithelial-to-mesenchymal transition.4,5,13 Thus, for these
abovementioned cancers, the data suggest that in addition to
its immunological, anti-cancer function in antigen presentation,

β2m could potentially have a pro-tumor function. However,
despite the reputation of pancreatic cancer as a highly metastatic
disease, whether or not themigration of pancreatic cancer cells is
increased by β2m has not thus far been reported.

APLP2, a member of the amyloid precursor protein family of
proteins, is expressed in a transmembrane form and as cleaved
forms, with secretion of the large outer domain and retention
within the cell of the small C-terminal portions.14 Some splice
forms of APLP2 are post-translationally modified on the extra-
cellular domain by a chondroitin sulfate glycosaminoglycan
(GAG).14 APLP2 expression has been noted to be high in pan-
creatic cancer, as well as in some other cancers.15–18 Previous
studies from our laboratory have indicated that APLP2 associ-
ates with mouse and humanMHC class I molecules and reduces
MHC class I cell-surface expression.19–22 Furthermore, we
demonstrated that APLP2 increases pancreatic cancer cell
migration in vitro and causes more metastasis to distant organ
sites in a mouse orthotopic pancreatic cancer xenograft model.23

Whether APLP2’s pro-migratory effect on pancreatic cancer
cells is linked to the interactions of APLP2 with any component
of MHC class I molecules, including β2m, is a question that has
not previously been addressed.
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Thus, the focus of this study was to investigate whether β2m
influences the migration of pancreatic cancer cells, and, if so, to
assess the potential involvement of APLP2 in themechanism. The
human pancreatic cancer cell lines that we analyzed were found to
express substantial levels of β2m. When pancreatic cancer cell
expression of β2m was experimentally down regulated by siRNA
transfection, the migration of S2-013 and PANC-1 pancreatic
cancer cells was significantly decreased, yet the migration of
MIA PaCa-2 was significantly increased. The β2m/HLA class I/
peptide complexes in the S2-013 and PANC-1 pancreatic cancer
cell lines, but not the MIA PaCa-2 cell line, associate with APLP2.
Reduction in β2m, by siRNA transfection, in turn down regulated
the expression of APLP2 in S2-013 and PANC-1. However,
knockdown of β2m by siRNA transfection in MIA PaCa-2 cells
up regulated the expression of APLP2 in that cell line, in accor-
dance with the effect of β2m knockdown on migration capability.
Thus, our data indicate that β2m is amply expressed in pancreatic
cancer cells, regulates APLP2 expression, and, correspondingly,
affects the migration of pancreatic cancer cells. Therefore, our
findings suggest that β2m could be a potential factor influencing
pancreatic cancer metastasis, acting via APLP2.

Materials and methods

Cell lines and transfections

The human pancreatic cancer cell lines that were used in this
study were S2-013, PANC-1, andMIA PaCa-2.24 The S2-013 cell
line is a well characterized sub-line of the pancreatic cancer cell
line SUIT2 that has been used extensively in investigations of
pancreatic cancer.18,23–54 Like the parental SUIT2 line, S2-013
possesses mutant Kras (Gly12Asp) and mutant TP53
(Arg273His), as does PANC-1, and the MIA PaCa-2 cell line
expresses mutant Kras (Gly12Cys) and mutant TP53
(Arg248Trp) (ExPASy Bioinformatics Resource Portal https://
web.expasy.org/cellosaurus). The S2-013 cell line was a gift from
Dr. Michael A. Hollingsworth (University of Nebraska Medical
Center, Omaha, NE), the PANC-1 cell line was provided by
Dr. Michel Ouellette (University of Nebraska Medical Center,
Omaha, NE), and the MIA PaCa-2 cell line was purchased from
the American Type Culture Collection (Manassas, VA).

S2-013 cells were cultured in supplemented Roswell Park
Memorial Institute (RPMI) 1640 medium (Life Technologies/
Thermo Fisher Scientific 11875-093), and PANC-1 and MIA
PaCa-2 were cultured in supplemented Dulbecco Modified
Eagle’s Medium (DMEM) (Life Technologies/Thermo Fisher
Scientific 11965-092). For the pancreatic cancer cell lines, the
media supplementation for the RPMI and DMEMwas composed
of 10% fetal bovine serum (Atlantic Biologics S11550, heat inacti-
vated for 30 minutes at 56°C), 1 mM sodium pyruvate (11360-
070), 2 mM L-glutamine (25030-081), 10 mM HEPES (15630-
080), 1× non-essential amino acids (11140-050), 100 units/ml
penicillin and 100 µg/mL streptomycin (from Penicillin-
Streptomycin 10,000 U/ml stock 15140-122). Other than the
fetal bovine serum, all the abovementioned media additives were
obtained from Thermo Fisher Scientific. The hTERT-HPNE cell
line (a gift from Dr. Michel Ouellette, whose lab originally gener-
ated this cell line) was cultured in Medium D as previously
described.55 Medium D is 25% Medium M3 (InCell

Corporation M300F-500), 75% glucose-free DMEM (Invitrogen/
Thermo Fisher Scientific 11966-025), 5% heat-inactivated fetal
bovine serum (Atlantic Biologics S11550), 5.5 mM glucose
(Sigma G-5400), 10 ng/ml epidermal growth factor (Invitrogen/
Thermo Fisher Scientific PHG0311), and 50 μg/ml Geneticin
(Gibco/Thermo Fisher Scientific 11811-098). For the cancer cell
lines used in this project (other than those that had been very
recently purchased from ATCC), authentication was performed
by short tandem repeat deoxyribonucleic acid profiling analysis
(UNMC Molecular Diagnostics Facility). Mycoplasma testing
(which verified that the cell lines used in this study were free of
mycoplasma) was done with the MycoAlert Mycoplasma
Detection Kit (Lonza LT07-118).

Down-regulation of β2m in culture was achieved by transient
transfections of siRNA. The ON-TARGETplus SMARTpool
siRNA for down regulating expression of human β2m
(containing four separate β2m-specific siRNAs) was obtained
from Thermo Scientific Dharmacon (L-004366-00-0020). The
OnTARGETplus SMARTpool non-targeting siRNA pool
(Thermo Scientific Dharmacon D-001810-10-50) was used as
a negative control. Transfections were performed following the
siRNAmanufacturer’s instructions for cells in base maintenance
medium. Cells were seeded at 1 × 105 cells/well in a 6-well plate
24 hours prior to transfection. On the day of the transfection, the
cells were starved in base maintenance medium for approxi-
mately 3 hours. DharmaFECT Transfection Reagent No. 1
(Thermo Scientific Dharmacon T-2001-03) was incubated with
0.4 pmol of siRNA for 30 minutes, and the mixture was added
drop-wise to wells. Serum-containing medium was added 4
hours after transfection. Reduced expression of targeted proteins
was confirmed by immunoblot analysis of cell lysates.

Antibodies

The antibody utilized for β2m was a monoclonal rabbit antibody
from Cell Signaling Technology (#12851). For MHC class
I molecules, the antibodies W6/32 (which recognizes complete
MHC class I molecules that include the HLA class I heavy chain,
β2m, and peptide), HC10 (which can recognize denatured
human HLA class I heavy chains on immunoblots), and 30-5-7
(which recognizes the mouse H-2Ld molecule and not HLA class
I molecules), all donated by Dr. Ted Hansen (Washington
University School of Medicine, St. Louis, MO, USA) were
used.56–64 For detection of APLP2 and GAG-APLP2,
a polyclonal goat antiserum was purchased from R&D Systems
(AF4945). The antibody for Hsc70 was a monoclonal rat anti-
body bought from Enzo Life Sciences (ADI-SPA-815B-F). Actin
was detected on immunoblots by a monoclonal mouse antibody
from Abcam (ab3280).

Assessment of pancreatic cancer cell migration

The ability of cells to migrate was assessed by transwell assay.
Cells were seeded in 6-well plates at 1×105 cells per well. After
24 hours, the cells were transfected with siRNA for 72 hours to
reduce expression of the targeted protein and then re-seeded at
1×105 cells in base maintenance medium in inserts having 8-μm
pores (Falcon/Thermo Fisher Scientific 353097). The cells were
incubated for 24 hours at 37°C in 5% CO2, and the inserts were
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then stained with Hema 3 Stat Pack (Thermo Fisher Scientific
123-869) and mounted. Three random fields per well were
photographed, and all the cells in each field were counted.

Evaluation of protein expression

For immunoblotting, the cells were harvested and washed once
with cold phosphate-buffered saline (PBS) and then resuspended
in cell lysis buffer. Cell lysis buffer is composed of 1 mM EGTA
(Sigma E-3889), 1 mM EDTA (Sigma E-9884), 50 mM Tris-HCl
pH 7.5 (made with Trizma base Sigma T-8524), 1% Triton X-100
(Sigma T-8532), 1 mM Na3VO4 (Thermo Fisher Scientific
AA8110414), 2 mM DTT (Sigma D0632), 0.1 mM PMSF
(Sigma 10837091001), and 1 μg/ml Halt Cocktail (Thermo
Fisher Scientific 78430). Cell lysates were stored at −80°C over-
night, then thawed on ice and centrifuged at 13,000 rpm for
30 min at 4°C. The supernatants were transferred to new tubes
and stored at −80°C. Aliquots of the lysate supernatants were
mixed with 5× sodium dodecyl sulfate loading dye (250 mMTris-
HCl pH 6.8, 10% w/v sodium dodecyl sulfate [Tokyo Chemical
Industry Company D0996], 30% v/v glycerol [Sigma G-5516], 5%
v/v β-mercaptoethanol [SigmaM-7522], 0.02% w/v bromophenol
blue [Sigma B-7021]) and boiled for 5 minutes prior to loading.

Cell lysate samples were loaded on 4–20% or 10–20%
Invitrogen Novex Tris-glycine polyacrylamide pre-cast gels
(Thermo Fisher Scientific XP04205BOX or XP10205BOX, respec-
tively). Electrophoresis was performed at 90 V at room tempera-
ture. The proteins were transferred at 50 V for 2.5 hours at room
temperature to polyvinylidene difluoride Immobilon-P Millipore
membranes (PIVH00010).Membranes were blocked for 1 hour in
a 5% w/v solution of nonfat dry milk followed by overnight
incubation at 4°C with primary antibodies. After primary

antibody incubation, 3 washes with 1% Tween-20 (Thermo
Fisher Scientific BP-337) in PBS for 5 minutes were performed.
The membranes were subsequently incubated for 1 hour in sec-
ondary antibodies and washed 3 times for 5 minutes with 1%
Tween-20 in PBS. For protein visualization, the membranes were
incubated in Pierce ECL Western Blotting Substrate (Thermo
Fisher Scientific 32106) and exposed to CareStream BioMax MR
film (8941114). For blot analysis by densitometry, the LI-COR
Image Studio Lite software (LI-COR Biosciences) was used.

For all the experiments to monitor β2m expression and for the
assessments of actin levels that are shown in Figures 1 and 2, cell
lysates were prepared (as described above), and β2m or actin in the
lysates was evaluated by the use of a Protein Simple Peggy Sue
instrument according to the manufacturer’s instructions. Briefly,
lysates were mixed with Simple Western sample dilution buffer
(Protein Simple) that contains a reducing agent and fluorescent

Figure 1. β2m is amply expressed in human pancreatic cancer cell lines. Simple
Westerns to detect actin (as a control), as well as for β2m, were performed on
cell lysates from hTERT-HPNE (an immortalized but not transformed pancreatic
cell line) (left panel) and from pancreatic cancer cell lines (left panel: S2-013,
PANC-1; right panel: PANC-1, MIA PaCa-2). The results shown are representative
of experiments performed on 3 separate lysates of each cell type to assess the
levels of β2m in these cell lines.

Figure 2. β2m knockdown by siRNA decreases the migration rate of S2-013 and PANC-1 pancreatic cancer cells, increases the migration rate of MIA PaCa-2 pancreatic
cancer cells, and does not significantly alter the migration of non-transformed hTERT-HPNE pancreatic cells. Simple Westerns were performed on lysates of the
indicated cells to confirm knockdown of β2m at 72 h post-transfection. Actin was used as the control. To assess migration, transwell assays were performed with each
of the cell lines. Cells were replated 72 h post-transfection into 8-μm inserts and incubated for 24 h. Three random fields were photographed and counted, and
graphs were made based on the average numbers of migrated cells. For the S2-013 cell line, the results from 9 separate migration experiments were compiled, for
PANC-1, data were acquired in 8 separate experiments, and for MIA PaCa-2 there were 5 repetitions of the migration experiment performed. The protein expression
data shown correspond to one of the migration experiments with each cell line and are representative of the whole set of data obtained to confirm knockdown for
each of the experiments. The statistical significance of the results was analyzed with Student’s two-tailed t-test and the P values are shown on the graphs. Each error
bar represents the standard error of the mean.
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standards. These solutions were heated at 95°C for 5 minutes and
loaded at a final protein concentration of 0.04 mg/ml. The pri-
mary antibodies against β2m and actin (Cell Signaling
Technologies 12851 and 4968 respectively) were both used at
a concentration of 1:50, and horseradish peroxidase-conjugated
anti-rabbit secondary antibody (Protein Simple) was used at the
manufacturer’s recommended dilution. For loading, the lysate
solutions, antibodies, and separation and stacking matrix, along
with the chemiluminescent substrate, were distributed into the
appropriate wells in a 384-well plate, which was then placed into
the Peggy Sue instrument allowing for automatic running of 8
cycles. Run settings were adjusted to a 35-minute run time from
the default of 40 minutes with the 12–230 size separation module
used. Compass software (Protein Simple) was used for analysis of
the generated data.

Immunoprecipitations

Cell pellets (1×107 cells) were collected by centrifugation at
1,500 rpm for 5 minutes, and were washed in a solution of PBS
with 20 mM iodoacetamide and stored at −80°C. The cells were
lysed with 1% CHAPS, 200 μM PMSF, and 200 mM iodoaceta-
mide, and the lysates were incubated with primary antibody at 4°
C for 3 hours. After incubation, the lysates were centrifuged at
13,000 rpm for 30 minutes at 4°C. Cells were then incubated
with Protein A-Sepharose beads (GE Healthcare 17-0780-01) for
1 hour on ice and were washed 4 times with ice-cold wash buffer
(0.1% CHAPS, 200 mM iodoacetamide in Tris-buffered saline
pH 7.4). For the first 2 washes, centrifugations (at 1,100 rpm for
5 minutes at 4°C) were done immediately after cell resuspension,
and the last 2 washes included a 10 min incubation on ice
followed by centrifugation at 1,100 rpm for 5 minutes at 4°C.
Loading buffer (125 mMTris pH 6.4, 2%w/vol SDS, 12% vol/vol
glycerol, and 0.02% bromophenol blue) was added to the Protein
A-Sepharose beadmixture and boiled for 5minutes. After a final
centrifugation at 1,100 rpm for 5 minutes at 4°C, the samples
were then electrophoresed following the above mentioned
immunoblot protocol.

Statistical analysis of data

To determine the level of significance of the differences in
results obtained, Student’s two-tailed t-test was applied with
the criterion for significance set at p < 0.05.

Results

β2m is expressed in pancreatic cancer cell lines

To assess the level of β2m expressed in pancreatic cancer cell
lines, we analyzed lysates of several pancreatic cancer cell lines
(S2-013, PANC-1, and MIA PaCa-2) along with an immorta-
lized, non-transformed pancreas cell line (hTERT-HPNE) for
comparison. As shown in Figure 1, all of the cell lines express
β2m at a level comparable to the non-transformed hTERT-
HPNE cell line. These data suggest that, although it has an
immunological function as a component of the HLA class
I molecule, β2m expression is not necessarily lost or down
regulated in human pancreatic cancer cell lines.

Interference with the expression of β2m alters the rate of
pancreatic cancer cell migration

To investigate whether β2m increases pancreatic cancer cell
migration, we transfected S2-013, PANC-1, and MIA PaCa-2
pancreatic cancer cell lines with siRNA specific for β2m (or with
control scrambled siRNA). As a control, the non-transformed
pancreatic cell line hTERT-HPNE was also transfected with
β2m-specific or scrambled siRNA. After siRNA transfection,
the down regulation of β2m protein in the cell lines was verified
(Figure 2). No morphologic changes in the cells were observed
upon β2m knockdown (data not shown). By transwell assay, we
determined that the migration rates of S2-013 and PANC-1 were
significantly impaired when β2m expression was down regulated
(Figure 2). In contrast, when we down regulated β2m expression
in MIA PaCa-2 cells with siRNA, the migration rate increased
significantly (Figure 2). The hTERT-HPNE pancreatic cell line is
lessmigratory than the pancreatic cancer cell lines, and there was
neither a significant diminishment nor enhancement of migra-
tion when β2m was knocked down in these cells (Figure 2).
These findings indicate that β2m influences the migration rate
of pancreatic cancer cells, but not of normal pancreatic cells.

APLP2 and β2m association corresponds to β2m’s
influence on migration

Earlier studies in our laboratory showed that APLP2 is highly
expressed in pancreatic cancer cells, and that APLP2 increases
pancreatic cancer cell migration in vitro and facilitates metastasis
in an orthotopic mouse xenograft model.18,23 In addition, we
previously demonstrated that APLP2 associates with β2m/HLA
class I/peptide complexes in S2-013 cells.20 To investigate if
a relationship exists between APLP2 and β2m in the promotion
of pancreatic cancer cell migration, we first performed co-
immunoprecipitation experiments on lysates of pancreatic cancer
cell lines (S2-013, PANC-1, and MIA PaCa-2). The antibodyW6/
32 is very well established as having specificity for β2m/HLA class
I/peptide complexes.56–59 Immunoprecipitations were done with
theW6/32 antibody (and control immunoprecipitations were also
performed). The immunoprecipitates were immunoblotted with
an antibody for APLP2, along with an antibody for the HLA class
I heavy chain, as a control to verify the success of the immuno-
precipitation.As shown inFigure 3, the immunoblots demonstrate
the association of APLP2 with the HLA class I heavy chain/β2m/
peptide complex in S2-013 (as previously reported)20 and in
PANC-1 cells, but not in MIA PaCa-2 cells. Association of higher
molecular weight GAG-APLP2 with the HLA class I molecules
was not observed in any of these cell lines (data not shown). HLA
class I heavy chains are highly polymorphic,65,66 and their exten-
sive polymorphismmay account for the association ofAPLP2with
HLA class I molecules in the S2-013 and PANC-1 pancreatic
cancer cell lines but not the MIA PaCa-2 cell line.

APLP2 expression is regulated by β2m

To further investigate if a linkage might exist between APLP2
and β2m in facilitating pancreatic cancer cell migration, we
evaluated the effect of β2m on the level of APLP2 in the pan-
creatic cancer cell lines. We observed a diminution of both
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GAG-APLP2 and APLP2 expression when β2m siRNA was
transfected into the S2-013 pancreatic cancer cell line (Figure
4). In addition, it was evident that β2m knockdown reduced the
level of APLP2 in the PANC-1 cell line (Figure 4). The PANC-1
cell line expresses very little GAG-APLP2 (Figure 4).

Knockdown of β2m in MIA PaCa-2 had a distinctly different
effect, causing a substantial increase, rather than a decline in
both APLP2 and GAG-APLP2 levels. When the hTERT-HPNE
cells were transfected with β2m siRNA, there was neither con-
siderable upregulation nor downregulation of APLP2 or GAG-
APLP2 expression (Figure 4). For comparison, we also examined
the impact on the HLA class I heavy chain level when β2m
expression was knocked down in pancreatic cancer cell lines.
When β2m expression was down regulated by siRNA, the HLA
class I heavy chain expression was lower for all three of the
pancreatic cancer cell lines tested (PANC-1, MIA PaCa-2, and
S2-013) (Figure 5). Thus, HLA class I heavy chain expression is
linked to β2m expression and consistently decreases in coordi-
nation when β2m is knocked down, likely due to rapid turnover
of the HLA class I heavy chains when β2m is not available to
stabilize it. These findings indicate that the increase in APLP2
(and GAG-APLP2) in MIA PaCa-2 is not due to a global rise in
protein expression when the cells are made deficient in β2m by
siRNA, since the expression of the control Hsc70 protein is
unchanged (Figure 4) and the expression of the HLA class
I heavy chain is decreased (Figure 5).

Discussion

Even though β2m is a subunit of the HLA class I molecule that
presents tumor antigens marking pancreatic cancer cells as
cytotoxic T cell targets, our findings with pancreatic cancer
cell lines (Figure 1) suggest that β2m is not typically down
regulated in pancreatic cancer. A study utilizing immunohis-
tochemical staining demonstrated that β2m is amply
expressed in human pancreatic cancer tissue.67 In addition,
two data sets on β2m protein expression in pancreatic tumor
cells are included in the Human Protein Atlas (https://www.
proteinatlas.org/ENSG00000166710-B2M/pathology).68,69 Of
these sets, the first reports that 10 patients had tumors expres-
sing β2m (with β2m not detected in 2 other patients’ tumors),
and the second set reports that 11 of 11 patients’ tumors
expressed β2m (6 with high, 4 with medium, and 1 with low
expression). These results on human pancreatic cancer tissue
correspond to our findings pertaining to the expression of
β2m at substantial levels in pancreatic cancer cell lines.

We found that β2m speeds the migration of two pancreatic
cancer cell lines (PANC-1 and S2-013), and slows the migration
of a third (MIA PaCa-2) (Figure 2). In our analysis of the
mechanism by which β2m exerts these effects on pancreatic
cancer cell migration, we assessed the possible role of APLP2 in
β2m’seffects, since we had previously shown APLP2/HLA class
I molecule association in S2-013, and we had demonstrated by
transwell and wound healing assays that APLP2 is a pro-
migratory and pro-metastasis protein in pancreatic cancer
cells.20,23,34 Consistent with our theory that APLP2 might be
linked to β2m’s effect on pancreatic cancer cell migration, we
observed that APLP2 co-immunoprecipitates with the β2m/HLA
class I heavy chain/peptide complex specifically in the same two
pancreatic cancer cell lines for which β2m increases migration
(PANC-1 and S2-013) (Figure 3). Upon knockdown of β2m, the
expression of APLP2 was also decreased selectively in S2-013
and PANC-1, but increased in MIA PaCa-2 (Figure 4). In con-
trast, knockdown of β2m was not selective regarding its effect on

Figure 3. APLP2 associates with β2m/HLA class I heavy chain/peptide complexes
in S2-013 and PANC-1 but not MIA PaCa-2. The W6/32 antibody,56–59 which only
recognizes HLA class I heavy chains when they are bound to β2m and peptide,
was used for immunoprecipitations of HLA class I molecules from lysates of S2-
013, PANC-1, or MIA PaCa-2 cells. The lanes marked (+) indicate immunopreci-
pitations in which cell lysates were included, and lanes marked (-) indicate
control mock immunoprecipitations in which cell lysates were omitted. As
a negative control, an isotype-matched mouse IgG antibody (the 30-5-7
antibody62–64) was used, which has specificity for the mouse MHC class
I molecule Ld and not for HLA class I molecules. After electrophoresis, the
proteins on the gel were transferred to a membrane and probed with anti-
APLP2 antiserum to reveal APLP2 (or the higher molecular weight GAG-APLP2)
or with the HC10 antibody to verify HLA class I immunoprecipitation.
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HLA class I expression, as it caused a decline in the level of HLA
class I heavy chain in all three cell lines (Figure 5).

Although APLP2 is known to regulate the migration of
pancreatic cancer cells,23 our understanding of how it does so
is incomplete. We previously showed that APLP2 knockdown
in a pancreatic cancer cell line has a dramatic impact on the
actin cytoskeleton.23 Therefore, APLP2 regulation of actin
polymerization may be responsible for its ability to increase
the rate of migration.23 In Drosophila, APLP2 was also
recently reported to facilitate cell migration via c-Jun
N-terminal kinase phosphorylation.70 APLP2 (called YWK-II
in this case), when bound by Müllerian-inhibiting substance
in YWK-II-transfected CHO cells, induces signaling cascades
resulting in the activation of ERK1/2.71,72 In a separate study
that used APLP2-transfected CHO cells, APLP2 was found to
act as an adhesion protein in response to fibronectin and type
IV collagen, both of which are present in the extracellular
matrix.73 Furthermore, in some publications, the GAG group
on APLP2 has been suggested to contribute to APLP2’s ability
to assist in migration,73,74 and so the APLP2 GAG moiety may
potentially alter extracellular matrix interactions in vivo.

APLP2 and MHC class I molecules associate in a variety of
cell types.20,21,75–79 The subcellular itinerary of associated APLP2
and MHC class I molecules has been analyzed in earlier studies.
More APLP2 is associated withMHC class I molecules when the

adenovirus E3/19K protein (which has a natural endoplasmic
reticulum retention sequence) is present in cells,19,75,76 which
indicates that APLP2/MHC association starts in the endoplasmic
reticulum. APLP2 interaction with MHC class I molecules is
dependent on the presence of β2m.19We have demonstrated that
APLP2 is co-localized with MHC class I molecules in the Golgi
and in early endosomes and recycling endosomes.20,21,79 In
addition, in our previous work, we found that APLP2 and
MHC class I molecules are associated at the cell surface and
internalize together into early endosomes by a process that
requires Tyrosine 755 in the APLP2 C-terminal region.21

Together, these findings suggest that β2m (as part of the
complete HLA class I molecule) might exert a stabilizing effect
on HLA-associated APLP2 proteins in S2-013 and PANC-1 at the
cell surface, where APLP2 could contribute to migration via
interactions with the extracellular milieu. Alternatively, since
MHC class I molecules co-localize with APLP2 in the recycling
endosome and in the lysosome,20,21 β2m (as an MHC class
I molecule component) that is associated with APLP2 may delay
the release of secreted APLP2 at the surface from recycled endo-
somes and/or retard the degradation of APLP2 in the lysosome.

Notably, in MIA PaCa-2 cells, in which APLP2 and β2m/HLA
class I/peptide complexes do not detectably associate, the level of
APLP2 is still influenced by β2m; however, APLP2’s expression
and the rate of cell migration are actually increased when β2m

Figure 4. β2m knockdown by siRNA reduces the APLP2 expression level in S2-013 and PANC-1 pancreatic cancer cells, elevates APLP2 expression in MIA PaCa-2
pancreatic cancer cells, and does not significantly change the level of APLP2 in non-transformed hTERT-HPNE pancreatic cells. The indicated cell lines were cultured
with β2m siRNA (or scrambled sequence control siRNA) for 72 h and cell lysates were collected and tested by Simple Western for β2m (to verify β2m knockdown by
siRNA) and immunoblotted with an antibody for APLP2 or (as the control) Hsc70. The APLP2-specific antibody recognizes both APLP2 and the high molecular weight
GAG-modified form of APLP2. The results shown are representative of 5 independent experiments for S2-013, PANC-1, and MIA PaCa-2, and of 2 independent
experiments for hTERT-HPNE.

Figure 5. β2m knockdown by siRNA causes a deficiency in HLA class I heavy chain expression in all three pancreatic cancer cell lines tested. S2-013, PANC-1, and MIA
PaCa-2 cells were cultured with β2m siRNA (or scrambled sequence control siRNA) for 72 h and cell lysates were collected. The lysates were tested for β2m by Simple
Western (to verify β2m knockdown by siRNA) and immunoblotted for the HLA class I heavy chain (with antibody HC10) or for a control protein (actin for S2-013 and
Hsc70 for PANC-1 and MIA PaCa-2). The results shown are representative of 8 independent experiments for S2-013 and 3 separate experiments for PANC-1 and MIA
PaCa-2.
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expression is knocked down in these cells (Figures 2 and 4). In
MIA PaCa-2, APLP2 and β2m/HLA class I/peptide complexes
may be interacting in a more unstable or transient manner,
preventing detection. The knockdown of β2m in MIA PaCa-2
cells by siRNAmight cause a distinctive change in the localization
of APLP2, in comparison to its localization in S2-013 and PANC-
1 after β2m knockdown, with subsequent effects on the APLP2
level and on cell migration. With or without inducing an altera-
tion in APLP2 subcellular localization, the absence of β2m might
alter APLP2 interactions with other intracellular proteins, possibly
due to the resulting increased APLP2. Besides the MHC class
I molecule, APLP2 has been shown to associate with several
other proteins. For example, in brain tissue APLP2 interacts
with RAC1, PP2ac, and RHOA, which are also expressed in the
pancreas and have known functions in pancreatic cancer cell
migration.80–85 Furthermore, a small (6-kilodalton) C-terminal
fragment of APLP2 associates with the CP2 transcription factor
and stimulates the expression of glycogen synthase kinase (GSK)-
3β.86 Although this APLP2/GSK-3β study was not done with
pancreatic cancer cells, its findings could potentially relate to
pancreatic cancer as well, since GSK-3β is a protein that has
been linked to pancreatic cancer invasiveness.87

It may be relevant to our findings that MIA PaCa-2 differs
from PANC-1 and S2-013 in the type of K-ras mutation and TP53
mutation. MIA PaCa-2 has Kras Gly12Cys and mutant TP53
Arg248Trp mutations, whereas S2-013 and PANC-1 have alter-
native mutations in Kras and TP53 that are more commonly
found in pancreatic cancer cells (ExPASy Bioinformatics
Resource Portal https://web.expasy.org/cellosaurus). The presence
of the Gly12Cys mutation in Kras has been previously noted in
other cancer cell types to alter signaling pathways. In non-small
cell lung cancer cells, Kras Gly12Cys leads to activated Ral signal-
ing and a decline in growth factor-dependent Akt activation,
whereas Kras Gly12Asp cells have activated PI3K and MEK
signaling.88 Additionally, MIA PaCa-2 but not PANC-1 is sensi-
tive to a MEK inhibitor used without concurrent Akt inhibition,
due to the MIA PaCa-2 Kras Gly12Cys mutation.89 Thus, MIA
PaCa-2 utilizes signaling pathways that are separate from those of
S2-013 and PANC-1, and that may intersect with APLP2 in
different ways and with distinct outcomes.

HLA class I molecules are encoded by three genetic loci
(HLA-A, B, and C); thus, there are three HLA class I isotypes.
Furthermore, as mentioned above, HLA class I heavy chains are
extremely polymorphic, with an enormous number of allele
products (protein allotypes),65,66 and such polymorphism may
influence the presence or absence of association of APLP2 with
specific β2m/peptide/HLA class I allotype complexes that are
disparate among pancreatic cancer cell lines. To determine
whether MHC class I polymorphism dictates whether or not
APLP2 can associate with specific β2m/HLA class I/peptide
complexes in pancreatic cancer cells, we have begun examining
the impact of individual HLA class I heavy chain allotypes on
APLP2 expression in pancreatic cancer cells. Preliminary results
from our ongoing experiments show intriguing patterns of HLA
class I heavy chain isotype-specific and polymorphic allotype-
specific effects on APLP2 expression, but these are sufficiently
complex as to be beyond the scope of this report.

In total, our discoveries indicate that β2m significantly
affects the migration of pancreatic cancer cells, and therefore

suggest that it might play a role in regulating pancreatic
cancer metastasis. The Human Protein Atlas indicates
a significantly lower survival probability for pancreatic cancer
patients who have higher levels of tumor β2m expression
(https://www.proteinatlas.org/ENSG00000166710B2M/pathol
ogy/tissue/pancreatic+cancer#ihc), which is consistent with
our findings of increased migration for the S2-013 and
PANC-1 cells when β2m is not knocked down. Pancreatic
cancer is extremely metastatic, and it is a high and rising
cause of cancer-related mortality.90,91 The five-year survival
rate for pancreatic cancer is already among the worst for any
major cancer, with only ~7% of patients in 2018 expected to
survive past this mark.90 Acquisition of information about the
factors likely adding to the metastatic pathobiology of this
disease, from studies such as this one, will improve our
comprehension of pancreatic cancer and potentially contri-
bute to the development of better therapeutic approaches to
target it.
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