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GRP78, a well characterized chaperone in the endoplasmic
reticulum, is critical to the unfolded protein response. More
recently, it has been identified on the cell surface, where it has
many roles. On cancer cells, it functions as a signaling receptor
coupled to proproliferative/antiapoptotic and promigratory
mechanisms. In the current study, we demonstrate that liga-
tion of prostate cancer cell surface GRP78 by its natural ligand,
activated �2-macroglobulin (�2M*), results in a 2–3-fold up-
regulation in the synthesis of prostate-specific antigen (PSA).
The PSA is secreted into the medium as an active proteinase,
where it binds to native �2M. The resultant �2M�PSA com-
plexes bind to GRP78, causing a 1.5–2-fold increase in the ac-
tivation of MEK1/2, ERK1/2, S6K, and Akt, which is coupled
with a 2–3-fold increase in DNA and protein synthesis. PSA is
a marker for the progression of prostate cancer, but its mecha-
nistic role in the disease is unclear. The present studies suggest
that PSA may be involved in a signal transduction-dependent
feedback loop, whereby it promotes a more aggressive behav-
ior by human prostate cancer cells.

Prostate-specific antigen (PSA)2 is a serine proteinase that
complexes with serum proteinase inhibitors, including �2-
macroglobulin (�2M) (1). Monitoring of PSA is generally rec-
ommended in men over 50 years old to screen for prostate
cancer; however, there is significant controversy with respect
to its use as a marker for the appearance of the disease (1–6).
By contrast, substantial data support its use in monitoring
progression and metastasis (1, 2, 5). Recently, a Phase II con-
trolled trial suggested that immunization against PSA pro-
longs patient survival, suggesting a direct role for PSA in the
pathobiology of the disease (7). Studies have shown that PSA
produced by metastatic prostate cancer cells is involved in
bone remodeling, a common feature in the bony metastasis of
this disease (8). There is, however, little other evidence indi-
cating a direct role for PSA in disease progression. �2M is
synthesized by many tissues, particularly the liver; however, it
is also produced locally in prostate stromal tissue, where it is

available to complex with PSA (9). When a proteinase attacks
the so-called “bait region,” thiol esters in each of the four �2M
subunits rupture, and the protein undergoes a very large con-
formational change, exposing receptor recognition sites in
each subunit (10). Two receptors have been identified for ac-
tivated forms of �2M (�2M*), namely the LDL receptor-re-
lated protein (LRP) and cell surface-associated GRP78 (glu-
cose-regulated protein ofMr �78,000) (10, 11). In addition to
proteinases, exposure of �2M to small primary amines or am-
monia, by direct attack on the thiol esters, produces �2M*
(10). Although GRP78 is primarily known as a resident endo-
plasmic reticulum chaperone, it appears on the cell surface of
many types of malignant cells, including human prostate can-
cer (12–16). Here it has many functions, including serving as
an �2M* signaling receptor linked to proproliferative, promi-
gratory, and antiapoptotic signaling cascades (12–16). Pa-
tients with many forms of cancer, including prostate, may
develop autoantibodies that bind to the NH2-domain of
GRP78 where �2M* binds (16–18). These antibodies are re-
ceptor agonists linked to a poor outcome for patients with
prostate cancer (16). In the present study, we demonstrate
that ligation of GRP78 on the surface of human prostate can-
cer cells causes increased production and secretion of PSA,
which is functional and complexes with native �2M. These
complexes bind to cell surface GRP78, triggering ERK and
Akt activation and increased DNA and protein synthesis. We
hypothesize that ligation of cell surface GRP78 on prostate
cancer cells may drive an autoregulatory feedback loop
wherein reaction of �2M with PSA generates more �2M*, thus
further activating proproliferative/antiapoptotic signaling
mechanisms.

EXPERIMENTAL PROCEDURES

Materials—Receptor-recognized �2M* was produced by
reaction of �2M with methylamine as described previously
(11). Culture media were purchased from Invitrogen. Anti-
bodies against �2M* and PSAwere purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Antibodies against
phosphorylated and unphosphorylated MEK1/2Ser-217/221,
ERK1/2Thr-202/Tyr-204, p38 MAPKThr-180/Tyr-182, AktThr-308,
Ser-473, and S6KThr-379 were purchased from Cell Signaling
Technology, Inc. (Danvers, MA). Antibodies against the
COOH-terminal domain of GRP78 (anti-CTD antibody) were
from Aventa Biopharmaceutical Corp. (San Diego, CA). 35S-
Labeled amino acids, ExpressS35S35�, and [3H]leucine (spe-
cific activity 115.4 Ci/mmol) were from PerkinElmer Life Sci-
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ences, and [3H]thymidine (specific activity 71.5 Ci/mmol) was
from American Radiochemicals Inc. (St. Louis, MO). PSA was
purchased from Innovative Research of America (Sarasota,
FL). Other reagents of the highest available purity were pro-
cured locally.
Cancer Cell Lines—In preliminary experiments, we used

two prostate cancer cell lines, 1-LN and DU-145, which ex-
press GRP78 on their cell surface, and the PC-3 prostate can-
cer line, which does not express GRP78 on the cell surface
(11–15). The highly metastatic 1-LN cell line is derived from
the less metastatic PC-3 line and was a kind gift of Dr. Phil
Walther (Duke University Medical Center, Durham, NC). The
PC-3 and DU-145 cell lines were obtained from the American
Type Culture Collection. These cells were grown in 6-well
plates (500 � 103 cells/well) to confluence in RPMI 1640 me-
dium containing 10% fetal bovine serum, 2 mM glutamine,
12.5 units/ml penicillin, 6.5 �g/ml streptomycin, and 10 mM

insulin in a humidified CO2 (5%) incubator. At 90% conflu-
ence, the medium was aspirated, the monolayers were washed
with ice-cold HHBSS, a fresh volume of medium was added,
and the cells used for the experiments described below.
Measurement of �2M�Methylamine-induced Expression of

PSA Protein in 1-LN, DU-145, and PC-3 Prostate Cancer
Cells—In initial experiments, we determined the effect of
varying concentrations of �2M�methylamine on PSA levels by
Western blotting. 1-LN DU-145 and PC-3 cells grown to con-
fluence were incubated in the RPM1640 medium used above
in 6-well plates (3 � 106 cells/well). The cells were stimulated
with varying concentrations of �2M�methylamine and then
incubated at 37 °C in a humidified CO2 (5%) incubator for 20
min. The reaction was terminated by aspirating the medium.
The cells were lysed in lysis buffer A containing 50 mM

Tris�HCl (pH 7.5), 12 mM NaCl, 1% Nonidet P-40, 2.5 mM

sodium fluoride, 1 mM sodium pyrophosphate, 0.1 mM so-
dium orthovanadate, 1 mM PMSF, 1 mM benzamidine, and
leupeptin (20 �g/ml) over ice for 20 min. Cell lysates were
scraped into new Eppendorf tubes and centrifuged for 5 min
at 800 � g at 4 °C, and protein contents of lysates were deter-
mined (19). To equal amounts of lysate protein, a volume of
4� sample buffer was added, and samples were boiled for 5
min. Samples were electrophoresed on 10% gel, transferred to
PDVF membrane, and membranes were immunoblotted with
anti-PSA antibodies. Protein bands on the immunoblot were
visualized and quantified by ECF and phosphorimaging. The
membrane was reprobed for actin as a protein loading
control.
Measurement of PSAmRNA Levels by Reverse Transcription—

Total RNA from 1-LN, DU145, and PC-3 prostate cancer cells
treated with buffer or �2M* was extracted by a single method
using an RNeasy minikit (Qiagen, Chatsworth, CA) according
to the manufacturer’s instructions. Total RNA was reverse-
transcribed with 1 �g of RNA in a 20-�l reaction mixture,
using Moloney murine leukemia virus reverse transcriptase
(200 units) and oligo(dT) as primer for 1 h at 4 °C. The result-
ing cDNA (5 �g) was used as a template, and a 225-bp seg-
ment of the PSA cDNA was amplified using a 20-mer up-
stream primer (5�-CCA ACA CCC GCT CTA CGA TA-3�)
and a 22-mer downstream primer (5�-ACC TTC TGA CGG

TGA ACT TGC G-3�). A 302-bp segment of mouse �-actin
(constitutive internal control) cDNA was co-amplified using a
set of PCR primers provided in an R&D Systems kit (Minne-
apolis, MN). Amplification was carried out in a Biometra T3
thermocycler for 28 cycles (one cycle: 94 °C for 45 s, 60 °C for
45 s, and 70 °C for 45 s). PCR products were analyzed on a
1.2% (w/v) agarose/ethidium bromide) gel. The gels were pho-
tographed, and the intensity of individual PSA and �-actin
mRNA bands was quantified as PSA/�-actin ratios.
Measurement of the Effects of Silencing GRP78 Gene Ex-

pression by RNAi in 1-LN, DU-145, and PC-3 Cells on
�2M�methylamine-induced PSA Synthesis—To determine the
requirement of cell surface GRP78 for �2M�methylamine-
induced up-regulation of PSA, we silenced the expression of
GRP78 by RNAi. In our earlier publications we have used two
GRP78 targeting mRNA sequences for silencing its gene ex-
pression and found identical effects on GRP78 expression as
well as downstream signaling (15). We also found that trans-
fection of cells with GRP78 dsRNA down-regulates both the
total cellular GRP78 pool and cell surface-localized GRP78
(20). Therefore, in this investigation, we have used only one
GRP78 targeting mRNA sequence for silencing the expression
of GRP78. The chemical synthesis of dsRNA homologous in
sequence to the target GRP78 370K1QQLVK376 mRNA se-
quence. 5�-AAA ATA CAG CAA TTA GTA AAG-3� (Swiss
Prot GRP primary sequence accession number P11021) were
performed by Ambion (Austin, TX). For making GRP78
dsRNA, sense (5�-AAU ACA GCA AUU AGU AAA GTT-3�)
and antisense (5�-CUU UAC UAA UUG CUG UAU UTT-3�)
oligonucleotides were annealed by Ambion. Transfection of
1-LN, DU-145, and PC-3 cells with GRP78 dsRNA was done
as described previously (15). Briefly, confluent 1-LN DU-145
and PC-3 cell monolayers (1.5 � 106 cells/well in 6-well
plates) were incubated as described above and transfected
with 75 nM annealed GRP78 dsRNA and control cells were
transfected with Lipofectamine as described previously (15).
Forty-eight h after transfection, the control cells were stimu-
lated with either buffer or �2M�methylamine (50 pM for 20
min). Cells transfected with scrambled dsRNA and treated
with �2M* were used as the control. The reactions were ter-
minated by aspirating the medium, and cells were lysed in
lysis buffer A over ice for 15 min. Lysates were then trans-
ferred to tubes and centrifuged, and proteins in the superna-
tant were determined. Equal amounts of lysate protein were
electrophoresed, transferred to membrane, and immuno-
blotted with PSA antibodies. Protein bands on the membrane
were detected and quantified by ECF and phosphorimaging.
The membrane was reprobed for protein loading control
actin.
Measurement of �2M*-induced Synthesis of PSA in Prostate

Cancer Cells—Confluent 1-LN cells incubated in the RPMI
1640 medium described above in 6-well plates (4 � 106 cells/
well) were labeled with [35S]-Express S35S35 protein labeling
mixture (PerkinElmer Life Sciences) (250 �Ci/ml) for 2 h at
37 °C in a humidified CO2 (5%) incubator. The labeling was
stopped by aspirating the medium; monolayers were washed
four times with cold Hanks’ balanced salt solution containing
10 mM HEPES, pH 7.4, and 3.5 mM NaHCO3 buffer; a volume
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of the RPMI medium was added; and cells were incubated at
37 °C for temperature equilibration. Cells in the wells were
treated with anti-CTD antibody (2 �g/ml) or buffer for 1 h
before adding �2M* (50 pM for 20 min), and the cells were
incubated as above. The reactions were stopped by aspirating
the medium; a volume of lysis buffer containing 50 mM

Tris�HCl (pH 7.5), 120 mM NaCl, 1% Nonidet P-40, 25 mM

sodium fluoride, 1 mM sodium pyrophosphate, 0.1 mM so-
dium orthovanadate, 1 mM PMSF, 1 mM benzamidine, and
leupeptin (20 �g/ml) was added to each well; and cells were
lysed for 15 min over ice. Cell lysates were scraped into re-
spective tubes and centrifuged for 5 min at 800 � g at 4 °C,
and protein contents of lysates were determined (19).
Equal amounts of lysate proteins were immunoprecipitated
with anti-PSA antibodies (1:50) in the presence of Protein
A-agarose overnight at 4 °C with rotation. PSA immuno-
precipitates were washed three times with the above lysis
buffer by centrifuging at 2500 rpm at 4 °C for 5 min. Thirty
�l of 4� sample buffer was added to each immunoprecipi-
tate; samples were boiled for 5 min and centrifuged for 4
min; an equal volume of supernatant was electrophoresed
(10% gel) and transferred onto PVDF membranes; and the
membranes were autoradiographed in a PhosphorImager
and quantified.
Measurement of Formation of �2M*�PSA Complex from Se-

creted PSA and Exogenous Native �2M* in 1-LN Cells Stimu-
lated with �2M*—1-LN cells incubated overnight in serum-
free RPMI 1640 medium in 6-well plates (4 � 106 cells/well)
were stimulated with either buffer or �2M* (50 pM) and incu-
bated as described above. At 12 h of incubation, another dose
of �2M* (50 pM) was added, and the cells were incubated for
an additional 11 h. At this time 50 nM native �2M was added
to the medium, and cells were incubated for 1 h. At the end of
the incubation, medium from both groups was carefully col-
lected and centrifuged at 800 � g for 5 min at 4 °C. The re-
spective supernatants were pooled and concentrated to small
volume by centrifugation in Amicon ultracentrifuge units
(Millipore Corp., Billerica, MA) at 2500 rpm at 4 °C for the
desired period of time. The concentrates were carefully re-
moved, a volume of the above lysis buffer was added to each
concentrate, and their protein contents were determined (19).
Equal amounts of concentrate proteins were immunoprecipi-
tated with anti-PSA antibody (1:50) in the presence of Protein
A-agarose overnight with 4 °C with gentle buffer. The PSA
immunoprecipitates were washed three times with lysis buffer
at 2500 rpm for 5 min at 4 °C. A volume of Laemmli 2� sam-
ple buffer without DTT was added to each immunoprecipi-
tate; each sample was boiled for 5 min and centrifuged for 4
min; and an equal volume of supernatant was electrophoresed
(10% gel), transferred to PVDF membrane, and immuno-
blotted with anti-PSA antibodies overnight at 4 °C with gentle
shaking. The detection and quantitation of immunoblots were
performed by ECF and phosphorimaging. The membranes
were reprobed for �2M.
Synthesis of �2M�PSA Complex—The synthesis of human

�2M�PSA complexes was performed according to Otto et al.
(21). �2M was isolated and purified from human plasma as
described previously (11). Native �2M was incubated with a

5-fold molar excess of PSA at 37 °C for 1 h in PBS. The
�2M�PSA complex was isolated by chromatography on a
HiPrep Sephacryl 16/60 S300 HR column (GE Healthcare)
equilibrated in PBS. The �2M�PSA complex, which eluted
first, was collected, and fractions were pooled and concen-
trated in a Pierce (Rockford, IL) iCon� concentrator to a final
concentration of 2–4 mg/ml. Eluates of unincorporated PSA,
which eluted later, were also collected, pooled, and concen-
trated. The formation of �2M�PSA complex was analyzed by
native gel electrophoresis. Two-�g samples of methylamine-
activated �2M or �2M�PSA complex were loaded onto a 7%
Tris-acetate gel and electrophoresed with TBE extended
range (Bio-Rad) running buffer for 1.5 h. The protein bands
were detected with Coomassie staining.
Determination of the Effects of �2M�PSA Complex on DNA

Synthesis in 1-LN, DU-145, or PC-3 Cells—In preliminary ex-
periments, we determined the effect of incubating 1-LN cells
with varying concentrations of �2M�methylamine and pre-
made �2M�PSA on incorporation of [3H]thymidine into DNA,
as described previously (22, 23). After determining the opti-
mal concentrations of �2M�methylamine and �2M�PSA re-
quired for maximal incorporation of [3H]thymidine into cells,
we used this concentration to examine the modulation of
�2M*-induced DNA synthesis. 1-LN cells (300 � 103 cells/
well) in 48-well plates were grown in RPMI medium in a hu-
midified CO2 (5%) incubator at 37 °C. At �90% confluence,
the medium was aspirated, and a volume of RPMI was added,
followed by the addition of either buffer, native �2M (50 pM),
PSA (50 pM), cell-free medium, �2M�methylamine (50 pM),
premade �2M�PSA (50 pM) or complex obtained by adding
�2M (5 �g/ml) to 1-LN tumor cells in culture, anti-CTD
antibody (2 �g/ml), anti-CTD antibody and then
�2M�methylamine, anti-CTD antibody and then premade
�2M�PSA, anti-CTD antibody and then �2M�PSA made in
culture, actinomycin D and then premade �2M�PSA, actino-
mycin D (5 �g/1 ml) and then �2M�methylamine (50 pM), ac-
tinomycin D and then premade �2M�PSA, or actinomycin D
and then �2M�PSA made in the medium as above. [3H]thymi-
dine (2 �Ci/ml) was added to each well, and the cells were
incubated overnight. The reactions were terminated by aspi-
rating the medium, and monolayers were washed twice with
ice-cold 5% TCA, followed by three washings with ice-cold
PBS. Cells were lysed in a volume of 1 N NaOH (40 °C/2 h),
lysate protein was estimated, and the samples were counted in
a liquid scintillation counter (14). To further examine the re-
quirement of cell surface GRP78 expression for cell-prolifera-
tive effects of �2M-NH2, we measured [3H]thymidine uptake
in DU-145 cells, which express cell surface GRP78, and on
PC-3 cells, which do not. DU-145 and PC-3 cells were grown
in 48-well plates in RPMI medium as described above. At
about �90% confluence, the medium was aspirated, and a
volume of RPMI medium was added, followed by the addition
of either buffer, native �2M (50 pM), �2M�methylamine (50
pM), premade �2M�PSA (50 pM) complex obtained by adding
�2M (5 �g/ml) to 1-LN tumor cells in culture or anti-
CTD antibody (2 �g/ml) added 1 h before adding
�2M�methylamine, or �2M�PSA complexes as above. The ef-
fects of anti-CTD antibody alone were also studied. [3H]thy-
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midine (2 �Ci/ml) was added to each well, and the cells were
incubated overnight. The incubations were then processed as
described for 1-LN cells.
Determination of the Effects of �2M�PSA Complex on Pro-

tein Synthesis in 1-LN Cells—1-LN cells (300 � 103 cells/well
in 48-well plates were grown in RPMI medium in a humidi-
fied CO2 (5%) incubator at 37 °C. At �90% confluence, the
medium was aspirated, and a volume of RPMI was added,
followed by the addition of either buffer, native �2M (50 pM),
PSA (50 pM), cell-free medium, �2M�methylamine (50 pM),
�2M�PSA complexes as above, anti-CTD antibody (2 �g/ml),

anti-CTD antibody and then �2M�methylamine (50 pM), anti-
CTD antibody and then �2M�PSA as above, actinomycin D (5
�g/ml) and then �2M�methylamine (50 pM), or actinomycin D
and then �2M�PSA as above. To the wells was then added
[3H]leucine (2 �Ci/ml), and cells were incubated overnight as
above. The reactions were terminated by aspirating the me-
dium, and monolayers were washed twice with ice-cold 5%
TCA, followed by three washings with ice-cold PBS. Cells
were lysed in a volume of 1 N NaOH (40 °C/2 h), protein was
estimated, and the lysates were counted in a liquid scintilla-
tion counter (14).

FIGURE 1. �2M*-induced transcriptional and translational up-regulation of PSA in prostate cancer cells. A, effect of varying concentrations of �2M* on
PSA protein expression in 1-LN (F), DU-145 (Œ), and PC-3 (�) cancer cells. A representative immunoblot of PSA from three experiments along with the pro-
tein loading control actin is shown below the graph. Changes in PSA expression are shown in arbitrary fluorescence units and are the mean � S.E. from
three independent experiments, each assayed in triplicate. B, PSA mRNA levels in 1-LN, DU-145, or PC-3 prostate cancer cells stimulated with �2M* (50 pM

for 20 min). Lanes 1, 3, and 5 on the mRNA gel are buffer-treated, and lanes 2, 4, and 6 are �2M*-treated. Changes in PSA mRNA levels shown above the RNA
gel are representative of three independent experiments performed in triplicate and are expressed as PSA mRNA/�-actin mRNA. C, modulation in 1-LN
prostate cancer cells of �2M*-induced PSA transcription by antibody directed against the COOH-terminal domain of GRP78. The lanes in the mRNA gel are
treated with buffer (lane 1), �2M* (50 pM for 20 min) (lane 2); antibody (2 �g/ml for 1 h) (lane 3); or antibody (2 �g/ml for 1 h then �2M* (50 pM for 20 min)
(lane 4). Changes in PSA mRNA levels are expressed as the ratio of PSA mRNA/�-actin mRNA, are shown above a representative RNA gel, and are expressed
as the mean � S.E. (error bars) from three independent studies, each assayed in triplicate. Values significantly different from buffer or antibody-treated cells
at the 5% level are marked with an asterisk. D, modulation of �2M*-induced expression of PSA protein by GRP78 in 1-LN (black bars), DU-145 (dark gray
bars), and PC-3 (light gray bars) cancer cells. See “Experimental Procedures” for details. The lanes in the representative PSA immunoblot are treated with
Lipofectamine and then buffer (lane 1), Lipofectamine and then �2M* (50 pM for 20 min) (lane 2), GRP78 dsRNA (75 nM/48 h) (lane 3), GRP78 dsRNA (75 nM

for 48 h) and then Lipofectamine and �2M* (50 pM for 20 min) (lane 4), and scrambled dsRNA (75 nM for 48 h) and then Lipofectamine and �2M* (50 pM for
20 min) (lane 5). The changes in PSA protein expression are shown in the bar diagram above the immunoblot and are expressed as the mean � S.E. of fluo-
rescence units from three independent experiments, each assayed in triplicate. Values significantly different from buffer and GPR78 dsRNA transfected cells
at the 5% level are marked with an asterisk.
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Measurement of �2M�PSA-induced Increase in Levels of
PSA, GRP78, phospho-MEK1/2, phospho-ERK1/2, phospho-
p38 MAPK, phospho-S6K, phospho-AktThr-308, and phospho-
AktSer-473 in 1-LN, DU-145, and PC-3 Prostate Cancer Cells—
These prostate cancer cells (3 � 106 cells/well) in separate
6-well plates were grown in the RPMI medium used above in
a humidified CO2 (5%) incubator at 37 °C. At �90% conflu-
ence, the medium was aspirated, and a volume of RPMI was
added, followed by the addition of either buffer, native �2M
(50 pM for 20 min), �2M�methylamine (50 pM for 20 min),
premade �2M�PSA (50 pM for 20 min), or tumor tissue cul-
ture-derived �2M�PSA (�2M, 5 �g/ml for 20 min) in the re-
spective wells. The reaction was terminated by aspirating the
medium, and a volume of lysis buffer A was added. Cells were
lysed over ice for 15 min and scraped into tubes, and tubes
were centrifuged for 5 min at 800 � g at 4 °C. The superna-
tants were transferred to new tubes, their protein contents
were estimated, and equal amounts of protein were electro-
phoresed (10 or 12.5% gels). Protein bands were transferred to
PVDF membrane and membrane-immunoblotted for PSA,
GRP78, phospho-MEK1/2, phospho-ERK1/2, phospho-p38
MAPK, phospho-AktThr-308, phospho-AktSer-473, and phos-
pho-S6K with their specific antibodies. The respective immu-
noblots were probed for their protein loading control actin
and respective unphosphorylated protein. Protein bands were
detected by ECF and quantified using a PhosphorImager.
Statistical Analysis—Statistical significance of the data were

determined by Student’s t test.

RESULTS

�2M�Methylamine Up-regulates Expression of PSA Protein
in 1-LN and DU-145 but Not in PC-3 Prostate Cancer Cells—
Treatment of 1-LN or DU-145 prostate cancer cells with vary-
ing concentrations of �2M�methylamine for 20 min caused a

concentration-dependent increase in PSA protein, as deter-
mined by Western blotting (Fig. 1A). The maximum increase
occurred at about 50 pM �2M�methylamine; therefore, we
have used this concentration of �2M�methylamine in the ex-
periments described below. This same treatment had no ef-
fect on PC-3 cells. Both 1-LN and DU145 cells express GRP78
on their cell surfaces, whereas PC-3 cells do not (12). 1-LN
prostate cancer cells are derived from the less metastatic PC-3
line.

�2M�Methylamine Up-regulates PSA mRNA Levels in 1-LN
and DU-145 but Not PC-3 Cancer Cells—Treatment of 1-LN
and DU145 prostate cancer cells with �2M�methylamine
caused transcriptional up-regulation of PSA as determined by
mRNA levels, which were about 2-fold higher compared with

FIGURE 2. �2M*-induced up-regulation of PSA protein in prostate can-
cer cells. The lanes in the immunoblots are treated with buffer (lane 1),
�2M* (50 pM for 20 min) (lane 2), and anti-CTD antibody (2 �g/ml for 30 min)
and then �2M* (50 pM for 20 min) (lane 3). The changes in PSA levels in 1-LN
(�) and DU-145 (f) cells are shown as fluorescence units (� 104) above the
immunoblot and are expressed as the mean � S.E. (error bars) from three
individual experiments assayed in triplicate. Values significantly different at
the 5% level are marked with an asterisk.

FIGURE 3. �2M*-induced synthesis of PSA in 1-LN prostate cancer cells.
Cells were prelabeled with [35S]amino acids for 2 h. After washing with fresh
RPMI-S medium to remove free label, the indicated additions were made.
The lanes in the autoradiograph are treated with buffer (lane 1), �2M* (50
pM for 20 min) (lane 2), and anti-CTD antibody (2 �g/ml for 1 h) and then
�2M* (50 pM for 20 min) (lane 3). 35S incorporation into PSA was determined
by phosphorimaging of the autoradiogram. Values are shown as fluores-
cence units (� 104) and are the mean � S.E. (error bars) from three inde-
pendent experiments performed in duplicate. Values significantly different
from buffer and anti-CTD antibody-treated cells at the 5% level are marked
with an asterisk.

FIGURE 4. Formation of �2M�PSA complex in 1-LN cells. See details under
“Experimental Procedures.” A, immunoblot showing the immune reactivity
of PSA antibody with PSA and �2M in tissue culture. B, immunoblot of A
reprobed for �2M, showing the reactivity of �2M antibody with only the
�2M subunits. The lanes in both of the immunoblots are treated with buffer
(lane 1), premade �2M�methylamine (lane 2), and premade �2M�PSA made
in culture (lane 3). C, elution profile of �2M�PSA (a) and free PSA (b) from the
column. The absorbance was measured at wavelength � 280 nm and is
plotted in milliabsorbance units (mAU). D, an immunoblot of �2M�PSA
eluted from the column. The lanes in the immunoblot are treated with
native �2M standard (lane 1), �2M�methylamine standard (lane 2), and
�2M�PSA from the first peak a (lane 3).
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the buffer-treated cells (Fig. 1A). Pretreatment of 1-LN cells
with anti-CTD antibody also inhibited �2M*-induced tran-
scriptional up-regulation of PSA as judged by mRNA levels
(Fig. 1B). Likewise, �2M�methylamine treatment of 1-LN and
DU145 cells also increased PSA levels as determined by West-
ern blotting (Fig. 2). Pretreatment of these cells with anti-

CTD antibody significantly attenuated the expression of PSA
protein (Fig. 2).
Down-regulating GRP78 Expression by RNAi Inhibits

�2M�Methylamine-induced Increase in PSA in 1-LN and DU-
145 Cells—Ligation of cell surface GRP78 in 1-LN human
prostate cancer cells triggers the synthesis of GRP78 and cell

FIGURE 5. �2M�PSA complexes up-regulate the incorporation of [3H]thymidine or [3H]leucine into 1-LN prostate cancer cells. See “Experimental Pro-
cedures” for details. A, effect of concentration of premade �2M�PSA (E) and �2M�methylamine (F) on [3H]thymidine incorporation into 1-LN prostate cancer
cells. [3H]Thymidine incorporation into cells is expressed as fmol of [3H]thymidine incorporated/mg of protein and is mean � S.E. (error bars) from three
independent experiments, each assayed in quadruplicate. B, �2M�PSA complexes up-regulate [3H]thymidine incorporation into 1-LN cancer cells. The values
are mean � S.E. from three independent experiments assayed in quadruplicate and expressed as fmol of [3H]thymidine incorporated/mg of protein.
C, �2M�PSA complexes up-regulated [3H]leucine incorporation into cellular protein. The values are mean � S.E. from three independent experiments per-
formed in quadruplicate and are expressed as fmol/[3H]leucine incorporated/mg of protein. The lanes in B and C are treated with buffer (lane 1), native �2M
(lane 2), PSA (lane 3), media (lane 4), �2M�methylamine (lane 5), premade �2M�PSA (lane 6), �2M�PSA made in culture (lane 7), anti-CTD antibody (lane 8),
anti-CTD antibody and then �2M�methylamine (lane 9), anti-CTD antibody and then premade �2M�PSA synthesized (lane 10), antibody and then �2M�PSA
from the medium (lane 11), actinomycin D and then �2M�methylamine (lane 12), actinomycin D and then �2M�PSA made in culture (lane 13), and actinomy-
cin D and then PSA secreted in culture (lane 14). Values significantly different at the 5% level are marked with an asterisk. D, �2M�PSA complexes up-regulate
[3H]thymidine incorporation into DU-145 cancer cells. The values are mean � S.E. from three independent experiments, each assayed in quadruplicate, and
are expressed as fmol of [3H]thymidine incorporated/mg of protein. E, �2M�PSA complexes do not enhance [3H]thymdine incorporation into PC-3 cancer
cells. The values are mean � S.E. from three independent experiments, each assayed in quadruplicate, and are expressed as fmol of [3H]thymidine incorpo-
rated/mg of protein. The lanes in D and E are treated with buffer (lane 1), native �2M (lane 2), �2M�methylamine (lane 3), premade �2M�PSA (lane 4), �2M�PSA
made in culture (lane 5), anti-CTD antibody and then �2M�methylamine (lane 6), anti-CTD antibody and then premade �2M (lane 7), and anti-CTD antibody
and then �2M�PSA from the medium (lane 8). Values significantly different at the 5% level are marked with an asterisk in both panels.
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proliferation and prevents apoptosis as a result of activating
several antiapoptotic signaling pathways (10–16). We have
previously shown that under our experimental conditions,
silencing GRP78 gene expression reduces GRP78 mRNA and
cellular protein levels by about 60–65% (15). We hypothe-
sized that if activated �2M* promotes PSA synthesis conse-
quent to its binding to cell surface GRP78, then down-regula-
tion of cell surface GRP78 by RNAi in cancer cells expressing
GRP78 on their cell surface should decrease PSA synthesis in
these cells. Indeed, silencing GRP78 expression by RNAi in
1-LN and DU-145 cells, but not PC-3 cells, significantly
decreased �2M�methylamine-induced synthesis of PSA
(Fig. 1D).

�2M�Methylamine Induces Increased Synthesis of PSA in
1-LN Prostate Cancer Cells—To further demonstrate
�2M�methylamine-induced up-regulation of PSA transcrip-
tion in 1-LN cells, we next determined PSA synthesis by
measuring the incorporation of 35S-labeled precursor amino
acids (Fig. 3). �2M�methylamine-stimulated cells caused a
2–3-fold increased synthesis of PSA compared with buffer-
treated cells (Fig. 3). Pretreatment of cells with anti-CTD an-
tibody nearly abolished �2M*-induced PSA synthesis (Fig. 3).
Anti-CTD antibody exerted a similar effect on PSA mRNA
levels (Fig. 1C).
Secretion of Newly Synthesized PSA into Media and Its

Interaction with Exogenous Added Native �2M* in
�2M�methylamine-treated 1-LN Cells—In the next series of
experiments, we measured the secretion of PSA by 1-LN cells
treated with �2M*�methylamine and interaction of secreted
PSA with exogenously added native �2M (Fig. 4, A and B).
Secreted PSA reacted with added �2M, as is evident from the
immunoblot showing the reactivity of PSA (�33 kDa) and
native �2M subunits (�200 kDa) protein bands with antibody
against PSA (Fig. 4A). The PSA band on the immunoblot
upon reprobing did not react with anti-�2M antibody, but the
�2M band did (Fig. 4B), confirming �2M�PSA complex forma-
tion between secreted PSA and �2M. Pretreatment of cells
with anti-CTD antibody inhibited �2M�PSA complex forma-
tion. This effect appears to be dependent on anti-CTD anti-
body-induced inhibition of PSA synthesis, resulting in its di-
minished secretion and thus �2M�PSA complex formation
(Fig. 4A).
Synthesis of �2M�PSA Complex—We also premade

�2M�PSA and purified and characterized the complex. Nearly
all of the PSA reacted with �2M. The �2M�PSA complex
eluted first from a HiPrep Sephacryl 16/60 S300 HR column,
followed by unreacted PSA (Fig. 4C). Upon electrophoresis,
the synthesized �2M�PSA complex showed faster mobility
than the native �2M, similar to that observed with
�2M�methylamine (Fig. 4D). These are the expected proper-
ties of an �2M-proteinase complex (12).

Secreted and Synthesized �2M�PSA Complex Enhances
[3H]Thymidine and [3H]Leucine Uptake by 1-LN Cells—In
preliminary experiments, we first studied the effect of varying
concentrations of �2M�methylamine and synthesized
�2M�PSA complexes on [3H]thymidine incorporation into
1-LN prostate cancer cells (Fig. 5A). The maximum incorpo-
ration of [3H]thymidine (fmol/mg cellular protein) into cells
was observed at about a 50 pM concentration of both
�2M�methylamine and premade �2M�PSA (Fig. 5A). Treat-
ment of cells with higher concentrations of both forms of
�2M* resulted in loss of [3H]thymidine incorporation (Fig.
5A). The observed kinetics of [3H]thymidine incorporation
into cells is similar to that reported earlier (22). Therefore, in
experiments described below, we employed 50 pM �2M*. In
the next series of experiments, we measured DNA synthesis
in 1-LN, DU-145, and PC-3 prostate cancer cells stimulated
with premade �2M�PSA or �2M�PSA derived from the 1-LN
cultured cells to which native �2M was added (Fig. 5, B–D).
Both �2M�PSA preparations up-regulated DNA (Fig. 5, B and
C) by about 2-fold in 1-LN and DU-145 cells compared with
cells treated with buffer, native �2M, PSA, or medium (Fig. 5,
B–D). In contrast, DNA synthesis in PC-3 cells was unaltered
upon treatment with �2M* or anti-CTD antibody (Fig. 5E).
Furthermore, the effects of �2M�PSA complexes on DNA and
protein synthesis were nearly identical to those of
�2M�methylamine (Fig. 5, B–D) observed here and reported
elsewhere (11–14). Pretreatment of cancer cells with anti-
CTD antibody nearly abolished DNA and protein synthesis
induced by all activated �2M* preparations in prostate cancer
cells (Fig. 5, B–D). Likewise, pretreatment of cells with actino-
mycin D abrogated all activated �2M-induced DNA synthe-
sized (Fig. 5B). A similar effect of �2M�PSA preparations
on protein synthesis comparable with that of
�2M�methylamine was observed in these cells (Fig. 5C).
Like DNA synthesis, increased protein synthesis in 1-LN
cells induced by all activated �2M preparations was abol-
ished by pretreatment of cells with either anti-CTD anti-
body or actinomycin D (Fig. 5C).

�2M�PSA Complexes Up-regulate the Expression of GRP78,
PSA, Phospho-MEK1/2, Phospho-ERK1/2, Phospho-p38
MAPK, Phospho-AktThr-308, Phospho-AktSer-473, and Phospho-
S6K in 1-LN and DU-145 Cells—Above, we demonstrated
that, as with �2M�methlyamine, incubation of 1-LN and DU-
145 cells with �2M�PSA up-regulates prosurvival and propro-
liferative signaling resulting in DNA and protein synthesis
(Fig. 5, B–D). Previous studies demonstrate that these effects
depend on Akt activation (12–16). In the next series of experi-
ments, we determined the effects of stimulating 1-LN, DU-
145, and PC-3 cancer cells with �2M�PSA, either premade or
from the medium (50 pM), on the expression of GRP78, PSA,
phospho-MEK1/2, phospho-ERK1/2, p38 MAPK, phospho-

FIGURE 6. �2M�PSA-induced up-regulation of GRP78, PSA, phospho-MEK1/2, phospho-ERK1/2, phospho-p38 MAPK, phospho-AktThr-308, phospho-
AktSer-473, and phospho-S6K in 1-LN prostate cancer cells. A–G, treatments of cells in each panel are as follows: buffer (lane 1), native �2M (50 pM for 20
min) (lane 2), �2M�methylamine (50 pM for 20 min) (lane 3), premade �2M�PSA (50 pM for 20 min) (lane 4), and �2M�PSA made in culture (5 �g/ml for 20 min)
(lane 5). �, phospho-AktThr-308; f, phospho-AktSer-473. Changes in protein levels in each immunoblot are shown in fluorescence units (� 103) as determined
by a PhosphorImager and are expressed as mean � S.E. (error bars) from three independent experiments assayed in triplicate in the bar diagrams above the
respective representative immunoblots. Protein loading controls unphosphorylated protein and actin are shown below the respective immunoblot. Values
significantly different at the 5% level from buffer- and native �2M-treated cells are marked with an asterisk.
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FIGURE 7. �2M�PSA-induced up-regulation of PSA, GRP78 phospho-MEK1/2, phospho-ERK1/2, phospho-p38 MAPK, phospho-AktThr-308, phospho-
AktSer-473, and phospho-S6K in DU-145 prostate cancer cells. A–G, treatments of cells in each panel are as follows: buffer (lane 1), native �2M (50 pM for
20 min) (lane 2), �2M�methylamine (50 pM for 20 min) (lane 3), premade �2M�PSA (50 pM for 20 min) (lane 4), and �2M�PSA made in culture (5 �g/ml for 20
min) (lane 5). �, phospho-AktThr-308; f, phospho-AktSer-473. Changes in each immunoblot are shown in fluorescent units (� 103) as determined by a Phos-
phorImager and are expressed as the mean � S.E. from three independent experiments, each assayed in triplicate in the bar diagrams above the respective
immunoblot. The protein loading controls (unphosphorylated protein or actin) are shown below the respective immunoblot. Values significantly different at
the 5% level from buffer- and native �2M-treated cells are marked with an asterisk.
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AktThr-308, phospho-AktSer-473, and phospho-S6K by Western
blotting (Figs. 6–8). Both of these �2M�PSA complexes up-
regulated the expression of GRP78, PSA, phospho-MEK1/2,
phospho-EKR1/2, phospho-p38 MAPK, phospho-AktThr-308,
phospho-AktSer-473, and phospho-S6K by about 1.5–2-fold in
1-LN and DU-145 (Fig. 6). The stimulatory activity of these
�2M�PSA complexes is very comparable with the stimulatory
activity of �2M�methylamine reported here (Fig. 6) and else-
where (11–16, 21, 22). In contrast, treatment of PC-3 cancer
cells with these �2M-complexes showed no significant effect
on PSA, GRP78, phospho-MEK1/2, phospho-ERK1/2, phos-
pho-p38 MAPK, phospho-AktThr-308, and phospho-AktSer-473,
or phospho-S6K activation (Fig. 8E).

DISCUSSION

Controversy exists with respect to the value of measuring
PSA levels to screen men for the occurrence of previously
undetected prostate cancer (1–6). However, PSA levels do
correlate with disease progression (1, 6), and targeting PSA
may have value in treating the disease (7). The latter observa-
tion is intriguing in that it suggest that PSA synthesis by pros-
tate cancer cells represents more than a disease marker. In the
present study, we provide a hypothesis as to why production
of PSA may correlate with disease progression. In a number of
studies, we have demonstrated that cell surface GRP78 is a
receptor whose activation triggers proproliferative, promigra-
tory, and antiapoptotic signaling cascades in prostate cancer
cells (11–16, 22). Moreover, autoantibodies to GRP78 in the
serum of men with prostate cancer indicate a poor prognosis
(16–18). Mechanistically, these autoantibodies are agonists
that bind to a region in the NH2-terminal domain of GRP78
where the natural ligand �2M* also binds (16). Binding of ei-
ther �2M* or these autoantibodies promotes autophosphory-
lation of GRP78. This then triggers Ras/MAPK, phosphatidyl-
inositol 3-kinase/Akt, cAMP-dependent, and other signaling
pathways that are proproliferative, promigratory, and anti-
apoptotic (11–16, 22–26). Interestingly, ligation of cell surface
GRP78 promotes its own up-regulation (27). At least one
transcription factor, TFII-I has been identified as a promoter
of GRP78-dependent up-regulation of various cellular mecha-
nisms (27). By contrast, antibodies directed against the
COOH-terminal domain of GRP78 activate pro-apoptotic and
anti-proliferative signaling events (23–26). Here we show that
ligation of GRP78 by �2M* promotes the synthesis and secre-
tion of PSA in an active form that binds to �2M, producing
�2M�PSA complexes. These complexes, as previously shown
with �2M�methylamine, promote DNA and protein synthesis
by activation of Akt-dependent and other signaling cascades
(11–16, 22). Thus, ligation of the NH2-terminal domain of
GRP78 by �2M* leads to the synthesis of more �2M*, which in
turn drives GRP78 receptor-dependent proproliferative,
promigratory, and antiapoptotic signaling mechanism. We

propose that PSA is involved in an autoregulatory feedback
loop to the advantage of the prostate cancer but to the disad-
vantage of the host. These observations are summarized in
Fig. 9. We have previously demonstrated that there is consid-
erable “cross-talk” between Akt, NF�B, and unfolded protein
response signaling, all of which are activated in 1-LN prostate
cancer cells treated with �2M* (15). Up-regulation of NF�B
signaling is a well characterized mechanism that up-regulates
PSA synthesis (28). By contrast, up-regulation of p53 down-
regulates PSA synthesis (29). Our results with antibody di-
rected against the COOH-terminal domain in the present
study are consistent with these results. Treatment of 1-LN
prostate cancer cells with this antibody up-regulates p53 (23,
25), which should down-regulate PSA synthesis as noted
above (29).
These studies may shed light on the role of PSA in the pro-

gression of prostate cancer. As noted above, the proteinase
activity of PSA may be involved in bone remodeling, that
characteristic of prostate cancer metastasis (8). PSA is a typi-
cal chymotrypsin-like serine proteinase (30). However, other
studies suggest that PSA may regulate pro-survival signaling
by an unknown mechanism (31). The current study suggests a
mechanism for these observations.

FIGURE 8. Effect of �2M�PSA on levels of PSA, GRP78, phospho-MEK1/2, phospho-ERK1/2, phospho-p38 MAPK, phospho-AktThr-308, phospho-
AktSer-473, and phospho-S6K in PC-3 cancer cells. A–G, treatments of cells in each panel are as follows: buffer (lane 1), native �2M (50 pM for 20 min) (lane
2), �2M�methylamine (50 pM for 20 min) (lane 3), premade �2M�PSA (50 pM for 20 min) (lane 4), and �2M�PSA made in culture (5 �g/ml for 20 min (lane 5). �,
phospho-AktThr-308; f, phospho-AktSer-473. Changes in each immunoblot are shown in fluorescence units (� 103) as determined by a PhosphorImager and
are expressed as the mean � S.E. from three independent experiments assayed in triplicate in the bar diagram above the respective immunoblot. The pro-
tein loading controls (unphosphorylated protein or actin) are shown below the respective immunoblot.

FIGURE 9. A schematic representation of �2M-induced synthesis and
secretion of PSA. PSA may interact with native �2M originally in the plasma
or locally made in the prostate stroma. These complexes bind to cell surface
GRP78, inducing cell proliferative and survival signaling.

PSA and Cell Surface GRP78

1258 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 2 • JANUARY 14, 2011



These observations raise several other questions. The con-
centration of �2M in the serum ranges from 1 to 5 �M (10). It
is produced by many tissues, including prostate stroma (9).
Patients with prostate cancers often demonstrate �2M levels
at the lower end of this range, presumably reflecting protein-
ase-dependent turnover, not a change in synthetic rate (32–
34). Consistent with this view, �2M�PSA complexes are de-
tected in the serum of patients with prostate cancer (1, 3).
Because the t1⁄2 for the clearance of �2M-proteinase complexes
is on the order of 2 min (10), the detection of �2M�PSA com-
plexes in serum suggests a very high rate of synthesis.
Taken together, these observations and the results of the

present study suggest a high likelihood that the proposed pro-
proliferative/antiapoptotic feedback loop exists in prostate
cancers. Finally, we have demonstrated that the binding of
�2M* to GRP78 demonstrates a Kd of 50–100 pM, whereas
binding to LRP occurs with a Kd of �1–5 nM (10, 11). Our
studies demonstrate that LRP is not required for GRP78-de-
pendent signal transduction (11). However, recently, Gonias
and colleagues (35) have demonstrated that at very high con-
centrations of �2M*, on the order of 100 nM, proproliferative
signaling may be seen. Although one could conceive of such
high concentrations in the vicinity of growing prostate cancer
cells, they are very high. We therefore suggest that this mech-
anism is not likely to be a major impact in the biology of pros-
tate cancer. It should be noted that this pathway is irrelevant
in the present studies because the 1-LN prostate cell line em-
ployed in this study expresses GRP78 in its surface but not
LRP (11, 36).
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