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Background: Dystroglycan function is decreased in prostate and other cancers.
Results: Decreased functional glycosylation of �-dystroglycan is clinically correlated with reduced LARGE2 and restoring its
expression rescues dystroglycan function, reducing the invasive and proliferative potential of prostate cancer cells.
Conclusion: LARGE2 regulates �-dystroglycan function in the prostatic epithelium.
Significance: Loss of LARGE2 expression may contribute to prostate cancer progression.

Dystroglycan (DG) is a cell surface receptor for extracellular
matrix proteins and is involved in cell polarity, matrix organiza-
tion, and mechanical stability of tissues. Previous studies docu-
mented lossofDGproteinexpressionandglycosylation inavariety
of cancer types, but the underlyingmechanisms and the functional
consequences with respect to cancer progression remain unclear.
Here, we show that the level of expression of the �DG subunit as
well as the glycosylation status of the�DGsubunit inversely corre-
late with the Gleason scores of prostate cancers; furthermore, we
show that the functional glycosylation of �DG is substantially
reduced in prostate cancer metastases. Additionally, we demon-
strate that LARGE2 (GYLTL1B), a gene not previously implicated
in cancer, regulates functional �DG glycosylation in prostate can-
cercell lines; knockdownofLARGE2resulted inhypoglycosylation
of�DGand lossof its ability tobind laminin-111whileoverexpres-
sionrestored ligandbindinganddiminishedgrowthandmigration
of an aggressive prostate cancer cell line. Finally, our analysis of
LARGE2 expression in human cancer specimens reveals that
LARGE2 is significantly down-regulated in the context of prostate
cancer, and that its reduction correlates with disease progression.
Our results describe a novel molecular mechanism to account for
the commonly observed hypoglycosylation of �DG in prostate
cancer.

Dystroglycan (DG)4 is an extracellular matrix receptor dis-
covered as a component of the dystrophin glycoprotein com-
plex in muscle (1, 2). DG is expressed in many tissue types

including muscle, neuronal, adipose, and epithelial tissues.
Transcribed from a single gene, DG is post-translationally
cleaved into two non-covalently attached subunits (3, 4). The
transmembrane �DG subunit binds to dystrophin or utrophin,
whereas the extracellular �DG subunit interacts with
laminin-G domain-containing matrix proteins including agrin,
perlecan, and members of the laminin family (3, 5–8). DG thus
serves as a link between the cytoskeleton and extracellular
matrix.

�DG is heavily glycosylated with both O- and N-linked car-
bohydrates, andmuch attention has focused on anO-mannosyl
glycan that is required for ligand binding. Production of this
laminin-binding glycan involves at least six known and putative
glycosyltransferases (POMT1, POMT2, POMGnT1, Fukutin,
FKRP, and LARGE) (9–14). Mutations in these enzymes result
in hypoglycosylation of �DG and prevent it from binding its
ligands (15–18). Many of these glycosyltransferases have been
implicated in diseases of muscle and neural tissue, in mice and
in humans (12, 13, 19–21). Recently, the laminin-binding
moiety of �DG was shown to be a unique phosphorylated
O-mannosyl glycan (22). This modification is mediated by the
xylosyl-glucuronyltransferase LARGE (15, 23). Notably, the
overexpression of LARGE has been shown to functionally res-
cue �DG hypoglycosylation in cells from patients harboring
mutations in other�DGglycosyltransferases (24). In addition, a
mutation in LARGE is responsible for themyodystrophymouse
(Largemyd,MDC1D) phenotype, features of which include�DG
hypoglycosylation (25). Although LARGE is expressed in many
tissues the myodystrophy mouse phenotype is primarily evi-
dent in muscle and brain. A paralog of LARGE, LARGE2, has a
narrower expression profile and is not expressed in muscle and
brain. LARGE2 overexpression results in �DG hyperglycosyla-
tion and enhanced laminin binding, suggesting that LARGE
and LARGE2 may be functionally redundant (26, 27).
DG is expressed inmany epithelial tissues where it is thought

to mediate cell-matrix interactions important for cell polarity
and tissue morphogenesis, but recent studies have shown that
DG is not required for the normal development and/or main-
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tenance of some epithelial tissues, including prostate; and, in
Drosophila, DG is required for the maintenance of epithelial
cell polarity only during energetic stress (28–33). Loss of DG
function has been implicated in various cancer cell phenotypes
including increased growth in soft agar, invasive behavior in 2-
and 3-dimensional culture systems, and xenograft tumor
growth (34–36). It is proposed that DG is involved in these
processes by participating in adhesive interactions with the
extracellular matrix and/or by affecting intracellular signaling
(35, 37). In a variety of adenocarcinomas, including prostate,
expression of DG protein, �DG and/or �DG, is reduced and
this is associated with increased tumor aggressiveness and loss
of extracellular matrix integrity, e.g. (38, 39). So far, all evidence
points toward post-transcriptionalmechanisms, including pro-
teolysis and hypoglycosylation to account for the observed loss
of DG expression in cancer (35, 39–42). Herein we describe a
novel mechanism accounting for the loss of functional �DG
glycosylation in prostate cancer cell lines and prostate cancer
specimens, reduced expression of LARGE2, a protein not pre-
viously implicated in cancer. Furthermore, we show that
endogenous LARGE2, and not LARGE, is responsible formedi-
ating the functional glycosylation of �DG in prostate cancer
cells and normal prostatic epithelium.

EXPERIMENTAL PROCEDURES

Immunohistochemistry—Prostate tissue embedded in paraf-
fin was sectioned at 7 �m, deparaffinized, and rehydrated. For
the metastatic tissue microarray, samples were first baked at
70 °C for 64 h prior to antigen retrieval. Antigen retrieval for all
samples was performed by a 20-min exposure to either citrate
buffer (�DG) or proteinase K (�DG). Endogenous peroxidases
were quenchedwith 3%hydrogen peroxide for 10min. Sections
were blocked in 10% horse serum and then incubated overnight
with primary antibody, either IIH6 (1:100, Santa Cruz Biotech-
nology) or 8D5 (1:100, Novocastra). Samples were washed and
incubated for 1 h at room temp with a biotinylated secondary
antibody, whichwas then detected using theABC reagent (Vec-
tor) and DAB plus (Dako) followed by counterstain with hema-
toxylin. Hematoxylin and eosin (H&E) stainingwas performed
using standard procedures. Immunohistochemistry was per-
formed by the UI Department of Pathology Core Lab. For eval-
uation of immunohistochemistry, pathologists (MMM and
MBC) were blinded to sample identity. For metastases analysis,
samples were scored as either positive or negative for membra-
nous staining with the antibody.
Cell Culture—22Rv1 (American Type Culture Collection,

ATCC), PC-3 (ATCC), LNCaP (M Cohen), PC-3E�, and
TEM4–18 (PC-3 derivatives, Henry Lab) and GP2–293 pack-
aging cells (BD Biosciences) were grown with 10% FBS
(HyClone, Logan, Utah) and 1% non-essential amino acids.
Cultures were maintained at 37 °C in 95% air and 5% CO2 and
subcultured as needed.
shRNA Knockdown of LARGE2—To knockdown LARGE2,

pLKO1 lentiviral vectors targeting human LARGE2 were pur-
chased from Open Biosystems (TRC collection, RHS4533-
NM_152312). Five different constructs were transfected into
GP2–293 cells along with the lentiviral second generation
plasmid VSV-G (kind gift from the Trono Lab) and culture

supernatant from these cells was used to infect PC-3E�,
DU145, and 22Rv1 cells for 8 h followed by puromycin selec-
tion (1.0 �g/ml). We were able to achieve 70–80% knock-
down of LARGE2 using hairpin construct sequence
TRCN0000035147 and TRCN0000035148.
Overexpression of LARGE2—Murine LARGE2 was excised

from a mLARGE2 containing pLEX vector using NotI and
cloned into the pQCXIP NotI site. Cells were selected and
maintained with standard media containing 1.0 �g/ml
puromycin.
Quantitative PCR—qPCR analysis was performed as

described previously (43). For the analysis of bulk tumor sam-
ples, the TissueScan cDNA array (HRT103, Origene) was used.
Relative expression values were calculated using the compara-
tive Ct method (44).
Western Blot—Protein lysates were prepared from sub-con-

fluent cultures following scrape harvesting in RIPA buffer (150
mM NaCl2, 1% Nonidet P-40, 10 mM deoxycholate-Na, 0.1%
SDS, 50 mM Tris, pH 8.0; rocked at 4 °C for 1 h, boiled 5 min)
with protease inhibitors. Protein samples (50�g, Lowry protein
analysis) were electrophoresed (4–20% Tris-HCl gels) and
transferred (PVDF) prior to antibody incubation. Antibodies
were used as follows: 1°-IIH6, glycosylation sensitive �DG,
1:500 overnight at 4 °C in low salt buffer (50 mM Tris, 100 mM

NaCl2,0.1%Tween 20), 2°-donkey�mouse IgMHRP, 1:2000 for
1 h at room temperature; 1°-sheep 5 core �DG, 1:100 overnight
at 4 °C, 2°-donkey�mouse IgG HRP, 1:2000 for 1 h at room
temperature; 1°-�DG specific 8D5 (Novocastra/Leica) for
1:200 overnight at 4 °C, 2-donkey �-mouse IgG, 1:2000 for
1 h at room temperature; 1°-�-actin (Sigma), 1:5000 for 1 h at
room temperature, 2°-goat�rabbit IgG HRP, 1:10,000 for 1 h
at room temperature, was utilized as a marker for protein
loading. All secondary antibodies were obtained from Jack-
son Immunoresearch.
Flow Cytometry Analysis—Cells grown to 60–80% conflu-

ency were detached (Versene, Invitrogen) and washed prior to
antibody incubation. The cells were then resuspended at 5 �
105 cells in 50�l FACS buffer (PBS� 0.02% sodium azide� 5%
BSA)� IIH6 antibody (1:100) for 45min on ice.Next, cells were
washed and incubated with secondary antibody (100 �l FACS
buffer plus 1:100, donkey anti-mouse IgMDylight 488, Jackson
Immunoresearch) for 30 min on ice in the dark. Cells were
washed again and resuspended in 400 �l of FACs buffer, and
transferred to polystyrene FACs tubes (BD Biosciences). Sam-
ples were analyzed using the Becton Dickinson LSR II flow
cytometer at The University of Iowa Flow Cytometry Core
Facility.
Laminin-111 Binding—Themethods were used as described

above but cells were incubated with 50 �l of 100 nM laminin-
111 (BDBiosciences) prior to incubationwith anti-laminin-111
primary antibody (1:100, Sigma) and the subsequent detection
with the DyLight488 secondary antibody. To inhibit laminin-
111 binding, a subset of samples was first incubated with �DG
IIH6 antibody at 1:100 in 100 �l of FACS� buffer. All steps
were done on ice.
Immunofluorescence—Tissues were processed and antigen

retrieval performed as described above. IIH6 was incubated
overnight at 1:100. Tissues were washed in blocking buffer and

LARGE2 in Prostate Cancer

JANUARY 25, 2013 • VOLUME 288 • NUMBER 4 JOURNAL OF BIOLOGICAL CHEMISTRY 2133



incubated with donkey anti-mouse IgG Cy3 (Jackson Immu-
noresearch) at 1:200 and counterstained with DAPI (1:5000,
Sigma) for 1 h at room temperature.
Transwell Migration Assay—24 well, 8.0 �m transwell per-

meable inserts (Corning Life Sciences) were prepared as previ-
ously described (45). Briefly, transwells were coated with
laminin-511 for 1 h at room temperature prior to washing with
PBS. Luciferase-expressing cells were plated at 8.0 � 104 cells/
well in serum-free DMEM/F12 and allowed to migrate down a
chemoattractant gradient (DMEM/F12 supplemented with
10% FBS in lower chamber) for 18 h prior to trypsinization
followed by quantification via bioluminescence. Data are pre-
sented as migration relative to vector control cells across an
uncoated membrane.
Matrigel Invasion Assay—24 well, 8.0 �m BD Biocoat matri-

gel inserts (BD Biosciences) were thawed and equilibrated
according to the manufacturer. Cells were plated in the top
chamber at 8.0� 104 cells/well in serum-free DMEM/F12. The
lower chamber was filled with DMEM/F12 containing 10%
serum to induce a chemoattractive response. Following 18 h of
incubation, cells were trypsinized and quantified as described
above. Data are presented as invasion relative to vector control
cells.
Growth Assay—30,000 GS689.Li cells containing either

empty vector or mLARGE2were plated in triplicate into 6-well
dishes.On the indicated day, cellswere trypsinized and counted
using aZ2 seriesCoulterCounter (BeckmanCoulter)with a cell
diameter range of 8–24 �m. Three counts were averaged per
well.

RESULTS

�DGGlycosylation and�DGExpression Are Reduced in Both
Primary andMetastatic Prostate Cancer—We previously dem-
onstrated that �DG expression is reduced in prostate cancer, a
finding which has been extended to loss of �DG immuno-
staining by other groups (38, 46, 47). These studies utilized
glycosylation-sensitive antibodies IIH6 and VIA41, which
detect the laminin-binding glycan on �DG (5). However, it
remains unclear to what extent the loss of DG immunoreactiv-
ity reflects a reduction of the core protein expression or a loss of
the epitopes on �DG recognized by IIH6 and VIA41. This
remains a difficult question to answer due to the lack of an
antiserum that reacts specifically with the core �DG protein in
histochemical preparations. Therefore, we utilized a prostate
cancer tissue microarray panel to assess both DG subunits on
adjacent sections. Fig. 1A shows representative staining of sec-
tions from Gleason grade 3 and 4 patterns observed in tissue
microarrays. Interestingly, we noted examples of some grade 3
glands (Fig. 1A) in which IIH6 staining (glycosylated DG) was
reduced at the same time that 8D5 staining (�DG) was normal,
i.e. levels were similar to the adjacent, healthy glands. This
strongly suggested that the glycosylation of �DG is affected
independently of core DG protein expression. To quantify DG
staining intensity in these sections, we developed a quartile
scoring system (Fig. 1B) grading each specimen with both a
primary and secondary score, similar to the Gleason scoring
system where a Gleason score (range: 2–10) is generated by
summing the most prevalent and second-most prevalent Glea-

son grades (range: 1–5). The Gleason grades are generated
based upon the histological architecture of the tumor as origi-
nally defined by Donald Gleason in 1974 and refined in 2005 by
the International Society of Urological Pathology (48, 49). For
both IIH6 and 8D5, staining intensity was reduced across cases
with Gleason scores 6–8, with IIH6 stainingmore dramatically
reduced than 8D5 staining (Fig. 1C). The observed reduction of
both IIH6 (p� 0.0022) and 8D5 (p� 0.0003) staining relative to
that in benign glands was significant, and both markers are
independent predictors of Gleason score.
We next assessed DG status in a panel of prostate cancer

metastases to determine if the expression and glycosylation
patterns differ from those observed in primary tumors. Because
prostate cancermetastases do not retain the glandular architec-
ture seen in the prostate, samples were graded according to a
positive/negative system; a signal was evaluated as positive if
membranous staining was present on the tumor cell(s). Strik-
ingly, IIH6 staining was present in less than 1% (1/127) of cases,
whereas 8D5 reactivity was present in 47.6% (59/124) of cases
(Fig. 2). This indicates that duringmetastatic progression,�DG
glycosylation ismore frequently perturbed than is expression of
the core protein. Staining for both IIH6 and 8D5 was clearly
evident in the positive control (healthy kidney glomeruli) (sup-
plemental Fig. S1).
Having shown that DG glycosylation is more frequently lost

in metastatic disease, we attempted to determine if IIH6 stain-
ing is an independent prognostic indicator of disease recur-
rence in a cohort of 135 prostate cancer patients seen at
University of Iowa Hospitals and Clinics during the years
1994–2000. Patient characteristics are listed in supplemental
Table S1. Sections from prostatectomy specimens were stained
with IIH6 and scored by the method described above. We first
demonstrated that DG glycosylation was inversely correlated
with Gleason score (p � 0.0367) consistent with our finding
from the tissue microarray. We then assessed whether DG gly-
cosylation status correlates with either mortality or biochemi-
cal recurrence. With only 9 patients in this cohort having died
fromprostate cancer, despitehavingamean follow-up timeof12.3
years,wewere unable to drawany conclusion regardingDGstatus
and mortality. However, we did detect a modest, though not sta-
tistically significant, association between DG hypoglycosylation
and biochemical recurrence, using both univariate andmultivari-
ate regression analysis (supplemental Fig. S2).
Functional Glycosylation of �DG across Prostate Cancer Cell

Lines Is Heterogeneous—To determine the status of DG expres-
sion in prostate cancer cell lines, we examined DG expression
by Western blot analysis using an antiserum that detects the
�DG core protein. �DG protein was expressed in all prostate
cancer cell lines examined (Fig. 3A). The observed molecular
weight of the bands was within the range of �80 to 150 kDa,
with 22Rv1 and PC-3 expressing higher molecular weight spe-
cies than LNCaP and TEM4–18. This heterogeneous staining
pattern is consistent with the fact that DG has a number of
carbohydratemodifications, only some of which are involved in
ligand binding and recognized by IIH6 (2, 5, 15, 22, 23). The
expression of �DG protein (8D5 immunoreactivity) was equiv-
alent across the cell lines (Fig. 3A). These data indicate that both
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�DG and �DG are expressed in the prostate cancer cell lines
examined.
Because ligand binding requires proper glycosylation of cell-

surface localized �DG, we carried out flow cytometry analysis
with the IIH6 antibody; this revealed that �DG glycosylation is
heterogeneous across the prostate cancer cell lines (Fig. 3B).
Among the cell lines examined, 22Rv1 and PC-3E� (E-cad-
herin-positive (50)) were positive for IIH6 staining, whereas
PC-3 (obtained from the ATCC) was comprised of distinct
IIH6-positive (IIH6�) and IIH6-negative (IIH6�) subpopula-
tions. The TEM4–18 and LNCaP cell lines were IIH6�, con-
sistent with the Western blot data analyzing glycosylated DG.

Interestingly, cells of the TEM4–18 line, an aggressive subpop-
ulation of the PC-3 line that were isolated following migration
through an endothelial cell monolayer, are IIH6� (50). In con-
trast, cells of the PC-3E� line, a less aggressive subpopulation
also derived from the PC-3 line, are IIH6�. Thus, in PC-3 cells,
loss of DG glycosylation is associated with a more aggressive
phenotype.
We next assessed whether the glycosylation status of �DG

correlates with laminin binding ability using a flow cytometry-
based ligand binding assay. IIH6 � 22Rv1, PC-3, and PC-3E�
cellswere able to bind exogenous laminin-111 at the cell surface
whereas the IIH6- LNCaP and TEM4–18 cells lines were not

FIGURE 1. �DG glycosylation and �DG expression are reduced in prostate adenocarcinoma. A, representative images of �DG and �DG immunostained
human prostatic tissue showing loss of DG correlating with cancer progression. Scale bar, 100 �m. B, grading was determined using 0 –3 grading scale where
0 � basal staining absent; 1 � discontinuous thin basal staining; 2 � thin basal staining with extension between cells or thin dark basal stain without
basal-lateral staining; 3 � thick, dark basal staining with basal-lateral staining, characteristic of benign glands. C, mean DG staining of human prostate cancer
tissue samples shows that DG expression is reduced across Gleason scores 6 – 8 (�DG p � 0.0022 and �DG p � 0.0003), while the magnitude of loss of �DG is
greater than loss of �DG immunoreactivity.
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(Fig. 3C). This laminin binding was specific to DG as it was
inhibited by prior incubation with IIH6. Some laminin immu-
noreactivity was also detected in cells in the absence of exoge-
nous laminin-111, likely representing endogenous laminin
bound during tissue culture. Overall, these results are consis-
tent with those of IIH6 immunoreactivity, indicating that func-
tional�DGglycosylation inmetastatic prostate cancer cell lines
is variable.
Functional Glycosylation of �DG Correlates with Expression

of the LARGE2mRNA—Toelucidate themolecularmechanism
responsible for the loss of functional�DGglycosylation in pros-
tate cancer cells, we compared mRNA expression levels of the
six known and putative �DG glycosyltransferases in the PC-3
derived cell lines PC-3E� (IIH6�) and TEM4–18 (IIH6�).
Given that the glycosyltransferase�3GnT1 has also been impli-
cated in LARGE function, it was also included in the glycosyl-
transferase panel (35). Among these enzymes, only LARGE2
exhibited a dramatic reduction in expression: mRNA levels
were 100-fold lower in TEM4–18 relative to PC-3E� cells (Fig.
4A).Wenext compared levels of the LARGE2mRNAacross the
prostate cancer cell line panel to those in PC-3 cells (Fig. 4B).
Notably, they generally correlated with the IIH6 immunoreac-
tivity of each cell line. The exception was the LNCAP cell line,
suggesting that an alternate mechanism is responsible for the
reduction of �DG glycosylation in LNCaP cells.
LARGE2 Functionally Glycosylates �DG in the Prostate—

LARGE is required for the proper glycosylation of �DG in skel-

etal muscle and neural tissue. However, prior studies indicated
that in human prostate tissue, the expression of LARGE2
mRNA was significantly greater than that of LARGE (26).
Therefore, we next evaluated �DG glycosylation status of pros-
tate tissue from the myodystrophy (myd) mouse (Largemyd,
MDC1D), which harbors a loss-of-function mutation in
LARGE. Immunofluorescence staining with the IIH6 antibody
in a wild-type mouse revealed positive staining in the muscle
surrounding the urethra and on the basal side of the prostate
epithelium (Fig. 4C). As expected, functional �DG glycosyla-
tion was reduced in the muscle tissue of themydmouse. How-
ever it was detectable in the prostate epithelium indicating that
LARGE is not required for �DG glycosylation in the prostate.
Tissue from a prostate-specific DG knock-out mouse (31) is
shown as a control; as expected, IIH6 staining is maintained in
the muscle but lost in the prostate gland.
To assess whether endogenous LARGE2 functionally glyco-

sylates �DG, we generated PC-3E� (IIH6�) cells that express
LARGE2 targeted shRNAs. qRT-PCR analysis revealed that
two separate shRNAs were capable of producing �70% reduc-
tion of LARGE2 mRNA expression (supplemental Fig. S3A)
with no significant effect on LARGE mRNA expression (sup-
plemental Fig. S3B). Staining with IIH6 revealed that �DG gly-
cosylation was reduced by 77% with expression of shRNA #147
and 83%with expression of shRNA#148 (Fig. 5A, comparison is
to a vector-transfect control). To confirm that ligand binding
was reduced in the knockdown cells, we assessed laminin-111

FIGURE 2. �DG functional glycosylation is nearly absent in prostate adenocarcinoma metastases. Representative images of IIH6 staining (top row) and
serially sectioned analysis of 8D5 (bottom row) showing retention of glycosylation (A), loss of glycosylation only (B), or loss of protein expression (C). Analysis of
DG in metastatic tumor shows a significant difference between expression and glycosylation (p � 0.0001) (D). Bar, 100 �m.
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binding by flow cytometry. As expected, laminin binding in the
shLARGE2 #147 was significantly reduced relative to the con-
trol line (Fig. 5B); moreover, it was nearly absent in the
shLARGE2 #148 cell line. Prior incubation with the IIH6 anti-
body inhibited laminin-1 binding in all cases demonstrating
that binding was specific to DG. We further validated the
requirement for LARGE2 by knocking-down the protein in two
additional IIH6� cell lines, 22Rv1 and DU145. Flow cytometry
revealed that IIH6 immunoreactivity was significantly reduced
(supplemental Fig. S3, C andD). Thus, LARGE2 is required for
the functional glycosylation of �DG in these cell lines.

To examine whether reduced LARGE2 expression accounts
for �DG hypoglycosylation in other epithelial cancers, we
assessed the glycosylation status of �DG and the expression
levels of glycosyltransferase mRNA in breast, colon, and pan-
creatic cancer cell lines. �DG glycosylation was heterogeneous
across the cell lines in the panel (supplemental Fig. S4A), and
levels of the LARGE2 mRNA correlated with �DG glycosyla-
tion status. Of these cancer lines, the breast cancer line ZR75–1
and the colon cancer line HT-29, in which �DG was highly
IIH6�, expressed the highest levels of LARGE2, though less
than the reference PC-3 cell line; the pancreatic cancer lines
BxPC3 and PANC-1 expressed LARGE2 at very low levels. Sim-
ilarly, the IIH6-MDA.MB231 breast cancer cells expressed very
low levels of LARGE2mRNA (supplemental Fig. S4B). Notably,
expression of the LARGEmRNAwas also correlated with �DG
glycosylation status in the HT-29 and ZR75–1 lines, consistent
with prior studies in breast cancer cells (41); expression was
very low in the BxPC3, PANC-1, andMDA-MB-231 (Fig. S4C).

Therefore, the utilization of LARGE or LARGE2 for �DG func-
tional glycosylation is likely to depend on tissue type.
LARGE2 Overexpression Restores DG Function and Dimin-

ishes Invasion and Cell Proliferation Potential—Overexpres-
sion of LARGE2 has been shown to functionally glycosylate
�DG (27). To assess whether we could revert the hypoglycosy-
lation phenotype in the IIH6� cell lines TEM4–18 and LNCaP,
we stably expressed murine LARGE2 in each. Flow cytometry
revealed that LARGE2 overexpression indeed led to a promi-
nent, homogenous increase in IIH6 immunoreactivity within
the LNCaP cells (Fig. 5C). The TEM4–18 cells exhibited two
distinct subpopulations of IIH6 high and low staining cells with
a reduction of IIH6� population during serial passage (data not
shown) suggesting that rescue of LARGE2 may not be stable in
these cells (supplemental Fig. S3E). Therefore we overex-
pressedmLARGE2 in a cell line similar to TEM4–18, GS689.Li,
that was derived from two in vivo passages inmice as previously
described (50). Overexpression ofmLARGE2 in these cells pro-
duced a significant increase in IIH6 reactivity (Fig. 5C). Further-
more, expression of exogenous mLARGE2 produced a signifi-
cant increase in the laminin binding capacity in both the
LNCaP and GS689 lines (p � 0.0001, Fig. 5D) showing that the
rescue of IIH6 reactivity coincides with functional DG
glycosylation.
Earlier studies have demonstrated that increasing DG glyco-

sylation reduces migration, orthotopic growth, and invasion of
cancer cells (35, 51). We first assessed the effect of LARGE2
knockdown in our less metastatic PC-3E� cells, but we were
unable to show a significant difference in transwell migration,

FIGURE 3. �DG functional glycosylation is heterogeneous in prostate cancer. A, both �DG core protein (80 –100kDa, Sheep 5) and the transmembrane �DG
(43kDa, 8D5) protein were expressed in all prostate cancer cell lines. Glycosylated �DG is apparent in PC-3, PC-3E�, and 22Rv1 cell lysates. �-actin was used as
a loading control. B, analysis of cell surface �DG shows that 22Rv1, PC-3, and PC-3E� cell lines are positive for IIH6 staining while LNCaP and TEM4 –18 cell lines
are negative by flow cytometry analysis. C, 22Rv1, PC-3, and PC-3E� cells are positive for DG-dependent laminin-111 staining by flow cytometry following
incubation with exogenous laminin-111 (100 nM). LNCaP and TEM4 –18 cells are negative. Prior Incubation with the antibody IIH6 inhibits laminin-111 binding.
An isotype control was used for all FACS experiments (gray) (n � 2).
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gap closure rate, or single cell motility (data not shown); there-
fore, we sought to assess the functional consequences of rescu-
ing DG glycosylation in the GS689.Li cell line. We performed
the transwell migration assay and found that DG glycosylation
inhibited directional migration through both uncoated and
laminin-10 (laminin-511)-coated wells (Fig. 5E). Furthermore,
utilizing a Matrigel invasion assay, we found a �60% reduction
in invasive potential with re-expression of mLARGE2 (Fig. 5F).
Having defined a clear effect on migratory and invasive poten-
tial, we next performed a growth assay under standard tissue
culture conditions and showed a significant difference in the
growth characteristics after 6 days in culture of themLARGE2-
expressing cells when compared with vector control (Fig. 5G).
These results illustrate a clear effect onmultiple characteristics
that could impact on metastatic tumor growth in vivo.
LARGE2 Expression Diminishes during Prostate Cancer

Progression—We next assessed whether LARGE2 expression
status is associated with hypoglycosylation of �DG in prostate
cancer patients. We first used qRT-PCR on samples of laser-
capture microdissected tumors and patient-matched benign
tissue. Normalization of values for all samples to a random
benign control revealed that LARGE2 expression is signifi-
cantly decreased (benign� 3.999� 1.036 a.u., tumor� 1.271�
0.3105 a.u., p� 0.0079) in tumors compared with healthy pros-
tate epithelium (Fig. 6A). In order tomitigate patient-to-patient
variation, we next compared LARGE2 expression in each
tumor to its patient-matched, benign control. LARGE2 expres-

sionwas reduced in bothGleason grade 3 and 4 samples relative
to benign tissue (p � 0.0105 and p � 0.0020, respectively).
Moreover, although comparison of the data forGleason grade 3
andGleason grade 4 samples did not reveal a statistically signif-
icant difference between the two (p � 0.0809), it did suggest a
trend toward reduction of LARGE2 levels with advancing dis-
ease grade (Fig. 6B). Finally, to confirm that LARGE2 expres-
sion inversely correlates with tumor progression, we analyzed
LARGE2 on a tissue cDNA microarray organized according to
disease stage. Pathological prostate cancer staging is deter-
mined by the extent of disease involvement in the patient with
stage III being significant as it is the lowest pathological stage
where there is evidence of extraprostatic extension of the tumor
(52). Analysis of the values normalized to Stage II disease sug-
gested that as the disease progresses from a localized (stage II;
4.690� 1.221 a.u.) to an invasive (stage III; 1.084� 0.6151 a.u.)
phenotype, LARGE2 is significantly reduced (p � 0.0112, Fig.
6C). This is consistent with reduced LARGE2 being an under-
lying cause of the loss of laminin-binding glycans on �DG in
prostate cancer.

DISCUSSION

Loss of DG expression is a remarkably consistent feature in
many cancer types, as documented by multiple groups, includ-
ing breast, prostate, colon, cervical, renal adenocarcinomas,
squamous cell carcinomas, and neural tumors, e.g. (38, 39, 42,
53–56). These studies have implicated proteolysis of �- and
�DG, and/or hypoglycosylation of �DG detected via IIH6 or
VIA41 monoclonal antibodies. Whether there is a relationship
betweenhypoglycosylation of�DGandproteolysis of�- and/or
�DG is unclear at present. Here we identify a new mechanism
by which the functional properties of �DG become abrogated
in prostate cancer-loss of expression of LARGE2, a putative
glycosyltransferase that mediates the formation of laminin-
binding glycans on �DG. LARGE2 has not been previously
implicated in cancer, and very little is known about its function.
Based on its sequence similarity to LARGE, it is inferred that it
has similar function. As mentioned above, LARGE has recently
been demonstrated to have a unique dual xylosyl-glucuronyl-
transferase activity that extends this disaccharide chain that is
essential for extracellular matrix ligand binding from phospho-
mannose residues in the mucin-like domain of �DG. Our stud-
ies suggest that endogenous LARGE2 has this activity in pros-
tate epithelial cells, and prostate cancer cell lines; where
LARGE expression is markedly absent in these cells. This out-
come could be predicted from consideration of the tissue-spe-
cific expression of LARGEandLARGE2,which shows relatively
high expression of LARGE2 in the prostate compared with
muscle and neural tissue that show much higher expression of
LARGE (26). Consistentwith the tissue-specific expression pat-
tern of LARGE2, we also find a correlation between low
LARGE2 expression and �DG hypoglycosylation in pancreatic
cancer cell lines. It remains to be determined whether LARGE2
elaborates glycan structures identical to LARGE and whether
client proteins other than �DG exist for LARGE2.
The complexity of �DG functional glycosylation raises a

number of other possible causes underlying the hypoglycosyla-
tion observed in cancer. Previous studies showed that epige-

FIGURE 4. LARGE2 mRNA expression correlates with hypoglycosylation
of �DG. A, mRNA analysis by qRT-PCR shows dramatically reduced LARGE2
expression, compared with other genes known to influence �DG glycosyla-
tion, in TEM4 –18 cells compared with PC-3E� cells. B, LARGE2 mRNA is
detectable in the prostate cancer cell line panel and is greatly reduced in
TEM4 –18 and GS689.Li cells. All LARGE2 samples validated with two probe
sets on two separate RNA isolations. Numbers on top of bars are Ct values:
GAPDH/gene of interest. C, immunofluorescence staining shows �DG glyco-
sylation (IIH6) is present in a WT mouse prostate and the myodystrophy
mouse (Largemyd, MDC1D) prostate (arrows). Staining is not present in a pros-
tate-specific DG knock-out mouse. Muscle staining (asterisks) indicates tissue-
specific deletion. Bar, 50 �m.
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netic silencing of LARGE results in hypoglycosylation of �DG
in breast cancer (10). We do not yet know whether LARGE2 is
epigenetically silenced in prostate cancer, but this represents
one of several possible mechanisms by which its expression
may be reduced. In our studies, we found that the LNCaP cell
line, LARGE2mRNA expression is equivalent to other prostate
cancer cell lines that are IIH6�, and we did not detect muta-
tions in the coding sequence of LARGE2 in this cell line. None-

theless, overexpression of LARGE2 in LNCaP cells restored
IIH6 reactivity. Overexpression of LARGE has been shown to
override deficiencies in earlier steps of �DG glycosylation,
which suggests that one of these may be defective in LNCaP
cells (24). A previous study in prostate cancer showed that
�3-N-acetylglucosaminyltransferase (�3GnT1) cooperated
with LARGE to indirectly promote glycosylation of �DG (35).
In that study, reduced expression of �3GnT1 was noted in
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FIGURE 5. LARGE2 functionally glycosylates �DG reducing invasive and proliferative potential. A, PC-3E� cells transfected with a LARGE2 targeted
shRNA #147 or #148 reduced IIH6 staining by 77 and 86%, respectively by FACS analysis when compared with vector (pLKO) control. B, PC-3E� pLKO control
cells bind exogenous laminin-111. Incubation with IIH6 prior to laminin-111 inhibited binding. Laminin antibody only was used as a background control.
PC-3E� shLARGE2 #147 cells have reduced laminin-111 binding when compared with vector control (*, p � 0.001). PC-3E� shLARGE2 #148 cells were further
inhibited and significantly different from both vector (*, p � 0.001) and shLARGE2 #147 (‡, p � 0.001). C, LNCaP and GS689.Li cells transfected with mLARGE2
or vector control show a significant shift in IIH6 immunoreactivity via flow cytometry. D, LARGE2 expression in IIH6- cell lines induces a significant increase in
laminin binding capacity that is specific to DG as shown via inhibition with IIH6 antibody. E, GS689.Li cells show retarded migration through a Boyden chamber
both in the absence and presence of a laminin-511 substrate. F, rescue of �DG glycosylation by mLARGE2 also inhibits migration through a Matrigel substrate
by �60%. G, mLARGE2 expression causes a significant reduction in growth of GS689.Li cells under standard growth conditions (*, p � 0.05; **, p � 0.01; ***, p �
0.001).
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IIH6� PC-3 cell derivatives andwas suggested as an underlying
cause of �DG hypoglycosylation. However, here we did not
detect a conspicuous loss of �3GnT1 in IIH6� PC-3 cells,
whereas LARGE2 was dramatically reduced. In the previous
study, LARGE2mRNAwas not detected in prostate cancer cell
lines and the basis for this discrepancy with our results is
unclear. We cannot rule out a role for �3GnT1 in glycosylation
of �DG, however our data indicates that it is unlikely to coop-
erate with LARGE in prostate epithelial tissue and cancer based
onmultiple lines of evidence: 1) as mentioned, prior work indi-
cates that LARGE2 is preferentially expressed in the normal

prostate compared with LARGE (26); 2) we show here that in a
mouse that lacks a functional LARGE gene, that �DG is still
glycosylated in normal prostate tissue; 3) using multiple probe
sets, we find very little expression of LARGE in IIH6� prostate
cancer cell lines comparedwithmuch higher levels of LARGE2;
4) knockdown of LARGE2 in IIH6� prostate cancer cells
results in hypoglycosylation of�DG indicating a role for endog-
enous LARGE2 in this process. It remains possible that
�3GnT1 cooperates with LARGE2 to promote glycosylation of
�DG, but this awaits further investigation.

As mentioned above, loss of DG function is associated with
cancer cell phenotypes that may promote disease progression
such as loss of cell polarity, decreased adhesion to extracellular
matrix, increased invasive potential and altered intracellular
signaling. Prostate cancer cell lines exhibit heterogeneous func-
tional glycosylation of �DG. Our previous work identified a
subpopulation of PC-3 prostate cancer cells, designated
TEM4–18, whichwas isolated on the basis of its enhanced abil-
ity to invade an endothelial monolayer (50). These cells also
show a Zeb1-dependent epithelial-to-mesenchymal transition
and behave more aggressively in metastatic colonization mod-
els. Interestingly, in TEM4–18 cells, IIH6 staining was absent,
while these cells did still express the core �DG protein and
�DG. Using another metastatic derivative of PC-3 cells
(GS689.Li), which lack LARGE2 expression and demonstrate
hypoglycosylation of �DG, we showed that restoration of
LARGE2 expression rescues functional glycosylation of �DG
and results in diminished ability of these cells to migrate in
response to chemotactic stimulus, invade throughMatrigel and
reduces cell proliferation. However, we were unable to show
that knockdown of LARGE2 promotes invasive phenotypes.
These data are consistent with the interpretation that loss of
LARGE2 is necessary, but not sufficient, to promote cellular
phenotypes associated with prostate cancer progression and
metastasis.
Consistent with the idea that�DGhypoglycosylation is asso-

ciated with a more aggressive disease phenotype, hypoglycosy-
lation of �DG has, in some small retrospective studies, demon-
strated potential prognostic value in predicting disease
recurrence or survival (54, 57–60). Prior work in prostate can-
cer demonstrated that �DG hypoglycosylation is associated
with increasingGleason score (46, 47). Here we have independ-
ently confirmed these findings in two separate patient cohorts
using prostatectomy specimens. Expanding upon this, we
report here for the first time that �DG glycosylation is virtually
undetectable in prostate cancer metastases, while �DG immu-
nostaining ismore frequently retained. Because of the extensive
loss of IIH6 in metastatic disease, we attempted to determine if
loss of �DG glycosylation could have independent prognostic
value in prostatectomy specimens in a retrospective patient
cohort. Unfortunately, because of lower than expected mortal-
ity in our cohort, we were unable to determine if IIH6 status
predicted survival. However, there was a trend toward an asso-
ciation between loss of �DG glycosylation and biochemical
recurrence, but, this did not reach statistical significance.Mov-
ing forward, analysis of amuch larger number of patientswill be
necessary to evaluate the prognostic value of�DGglycosylation
in prostate cancer. In addition, our finding that LARGE2

FIGURE 6. LARGE2 expression is diminished during prostate cancer pro-
gression. A, microdissected samples of prostate tumor and benign tissue
cDNA were obtained and analyzed via qRT-PCR. All samples were normalized
to a random, benign control. Carcinoma samples show a markedly reduced
level of LARGE2 expression when compared with benign epithelium
(benign � 3.999 � 1.036 a.u., tumor � 1.271 � 0.3105 a.u., p � 0.0079).
B, microdissected samples were all normalized to the patient-matched
benign sample with the normalized value of the benign, 1.0, marked by the
dashed line. Both Gleason grade 3 and Gleason grade 4 samples show a sig-
nificant decrease in expression levels (p � 0.0105 and p � 0.0020) when com-
pared with benign. C, analysis of the tissue cDNA array normalized to benign
samples. There is a significant decrease of LARGE2 (p � 0.0112) when stage II
(disease is completely confined to the prostate) is compared with stage III
(extension beyond prostatic capsule or seminal vesicle involvement).
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expression is diminished during prostate cancer progression
suggests that it, too,may be investigated as a potential prognos-
tic biomarker in this disease.
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