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We have identified the nonreceptor tyrosine kinase
syk as a marker of differentiation/tumor suppressor
in pancreatic ductal adenocarcinoma (PDAC). Syk ex-
pression is lost in poorly differentiated PDAC cells in
vitro and in situ , and stable reexpression of syk in
endogenously syk-negative Panc1 (Panc1/syk) cells
retarded their growth in vitro and in vivo and reduced
anchorage-independent growth in vitro. Panc1/syk
cells exhibited a more differentiated morphology and
down-regulated cyclin D1, akt, and CD171, which are
overexpressed by Panc1 cells. Loss of PDAC syk ex-
pression in culture is due to promoter methylation,
and reversal of promoter methylation caused reex-
pression of syk and concomitant down-regulation of
CD171. Moreover, suppression of syk expression in
BxPC3 cells caused de novo CD171 expression, con-
sistent with the reciprocal expression of syk and
CD171 we observe in situ. Importantly, Panc1/syk
cells demonstrated dramatically reduced invasion in
vitro. Affymetrix analysis identified statistically sig-
nificant regulation of >2000 gene products by syk in
Panc1 cells. Of these, matrix metalloproteinase-2
(MMP2) and tissue inhibitor of metalloproteinase-2
were down-regulated, suggesting that the MMP2 axis
might mediate Panc1/mock invasion. Accordingly,
MMP2 inhibition suppressed the in vitro invasion of
Panc1/mock cells without effect on Panc1/syk cells.
This study demonstrates a prominent role for syk in
regulating the differentiation state and invasive phe-
notype of PDAC cells. (Am J Pathol 2009, 175:2625–2636;
DOI: 10.2353/ajpath.2009.090543)

Pancreatic ductal adenocarcinoma (PDAC) has one of
the highest mortality rates of all cancers.1 Despite this,

the biology of PDAC remains poorly understood. Studies
have identified key factors in the etiology of the disease,
which have been incorporated into a genetic model of
PDAC development.2 Although such a timeline is signifi-
cant in the definition of factors contributing to disease
onset, a similar timeline has been difficult to address with
regard to disease progression.

Syk is a nonreceptor tyrosine kinase central to the
signaling of many hematopoietic cell types.3 Syk has also
been implicated in the signaling processes of nonhema-
topoietic cell types,4 and syk has further been identified
as a putative breast cancer (BC) suppressor in humans,
based in part on the reduced expression of syk in a
progression-related manner and on the fact that ectopic
expression of syk in syk-negative BC cells retarded their
growth in vivo, whereas suppression of endogenous syk
activity reciprocally enhanced BC tumorigenicity.5 More
recent studies have shown that syk is a negative regula-
tor of BC mitosis,6 transcription,7 motility,8,9 and inva-
sion,10 as well as anchorage-independent growth and
tumorigenicity of melanoma cells.11 In patients, loss of
syk correlates with poor survival and tumor metastasis in
breast,12–14 bladder,15 liver,16 and gastrointestinal tract
tumors.17–19 Together these data clearly implicate syk as
a potential tumor suppressor in epithelial tissues. How-
ever, it is important to note that higher levels of syk
expression were observed in squamous cell carcinomas
of the head and neck and their lymph node metastases
than normal tissue (high syk expression correlated sig-
nificantly with poor survival), and further that syk pro-
moted migration and invasion of squamous cell carci-
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noma of the head and neck cells in vitro.20 Indeed, the
inappropriate activation of syk in breast epithelial cells
contributes to cellular transformation,21 enhanced nu-
clear factor-�B activation, and resistance to tumor necro-
sis factor-induced apoptosis in mouse mammary tumor
virus-mediated tumorigenesis.22 These data highlight the
complex nature of syk activity in regulating processes
associated with tumorigenesis, even within the same tis-
sue (ie, breast epithelium), and thus it is not a foregone
conclusion that syk will function as a tumor suppressor in
all epithelial cells. In this study, we demonstrate the ex-
pression of syk in ductal epithelial cells of the normal
pancreas, and the loss of syk during PDAC “dedifferen-
tiation.” Our data demonstrate that syk regulates gene
expression and a myriad of phenotypic parameters re-
sponsible for maintaining a more differentiated epithelial
state, demonstrating for the first time a role for syk in
regulating the phenotype of PDAC cells.

Materials and Methods

Cell Lines

AsPC1, CAPAN1, CAPAN2, CFPAC1, HPAFII, SU.86.86,
BxPC3, MIAPaCa2, and Panc1 cells were originally from
the American Type Culture Collection (Manassas, VA)
and were cultured as recommended by the American
Type Culture Collection. Leukemic HL60 cells were a
generous gift of A. Raz (Detroit, MI), and cultured accord-
ing to the American Type Culture Collection. COLO357
cells were generously provided by M. Korc (Irvine, CA)
and cultured in Dulbecco’s modified Eagle’s medium/
10% fetal bovine serum (FBS). Serum-free medium con-
sisted of all media components except serum, as appro-
priate for the cell line, supplemented with 0.5% bovine
serum albumin.

Antibodies and Reagents

Anti-syk-LR polyclonal antibody (pAb), 4D10 monoclonal
antibody (mAb), and anti-extracellular-regulated kinase-2
(Erk2) pAb (C14) were from Santa Cruz Biotechnology
(Santa Cruz, CA). Anti-actin was from Sigma-Aldrich (St.
Louis, MO). Anti-pan-Akt pAb was from Cell Signaling
Technologies (Beverly, MA). Anti-CD171 mAb UJ127 was
from Neomarkers/LabVision (Fremont, CA). Anti-cyclin
D1 was a kind gift from M. Just (eBioscience, San Diego,
CA). pEGFP-N1 and anti-green fluorescent protein (GFP)
pAb were from BD Clontech (Palo Alto, CA). 5-Aza-2�-
deoxycytidine (5AzaC) was from Invivogen (San Diego,
CA). N-(R)-[2-(Hydroxyaminocarbonyl)methyl]-4-met-
hylpentanoyl-L-naphthylalanyl-L-alanine, 2-aminoethyl
amide (TAPI1) was from EMD (San Diego, CA). Tissue
inhibitor of metalloproteinase-2 (TIMP2) was from Novus
(Littleton, CO).

Expression Constructs and Transfections

pEMCV/syk23 was a generous gift of S. Shattil (University
of California, San Diego [UCSD], La Jolla, CA). The wild-

type human pp72syk CDS encoding sykA was excised
from pEMCV/syk and ligated into a pCDNA3.1(zeo) vec-
tor into which an IRES sequence had been introduced 5�
to a hygromycin phosphotransferase gene. Panc1 cells
were transfected using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA), hygromycin-selected, and assessed for
protein expression. For small interfering RNA (siRNA)
studies, a sense and antisense-containing 60 mer of the
syk-6 siRNA sequence24 was inserted into pSuper.25

BxPC3 cells (4 � 106) were pulsed (270 V, 550 �F) with
a Bio-Rad GenePulser II in basal media/10% glucose
containing 20 �g of DNA (15 �g of syk-6/pSuper and
5 �g of pEGFP) and replated in full growth medium.

Immunoassays

Tissue Samples

Samples (n � 92) were obtained under the institutional
review board protocol from the UCSD Department of
Pathology archives. Normal tissue was from patients who
died of nonpancreatic disease or trauma and are not
included in the survival analysis. Patient demographics
(including sex, age, and race) and tissue characteriza-
tion (including tumor size, differentiation, node status,
margin involvement, and perineural or vascular invasion
status) were described in detail previously.26,27 Tissue
differentiation grade was categorized as the highest
grade present (ie, a patient whose tumor contained ele-
ments of G2 and G3 was classified as G3).

Immunohistochemistry

Samples were deparaffinized, rehydrated, and incu-
bated with 1% H2O2. Slides were blocked with 2% horse
serum/5% bovine serum albumin/PBS, pH 7.4, and rena-
tured using DAKO Target Retrieval Solution (UJ127) or
DAKO High-pH Target Retrieval Solution (4D10), before
incubation with 0.5 to 2.0 �g/ml 4D10 or UJ127. Slides
were washed and biotinylated-anti-mouse was applied
according to the VectaStain Elite ABC Kit (Vector Labo-
ratories, Burlingame, CA). Sections were developed with
diaminobenzidine, counterstained with hematoxylin, de-
hydrated, and mounted.

Immunoprecipitation

Lysates (250 �g) were incubated overnight at 4°C
with 20 �l of anti-syk LR-AC pAb (agarose conjugate).
Beads were washed with lysis buffer and prepared for
immunoblotting.

Immunoblotting

Samples were prepared and analyzed as described
previously.28 For cyclin D1, cells were harvested at
subconfluence.
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Cell Growth Assays

In Vitro Growth Rate

Cells (5 � 102/well) were seeded into a 48-well plate.
After 24 hours (and every 72 hours thereafter), fresh
growth medium was replaced, and the initial time point
was fixed with 1% paraformaldehyde/PBS, pH 7.4. Addi-
tional triplicate wells were fixed at 24-hour intervals,
stained with 1% crystal violet, and compared with a stan-
dard curve of cells. Dye was extracted with 10% acetic
acid and quantitated at 550 nm.

Anchorage-Independent Growth Assay

A top layer containing 5 � 103 cells in 0.5% agar/Dul-
becco’s modified Eagle’s medium/10% FBS was seeded
onto a base layer of 0.7% agar/Dulbecco’s modified Eagle’s
medium containing 10% FBS in a six-well plate. Cultures
were incubated at 37°C, medium was replaced every third
day, and the assay was stopped on day 10. Cultures were
stained with 0.01% crystal violet. Colonies were enumer-
ated on a Bio-Rad GelDoc XR system using QuantityOne
Software (sensitivity � 8.1, average � 5).

Subcutaneous Tumor Growth

A total of 107 cells were injected into the flanks of
6-week old nu�/nu� mice, and tumors were grown for 4
weeks, at which time they were harvested, fixed in for-
malin, and weighed wet.

Invasion Assay

Subconfluent cells (2.5 � 105) were seeded in serum-free
media into BioCoat Growth Factor-Reduced Matrigel Inva-
sion Chambers (BD Biosciences, Bedford, MA) in wells

containing serum-free media or media containing 10% FBS.
Chambers were incubated at 37°C for 24 hours before
fixing, staining with 1% toluidine blue, removal of uninvaded
cells, and manual enumeration. TAPI1 (40 �mol/L) or TIMP2
(8 nmol/L) assays involved preincubating cells for 15 min-
utes before seeding into inserts seated in wells with equal
concentrations of TAPI1 (or dimethyl sulfoxide control) or
TIMP2 in Dulbecco’s modified Eagle’s medium/10% FBS.

Syk Promoter Methylation Analysis

DNA Methyltransferase Inhibitor Treatment

Cells were plated in serial twofold dilutions to achieve
similar densities at harvest, beginning with 1.5 � 106

cells/well, and allowed to adhere for 24 hours before
growth medium was replaced, and cells were treated
daily with dimethyl sulfoxide or 2 �mol/L 5AzaC in full
growth medium. DNA, RNA, and protein were collected
at the indicated times. For the density analysis, cells were
plated at 2 � 105 or 4 � 104 cells/well (to achieve
maximal density for “confluent” and subconfluence for
“subconfluent” cultures at 120 hours) and daily received
basal media containing 10, 3, or 1% FBS with dimethyl
sulfoxide or 2 �mol/L 5AzaC.

Methylation-Specific PCR

Methylation-specific PCR was performed as described
by Yuan et al.16 Genomic DNA was modified using the
MethylDetector Bisulfite Kit (Active Motif, Carlsbad, CA).

RT-PCR

cDNA was synthesized from 1 �g of total RNA using
oligo(dT) primer. PCR was performed on 1 �l of total
cDNA using the primers described in Table 1.16,29–31

Table 1. PCR Primers and Sources

Gene
Forward primer
Reverse primer Source

�-Actin 5�-TGACGGGGTCACCCACACTGTGCCCATCTA-3�
5�-CTAGAAGCATTTGCGGTGGACGATGGAGGG-3�

Stratagene, La Jolla, CA

GAPDH 5�-CCACCCATGGCAAATTCCATGGCA-3�
5�-TCTAGACGGCAGGTCAGGTCCACC-3�

Stratagene, La Jolla, CA

MMP2 5�-GCTGGCTGCCTTAGAACCTTTC-3�
5�-GAACCATCACTATGTGGGCTGAGA-3�

Hegedus̈ et al29

MMP9 5�-GCACGACGTCTTCCAGTACC-3�
5�-GCACTGCAGGATGTCATAGGT-3�

Hegedus̈ et al29

SYK 5�-AAAGAAGTTCGACACGCTCTGG-3� (F20)
5�-GCAAGTTCTGGCTCATACGGA-3� (R19)

Yagi et al30

External SYK MS-PCR 5�-TTTAGGGAATATGTTATGTAGTG-3�
5�-CACATAATTTCAACACTTTTACC-3�

Yuan et al16

Internal SYK MS-PCR methylated 5�-CGATTTCGCGGGTTTCGTTC-3�
5�-AAAACGAACGCAACGCGAAAC-3�

Yuan et al16

Internal SYK MS-PCR unmethylated 5�-ATTTTGTGGGTTTTGTTTGGTG-3�
5�-ACTTCCTTAACACACCCAAAC-3�

Yuan et al16

TIMP1 5�-CCTTCTGCAATTCCGACCTCGTC-3�
5�-CGGGCAGGATTCAGGCTATCTGG-3�

Christopoulos et al31

TIMP2 5�-TGGAAACGACATTTATGGCAACC-3�
5�-ACAGGAGCCGTCACTTCTCTTGAT-3�

Christopoulos et al31

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SYK, spleen tyrosine kinase; MS, methylation-specific.
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Affymetrix Gene Array Analysis

Analysis was performed as described previously.32

Sample Collection and Preparation of Labeled RNA

Total RNA was prepared for hybridization according to
the GeneChip Expression Analysis Technical Manual (Af-
fymetrix, Santa Clara, CA). RNA was extracted (RNeasy,
Qiagen, Valencia, CA) and quality-assessed on a bioana-
lyzer (RNA 6000 Nano Chip, Agilent Technologies, Palo
Alto, CA), and 5 �g was used as a template for cDNA
synthesis (SuperScript, Invitrogen Life Technologies,
Gaithersburg, MD). First-strand synthesis was primed
with a T7-(dT) 24-oligonucleotide primer containing a T7
RNA polymerase promoter sequence on the 5� end. Sec-
ond-strand products were cleaned (GeneChip Sample
Cleanup Module, Affymetrix) and in vitro-transcripted with
biotin-labeled nucleotides (Bioarray Labeling Kit, Enzo
Diagnostics, Farmingdale, NY). cRNA product was
cleaned and 20 �g was heated at 94°C for 35 minutes in
fragmentation buffer (Affymetrix).

Microarray Hybridization

Adjusted cRNA (15 �g) was hybridized for 16 hours at
45°C to an Affymetrix U133 Plus 2.0 GeneChip (47,000
transcripts). Each array was then stained with a strepta-
vidin-phycoerythrin conjugate (Molecular Probes/Invitro-
gen), washed, and visualized with a microarray scanner
(Genearray Scanner, Agilent Technologies, Santa Clara,
CA). Images were inspected visually for hybridization
artifacts. In addition, quality assessment metrics were
generated for each scanned image and evaluated based
on empirical data from previous hybridizations and the
signal intensity of internal standards.

Generation of Expression Values

Microarray Suite (version 5, Affymetrix), was used to
generate *.cel files, and Probe Profiler (version 1.3.11,
Corimbia Inc., Berkeley, CA), developed specifically for
the GeneChip system, was used to convert intensity data
into quantitative estimates of gene expression. A proba-
bility statistic was generated for each probe set (gene)
with the null hypothesis being that the expression level is
equal to zero (background). Genes not significantly ex-
pressed above background in at least two samples (P �
0.05) were considered absent.

Gene Expression Data Analysis

Statistical tests were performed using BioConductor sta-
tistical software.33 The raw data were normalized by the
Robust Multichip Analysis approach implemented in the
Affy package.34 The fold change was computed based
on the normalized data. A significant P value was com-
puted by a statistical test based on a probe level analysis
using the affyPLM package.35 P values were further ad-
justed using the Benjamini and Hochberg method.36

Genes with P � 0.05 were considered as differentially
expressed genes at a statistically significant level.

Gene Ontology and Pathway Analysis

Gene Ontology annotations were obtained from Af-
fymetrix. Biological network relationships among signifi-
cantly regulated genes were explored using KEGG and
GenMapp pathways using AnalyzeIt Tools.

Zymography

Panc1/mock and Panc1/syk cells were plated at equal
densities, grown 3 days, and serum-starved (24 hours),
and supernatant was collected. Equal amounts of clari-
fied supernatants and serum-free media (control) were
processed using gelatin-embedded SDS-polyacrylamide
gel electrophoresis gels as described previously.37

Image Acquisition and Manipulation

Images of ethidium bromide-stained agarose gels were
captured with Quantity One software on a Bio-Rad Gel
Doc XR using the appropriate filter and transmitted UV
light. Chemiluminescence-exposed films and printouts of
agarose gels were scanned on an Epson Perfection 4490
Photo flatbed scanner. Images were imported into Adobe
Photoshop for removal of unused levels and cropping.
Minimal alterations to brightness and contrast were used
for a subset of images to improve the visual nature of the
image. Nonlinear adjustments were not used. Immuno-
histochemical images were acquired as 24-bit RGB (.tif)
and phase-contrast images as 8-bit gray scale (.tif) using
SpotBasic with Nikon TE2000-S or TE300 microscopes,
respectively, each fitted with a model 3.2.0 charge-cou-
pled device camera and used at the Moores UCSD Can-
cer Center Microscopy Shared Resource. Final images
were compiled in Adobe InDesign, rasterized, and con-
verted to jpeg format at a minimum of 300 dpi.

Statistics

Survival was evaluated according to the Kaplan-Meier
method using a univariate log-rank test. Variables were
coded as 1 for 100% syk-positive tumors and 0 for those
that evinced heterogeneity. Colony-forming and invasion
were analyzed by a two-tailed Student’s t test. Tumor
growth was compared using the Mann-Whitney U test.

Results

Syk Expression Correlates with PDAC Grade
in Situ

A panel of tissue samples was analyzed by immunohis-
tochemistry with the anti-syk mAb 4D10. Uniform syk
expression was observed in both the cytoplasm and
nucleus of cells of normal ducts and ductules adjacent to
acini (Figure 1A).26,27 Well differentiated malignant ducts
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also demonstrated strong uniform syk expression; how-
ever, a progressive loss of syk was noted in more pleo-
morphic, moderately differentiated PDAC cells. Poorly
differentiated cells exhibiting distinct nuclear atypia and
dramatic cellular pleomorphism were essentially devoid
of syk expression. Overall, 100% of normal ducts and G1
tumors demonstrated homogeneous syk expression,
whereas 71% of G2 tumors and no G3/sarcomatoid tu-
mors retained normal syk expression (n � 92) (Figure
1B). Kaplan-Meier analysis demonstrated that syk corre-
lates positively with overall patient survival (P � 0.001).

Median survivals were 18.8 and 6.4 months for syk-pos-
itive and syk-negative patients, respectively (Figure 1C).

Syk Expression Correlates with PDAC Grade
in Vitro

To assess the generality of our in situ findings, immuno-
blotting was performed on PDAC lines described in detail
by Sipos et al,38 who examined ultrastructural, immuno-
chemical, and growth/morphology characteristics, thus

Figure 2. Syk expression is regulated by promoter methylation in vitro. A: Immunoblot analysis of syk expression in PDAC cell lines using the anti-syk mAb 4D10,
which recognizes both isoforms of syk but not Zap70 or src family members and is not affected by tyrosine phosphorylation of syk. Erk2, control. B: Syk was
immunoprecipitated from equal quantities of cell lysate with the anti-syk LR pAb, and samples were immunoblotted with the anti-syk mAb 4D10. C: RT-PCR was
performed on PDAC cell lines using syk primers that amplify across the alternatively spliced sequence. HL60 cells, expression control. Actin, control. D: Extended
SDS-polyacrylamide gel electrophoresis and immunoblotting of the BxPC3 and CFPAC1 lysates with anti-syk mAb 4D10 to detect syk isoforms. Erk2, control.
Relative migrations of sykA (72) and sykB (69) are denoted in kDa. E: Syk-negative MIAPaCa2 and Panc1 cell lines were treated with 2 �mol/L 5AzaC for the
indicated times (hours), and genomic DNA was analyzed by methylation-specific PCR with syk promoter-specific primers. BxPC3 cells, syk-expressing control.
M, methylated; U, unmethylated; NT, no treatment. Part of a methylated product band in the adjacent right lane is shown to demonstrate where methylated product
would be in the BxPC3 panel. F: Panc1 cells were plated to achieve confluent or subconfluent density as described in Materials and Methods and then were treated
for 120 hours with 5AzaC in media containing the indicated amounts of FBS before syk promoter methylation-specific-PCR analysis. M, methylated; U,
unmethylated. G: MIAPaCa2 or BxPC3 cells were treated with 5AzaC for the indicated times (hours), and then RNA was harvested and analyzed by RT-PCR with
syk primers. NT, no treatment. Images are shown to achieve maximal exposure of negative lanes/bands.

Figure 1. Syk expression correlates with PDAC
grade in situ. Patient samples were obtained from
the UCSD Department of Pathology archives. Pa-
tient demographics and tissue characteristics were
described in detail previously.26,27 A: Tissue sam-
ples of varying PDAC grade were stained with
anti-syk mAb 4D10, which recognizes both iso-
forms of syk but not Zap70 or src family members
and is not affected by tyrosine phosphorylation of
syk. Antibody binding was visualized with diami-
nobenzidine (brown). Top left: Solid arrow-
heads denote examples of discrete ducts. Open
arrowheads denote examples of acinus-associ-
ated ductules. Top Right: Solid arrowhead de-
notes a poorly differentiated group of syk-negative
cells invading away from syk-positive cells that
maintain ductal morphology. Very strongly syk-
positive stromal cells are lymphocytes. B: Sum-
mary of tissue samples by grade. Table shows the
number of normal tissue samples and PDAC sam-
ples of each grade, as well as the corresponding
syk expression within each group. Tissue dif-
ferentiation grade was categorized as the
highest grade present (ie, a patient whose
tumor contained elements of G2 and G3 was
classified as G3, and so on). IHC, immunohisto-
chemical. C: Kaplan-Meier survival curve of syk-
positive versus syk-negative patient samples us-
ing the log-rank test. Variables were coded as 1
for 100% syk-positive tumors and 0 for those
that evinced heterogeneity. Median survivals
were 18.8 and 6.4 months for syk-positive and
syk-negative samples, respectively.
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providing a classification of differentiation of the cell line
without reference to the classification of the tumor of
origin (Supplemental Table S1, see http://ajp.amjpathol.
org).38 More differentiated CAPAN1 (G1), CFPAC1 (G2),
BxPC3 (G2), and AsPC1 (G2) PDAC lines express signif-
icant quantities of syk, whereas the less differentiated
MIAPaCa2 (G3) and Panc1 (G3) cell lines show no evi-
dence of syk expression by immunoblotting (Figure 2A).
In addition, well differentiated CAPAN2 (G1) and moder-
ately differentiated HPAFII (G2), SU.86.86 (G2), and
COLO357 (G2) cell lines proved positive for syk (not
shown), further confirming the relationship between syk
expression and PDAC differentiation. To rule out the pos-
sibility that Panc1 and MIAPaCa2 cells express syk at
levels below the threshold of detection for immunoblot-
ting, immunoprecipitation/immunoblotting was performed
from these cells and syk-positive BxPC3 cells. Syk pro-
tein was not detectable in either Panc1 or MIAPaCa2
immunoprecipitates (Figure 2B), suggesting that they
may be devoid of syk protein expression altogether.

Syk is expressed as two isoforms, a full-length (sykA)
and a shorter form (sykB),30 which results from splicing a
69-bp exon out of the linker that connects the tandem
N-terminal SH2 domains with the C-terminal kinase do-
main.30 Contrary to hematopoietic cells (eg, HL60), both
isoforms were highly represented in syk-positive PDAC
lines (Figure 2C). Importantly, MIAPaCa2 and Panc1
cells, which demonstrated no detectable syk protein, are
also devoid of detectable syk mRNA. Using extended
SDS-polyacrylamide gel electrophoresis/immunoblotting,
we confirmed the expression of sykB at the protein level
in BxPC3 and CFPAC1 cells (Figure 2D). Expression of
sykB is potentially significant because it is normally quite
uncommon, representing �10% of the transcript in he-
matopoietic samples examined39; however, the BC sup-
pressor function of syk has been ascribed solely to
sykA.10 Finally, sequencing of cDNAs from CAPAN2,
BxPC3, and COLO357 cells found no coding mutations in
the syk sequence (not shown). This result suggests that
the intrinsic activities of syk are intact in these cells and
that the loss of syk expression, not mutation, is probably
responsible for alterations to this pathway during PDAC
progression.

Promoter Methylation Regulates Syk Expression
in PDAC Cells

Syk-negative MIAPaCa2 and Panc1 cells lack detectable
syk mRNA, suggesting that the control of syk expression
in these cells is transcriptional and potentially due to
promoter hypermethylation as described in other sys-
tems.11,15–17,19,40,41 To test this possibility, syk promoter
methylation-specific PCR was performed on bisulfite-
converted genomic DNA from 5AzaC-treated samples of
MIAPaCa2, Panc1, and BxPC3 cells. MIAPaCa2 cells
exhibit a fully methylated syk promoter that becomes
completely unmethylated after 120 hours of 5AzaC treat-
ment, whereas Panc1 cells are hemimethylated and be-
come fully unmethylated after 96 hours (Figure 2E). The
BxPC3 syk promoter is unmethylated irrespective of treat-

ment. Significantly, in Panc1 cells plated at different densi-
ties in media containing 10, 3, or 1% FBS, 5AzaC treatment
inhibited syk promoter methylation only in subconfluent cul-
tures at 10 and 3% FBS (Figure 2F). As expected syk
transcript levels reflected promoter methylation status (Fig-
ure 2G), increasing in abundance as well as processing
throughout the 5AzaC time course.

Syk Exhibits the Hallmarks of a Tumor
Suppressor in PDAC

Panc1 cells stably reexpressing wild-type sykA (Panc1/
syk) demonstrate syk levels comparable with endoge-
nous levels in BxPC3 cells (Figure 3A, inset) and display
a reduced growth rate in vitro and a lower density at
confluence (Figure 3A); these results probably reflect the

Figure 3. Syk exhibits the hallmarks of a tumor suppressor in PDAC. Panc1
cells were stably transfected with wild-type sykA (Sykwt) or empty vector
(mock). A: Growth of Panc1/mock and Panc1/syk cells was measured daily
after initial plating of equal numbers of cells (5 � 102). Triplicate wells for
each time point were stained with 1% crystal violet and quantitated at 550 nm
after dye extraction. Inset: Expression of syk was assessed by immunoblot
with the anti-syk mAb 4D10 in comparison with endogenously syk-positive
BxPC3 cells. Actin, control. B: In vitro morphology of Panc1/mock and
Panc1/syk cells at different densities. Note the more pronounced cell-cell
contacts and lack of piling up of Panc1/syk cells, irrespective of density, in
comparison with Panc1/mock cells. C: Anchorage-independent growth was
determined as colonies present after 10 days of growth from 5 � 104 single
cells in soft agar. Images of plates are shown with quantitation points
superimposed. D: Tumor growth was assessed subcutaneously after injection
of 107 cells into the flanks of nude mice. After 4 weeks, tumors were
harvested, fixed in formalin, and weighed wet.
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fact that Panc1/syk cells no longer pile up significantly
after reaching 100% confluence, but rather demonstrate
increased cell-cell interactions, resulting in more of a
traditional epithelial monolayer in culture (Figure 3B).
These data are consistent with those of Zhang et al,9 who
demonstrated that syk promotes the formation of cell-cell
contacts in BC cells. Importantly, Panc1/syk cells dem-
onstrate a dramatically reduced ability to grow in an

anchorage-independent assay, exhibiting a plating effi-
ciency of 1%, versus 33% for Panc1/mock cells (Figure
3C). Subcutaneous growth of Panc1/syk cells was also
dramatically reduced (mean tumor weight 117 mg) in
comparison with Panc1/mock cells (mean weight 288 mg
at the time of sacrifice, P � 0.01) (Figure 3D).

Overall, our data suggest that syk promotes a more
differentiated phenotype in PDAC cells. Because Panc1
cells overexpress the �-catenin-regulated gene products
akt and cyclin D1, which have been associated with
tumor progression,42,43 we assessed the effect of stable
syk reexpression on these molecules and also the �-cate-
nin-regulated gene product CD171, which is expressed
by poorly differentiated colorectal cancer cells44 and is
highly expressed by Panc1 cells (Figure 4A). Panc1/syk
cells indeed demonstrated dramatic down-regulation of
cyclin D1, akt, and CD171 in comparison with Panc1/
mock cells (Figure 4A). Moreover, we observed recipro-
cal expression of syk and CD171 in PDAC cell lines,
whereby CD171 is expressed by poorly differentiated,
syk-negative MIAPaCa2 and Panc1 cells but was absent
from more differentiated, syk-positive cell lines (Figure
4B). Because CD171 is known to drive an invasive phe-
notype in other cells,28,45 syk-dependent regulation of
CD171 might be a significant phenotypic event during
PDAC progression. We therefore questioned whether re-
pression of endogenous syk would be sufficient to drive
CD171 expression. Transient suppression of syk with
siRNA indeed results in de novo CD171 expression coin-
cident with syk down-regulation in BxPC3 cells (Figure
4C). It should be noted that low-level expression of
CD171 was present concomitant with the lowest syk ex-
pression on day1; however, this band cannot be seen in
the exposure chosen to maximally demonstrate the con-
trasts in band intensities. Reciprocally, CD171 protein
levels drop significantly concurrent with syk protein up-
regulation by promoter demethylation with 5AzaC in
MIAPaCa2 and Panc1 cells (Figure 4D), further support-
ing a regulation of CD171 expression by syk. Interest-
ingly, in line with these in vitro findings, syk and CD171
are also inversely expressed in clinical samples (Figure
5). Both sykA and sykB are targeted by this siRNA and,
as seen in Figure 4C, only residual sykB is present 24

Figure 4. Syk regulates the expression of overexpressed proteins akt, cyclin
D1, and CD171 in Panc1 cells. A: Immunoblot analysis of stable syk-reex-
pressing (Sykwt) or mock-transfected Panc1 cells with anti-cyclinD1, anti-
pan-akt, and the anti-CD171 mAb UJ127. Actin, control. B: Immunoblot
analysis of CD171 expression in PDAC cells. The membrane shown in Figure
2A was reprobed with the UJ127 anti-CD171 mAb. Erk2, control. C: BxPC3
cells were transiently transfected with pSUPER/syk6-siRNA and pEGFP as a
reporter, and lysates were harvested on the indicated days for analysis of
CD171, syk, and GFP expression by immunoblotting. Erk2, control. NT, no
treatment. D: MIAPaCa2, Panc1, or BxPC3 cells were treated with 2 �mol/L
5AzaC for the indicated times (hours) and then lysates were harvested and
immunoblotted with the anti-syk mAb 4D10 and the anti-CD171 mAb UJ127.
Actin, control. NT, no treatment.

Figure 5. Syk and CD171 demonstrate recipro-
cal expression in situ. Patient samples were ob-
tained from the UCSD Department of Pathology
archives as described in the text and legend to
Figure 1. Serial sections were stained with either
the anti-syk mAb 4D10 (top panels) or the
anti-CD171 mAb UJ127 (bottom panels).
Twenty-two patients (of 92 total) demonstrated
CD171 positivity; in all cases CD171-positive
cells demonstrated syk-negative nuclei and dra-
matically reduced or completely absent cyto-
plasmic syk expression. Arrowheads denote
syk�/CD171� poorly differentiated malignant
cells adjacent to syk�/CD171� well differenti-
ated, normal or reactive ducts in the left and
center panels. Highly anaplastic cells are es-
sentially devoid of syk expression but strongly
express CD171 in many cases (right panels).
Very strongly syk-positive stromal cells are tu-
mor-infiltrating lymphocytes.
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hours after siRNA introduction. Both isoforms are evident
again by 72 hours posttreatment.

Matrix Metalloproteinase-2 Protease Axis
Mediates Panc1 Invasion

Syk inhibits BC invasion in vitro10; therefore, we ques-
tioned whether stable reexpression of syk in Panc1 cells
would affect their in vitro invasion. Panc1/syk cells exhib-
ited 78% less invasion toward FBS-containing media
compared with Panc1/mock cells and virtually no inva-
sion in the absence of FBS in the lower chamber (Figure
6A). In addition, Panc1/mock cells induced to reexpress
syk by inhibition of DNA methylation with 5AzaC demon-

strated dramatically reduced in vitro invasion (Figure 6B).
Although 5AzaC-treated Panc1/syk cells also show a
moderate reduction in invasion, this is not unexpected
because they demonstrate increased syk protein, prob-
ably because of reexpression of endogenous syk (Figure
6B, inset).

An Affymetrix gene array study was performed to de-
termine pathways regulated by syk in Panc1 cells (Sup-
plemental Table S2, see http://ajp.amjpathol.org; the full
set of microarray data are available at http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?token�fdaxlouissuiuva&acc�
GSE18000; Gene Expression Omnibus accession num-
ber: GSE18000).

These data demonstrated a significant down-regula-
tion of matrix metalloproteinase (MMP)-2 and its cognate
partner TIMP2, which is required for MMP2 activation.46

MMP2 mediates Panc1 invasion in response to epidermal
growth factor,47 suggesting that the MMP2 axis might be
at least partly responsible for the high basal invasion we
observed in Panc1/mock cells. RT-PCR verified the Af-
fymetrix results of MMP2 and TIMP2 expression and fur-
ther demonstrated a minimal effect of stable syk expres-
sion on the mRNA levels of the other gelatinase MMP9
and its cognate partner TIMP1 (Figure 6C). In addition,
zymographic analysis demonstrated significant levels of
active MMP2 in Panc1/mock but not Panc1/syk condi-
tioned media (Figure 6D). Demonstrating the MMP de-
pendence of Panc1/mock invasion, the MMP inhibitor
TAPI1 suppressed Panc1/mock invasion by 39% (P �
0.01), without significant effect on the invasion of Panc1/
syk cells (P � 0.18) (Figure 6E). Specifically implicating
MMP2 as a target of TAPI1, exogenous TIMP2 reduced
the invasion of Panc1/mock cells by 23% (P � 0.03),
again without significant effect on Panc1/syk cells (P �
0.44) (Figure 6F). The lesser effect of TIMP2 versus TAPI
in this system may represent the involvement of another
MMP whose expression is not regulated at the RNA level
and thus would not be identified by the Affymetrix data. In
addition, MMP blockade did not suppress Panc1/mock
invasion to the level of Panc1/syk cells; therefore, other
syk-mediated events are probably involved in regulating
the invasion of these cells.

Discussion

Syk is a putative tumor suppressor in the ductal epithe-
lium of the breast.5 However, unlike the all-or-nothing
pattern we observe in PDAC, Toyama et al12 reported 3 of
13 G1 breast tumors as having reduced syk expression
and 13 of 18 G3 tumors as expressing normal levels of
syk. These findings suggest potentially dramatic differ-
ences in the regulation and activity of syk in these differ-
ent types of glandular epithelium. Moreover, the signifi-
cance of our PDAC findings is highlighted by the fact that
histological grade was the only statistically meaningful
multivariate predictor of periampullary tumor patient sur-
vival at our cancer center.26 Although many factors inde-
pendently correlated with survival, multivariate analyses
demonstrated that grade was the only statistically signif-
icant predictor regardless of which other variables were

Figure 6. Syk mediates Panc1 invasion via regulation of the MMP2 axis. A
and B: Cells from culture were seeded into the top chamber of BioCoat
Growth Factor-Reduced Matrigel Invasion Chambers in serum-free medium
and allowed to invade for 24 hours. A: Cells were provided FBS-containing
(FBS) or serum-free (SF) medium in the lower chamber. B: Cells were
pretreated for 120 hours with 5AzaC (or dimethyl sulfoxide) before seeding
into the upper invasion chambers with FBS-containing media in the lower
chamber. Inset: Immunoblot of syk expression in Panc1/syk cells at the time
of application to invasion chambers. Leftover 5AzaC-treated cells were pel-
leted, lysed, and immunoblotted with the anti-syk mAb 4D10. Actin, control.
C: RT-PCR was performed on RNA from Panc1/mock and Panc1/syk cells in
normal culture using primers specific for MMP2 and its cognate partner
TIMP2 or MMP9 and its cognate partner TIMP1. GAPDH control. D: Gelatin
zymography was performed on equal volumes of serum-free media (media)
or serum-free media conditioned by Panc1/mock or Panc1/syk cells. The
relative migration of the active MMP2 species is indicated on the right. Lower
panel: lighter zymogram image demonstrates the small amount of active
MMP2 species in Panc1/syk conditioned media. E and F: Panc1/mock or
Panc1/syk cells were pretreated for 15 minutes with 40 �mol/L TAPI1 (E) or
8 nmol/L TIMP2 (F) and then seeded into invasion chambers. Upper and
lower chambers contained TAPI1 or TIMP2 for the 24-hour duration of the
assay.
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compared. Importantly, the survival curves of patients
with well and moderately differentiated tumors are strik-
ingly similar to each other and highly dissimilar to the
survival curve of patients with poorly differentiated tu-
mors.26 Together these findings suggest either the loss of
suppressors or acquisition of positive mediators of tumor
aggressiveness associated with the development of G3
PDAC tumors. Because syk correlates with grade and
grade correlates with survival, it is perhaps not unex-
pected that syk correlates with survival; however, our
data suggest that syk may be one such mediator. It is
important to note that grade of disease was an indepen-
dent predictor of PDAC patient survival in a separate
study,48 demonstrating that this pattern is not restricted
to our data set.

Similar to its in situ expression, syk is absent from
poorly differentiated PDAC cell lines. Consistent with this
expression pattern, our data demonstrate that syk pro-
motes a more differentiated phenotype in PDAC cells.
Although ectopic expression of syk has a somewhat mar-
ginal effect on the growth of endogenously syk-negative
PDAC cells in standard culture, syk has a particularly
suppressive effect on growth conditions important to the
tumorigenic phenotype, similar to its effects in BC5 and
melanoma cells.11 Our data are also consistent with
those of Zhang et al9 who demonstrated that syk pro-
motes the formation of cell-cell contacts in BC cells. It
should be noted that, although we engineered ectopic
sykA expression, splicing of sykA to sykB could be per-
formed by the cell (not assessed in this study); therefore,
it is not clear which isoform is responsible for the effects
observed. Immunologically, sykB is very rare and its
function is unclear.39 In BC, sykB has been shown to be
deficient in nuclear translocation, and this deficiency was
shown to retard its suppressor functions.10 However, the
nuclear targeting sequence identified in immune cells
was downstream of the alternatively spliced sequence
that differentiates sykA from sykB,49 suggesting that
there may be separate pathways that regulate syk nu-
clear translocation in different cells. At this stage, we do
not know whether each isoform performs specific func-
tions or if there is redundancy. However, the relative
abundance of sykB suggests it is probably functional in
PDAC, because it must be spliced from sykA and thus
requires active processing and energy expenditure.

Reexpression of syk in Panc1 cells significantly de-
creased the �-catenin-regulated gene products cyclin
D1, akt, and CD171. However, unlike other adenocarci-
nomas (eg, colorectal), �-catenin is not considered a
major regulator of the PDAC phenotype and epithelial-
mesenchymal transition. Instead, a distinct pancreatic
malignancy, the solid pseudopapillary tumor, has been
associated with �-catenin alterations.50 In PDAC, only
marginal �-catenin changes have been reported.51 In-
deed, Panc1 and MIAPaCa2 cells demonstrate TOP/FOP
ratios of 1.3 and 1.9, similar to those of BxPC3 cells (1.2)
and actually lower than those of well differentiated
CAPAN1 (2.4), CAPAN2 (2.3), and HPAFII (2.2) cells.51

No difference was observed between Panc1/mock and
Panc1/syk cells by TOP/FOP analysis (not shown), dem-
onstrating that the effect of syk is not through traditional

regulation of �-catenin/Tcf-lef signaling in these cells and
may instead be mediated through other transcription fac-
tors such as Snail, whose expression has been shown to
correlate with reduced PDAC differentiation, being high-
est in the syk-negative MIAPaCa2 and Panc1 cells in
comparison with more differentiated, syk-positive lines.52

On the other hand, it has been reported that syk is a
transcriptional repressor through regulation of the Sp1
transcription factor in BC cells.7 Because the cyclin D153

and CD171 promoters54 contain Sp1 binding sites, it is
also possible that regulation of these proteins may be
due, in whole or in part, to syk-dependent regulation of
Sp1 activity. However, the specific details of CD171 reg-
ulation by syk are the subject of another study.

Loss of syk expression in MIAPaCa2 and Panc1 cells is
due to hypermethylation of the syk promoter, similar to
melanoma,11 breast,41 liver,16 ovary,40 bladder,15 and
gastrointestinal tumors.17,19 Reexpression of syk by
5AzaC led to decreased CD171 expression in these cell
lines. Moreover, our data demonstrate for the first time the
dependence of syk promoter methylation regulation on
serum concentration and pancreatic cell density. Al-
though the global nature of this treatment could cause
off-target effects, BxPC3 cells demonstrate no effect in
this assay, and these data are in line with our in vitro and
in situ findings, which demonstrate that syk and CD171
are inversely expressed. Importantly, although loss of syk
may be a requirement for CD171 expression in situ (ie, all
CD171-positive cells noted in samples from 22 separate
patients were syk-negative), it is not fully sufficient to
drive this event as many syk-negative cells are also
CD171-negative. Because CD171 drives an invasive
phenotype in other cells,28,45 syk-dependent regulation
of CD171 might be a significant event during PDAC
progression.

Transient suppression of syk expression results in de
novo CD171 expression coincident with syk down-regu-
lation in BxPC3 cells. Both sykA and sykB are targeted by
this siRNA, and the temporal effect of syk on CD171 in
BxPC3 cells suggests that the loss of syk is required
before CD171 expression, but that reexpression of syk
may only affect de novo CD171 expression and not the
disposition of existing protein (eg, CD171 is not immedi-
ately targeted for destruction by the proteosome). The
continued expression of CD171 on days 3 to 7 (after the
reexpression of syk on day 3) probably represents pro-
tein synthesized during the absence of syk, which has yet
to break down. This concept is consistent with the fact
that syk protein becomes reexpressed at 48 hours after
5AzaC treatment, but CD171 levels do not appreciably
diminish until 96 to 120 hours after treatment, presumably
due to the persistence of existing protein.

A prior publication suggested that CD171 is not ex-
pressed in PDAC in situ55; however, a subsequent report
demonstrated CD171 expression in 80% of G2 and 100%
of G3 PDAC tumors,56 in agreement with our current
findings. That highly aggressive PDAC cells would ex-
press CD171 is not unexpected, because CD171 medi-
ates migratory and invasive processes in neural and
melanoma cells and epithelial tumors of the breast, ovary,
and colon.28,45,57 More importantly, stable ectopic ex-
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pression of CD171 induces the expression of invasion
and metastasis-associated genes and enhances cellular
migration and invasion in vitro,28,58 suggesting a potential
cascade of effects centering on loss of syk in PDAC.

Prior studies demonstrated that syk inhibited the in vitro
invasion of BC cells by down-regulating GRO chemo-
kines59 and that syk suppressed the motility of BC cells
by inhibition of urokinase-type plasminogen activator pro-
duction.8 Our Affymetrix results did not identify these
pathways as being regulated by syk in Panc1 cells; how-
ever, our data demonstrate a role for MMP2 in mediating
the in vitro invasion of these cells. Stable syk reexpression
significantly reduced Panc1 invasion, especially in the
absence of FBS. It is not currently known whether this
deficiency represents a lack of growth factor stimulation
or a lack of proteolytic enzyme source. However, be-
cause Panc1 cells express significant levels of MMP2
and invade in an EGF-dependent manner,47 it is probably
the former. A similar suppression of invasion was ob-
served in Panc1 cells reexpressing syk due to 5AzaC
treatment. Again, the global nature of this treatment prob-
ably affects many targets; however, these data support
our prior contentions and are in agreement with those of
Yuan et al,60 who demonstrated that reexpression of syk
by inhibition of promoter methylation suppressed in vitro
invasion of syk-negative BC cells.

In summary, we have identified syk as a normal com-
ponent of the pancreatic ductal epithelium that is lost
during dedifferentiation of PDAC. Contrary to what has
been reported in the breast, the all-or-nothing pattern of
PDAC syk expression coupled with the lack of mutations
observed in syk-positive PDAC cells suggests that syk
may play a more central role in pancreatic biology than in
the breast. Stable reintroduction of syk into G3 Panc1
cells modulates gene expression in an antiproliferative,
anti-invasive manner. Some of the observed gene ex-
pression changes may be indirect and due in part to the
syk-dependent regulation of gene products (eg, CD171)
that may in turn regulate the expression of other tran-
scripts. This result suggests a potential cascade of gene
expression effects centering on the loss of syk. Panc1
cells reexpressing syk demonstrate significantly reduced
invasion, due at least in part to attenuation of the MMP2
protease axis. This is significant because the relationship
of syk to tumor progression and clinical parameters such
as dissemination has been well established in several
other tumor types. As such, reduced expression of syk is
associated with distant metastasis in breast12,14 and gas-
tric cancer.17 Moreover, the 5-year survival rate is signif-
icantly higher for gastric cancer patients with nuclear syk
expression, and the absence of nuclear syk correlates
with lymphatic and venous invasion and lymph node
metastasis.18 Likewise syk promoter hypermethylation
correlates with lymph node metastasis and Dukes stage
and predicts a lower 3-year survival and higher postop-
erative recurrence rate in patients with colorectal can-
cer.19 More importantly, Kunze et al15 demonstrated a
loss of syk coincident with the progression of transitional
cell carcinoma of the bladder to full-blown malignancy,
further supporting the contention that syk is a regulator of
tumor progression. Finally, we demonstrate that syk ex-

pression is a positive correlate of overall patient survival
in the PDAC samples studied. Based on these data, we
propose that syk is a central mediator of phenotypic
changes regulating PDAC progression. Future studies
will be focussed on establishing syk as a viable clinical
marker to positively influence outcomes of patients with
pancreatic cancer.
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