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Background: Her-2-induced mammary tumor onset is significantly delayed in GnT-V knock-out mice.
Results: The gene expression of the Pcdh� cluster is up-regulated in her-2-induced tumors with GnT-V deletion.
Conclusion: Up-regulation of the Pcdh� cluster is one of the mechanisms for the reduced her-2-mediated tumorigenesis
resulting from GnT-V deletion.
Significance:Our findings shed new light on the molecular mechanisms of the effects of GnT-V on mammary tumorigenesis.

Changes in the levels of N-acetylglucosaminyltransferase V
(GnT-V) can alter the function of several types of cell surface
receptors and adhesion molecules by causing altered N-linked
glycan branching. Using a her-2mammary tumormousemodel,
her-2 receptor signaling was down-regulated by GnT-V knock-
out, resulting in a significant delay in the onset of her-2-induced
mammary tumors. To identify the genes that contributed to this
GnT-V regulation of early events in tumorigenesis, microarray
analysis was performed using her-2 induced mammary tumors
from wild-type and GnT-V-null mice. We found that 142 genes
were aberrantly expressed (>2.0-fold) with 64 genes up-regu-
lated and 78 genes down-regulated after deletion of GnT-V.
Among differentially expressed genes, the expression of a sub-
group of the cadherin superfamily, the protocadherin� (Pcdh�)
cluster, was up-regulated in GnT-V-null tumors. Altered
expression of the Pcdh� cluster in GnT-V-null tumors was not
due to changes in promoter methylation; instead, impaired her-
2-mediated signaling pathways were implicated at least in part
resulting from reduced microRNA-21 expression. Overexpres-
sion of Pcdh� genes inhibited tumor cell growth, decreased the
proportion of tumor-initiating cells, and decreased tumor for-
mation in vivo, demonstrating that expression of the Pcdh�
gene cluster can serve as an inhibitor of the transformed pheno-
type. Our results suggest the up-regulation of the Pcdh� gene
cluster as a mechanism for reduced her-2-mediated tumorigen-
esis resulting from GnT-V deletion.

Studies have shown that changes in N-glycan structures on
specific receptors were associated with abnormal receptor-me-
diated phenotypes by affecting cell adhesion, migration, cell
survival, and tumorigenesis (1). A glycan whose expression is

often up-regulated during malignant transformation contains
N-linked�(1,6)-acetylglucosamine synthesized byN-acetylglu-
cosaminyltransferase V (GnT-V2 orMgat5; EC 2.4.1.155) (2, 3).
Both in vitro and in vivo studies have implicated GnT-V in
regulating tumorigenesis and invasiveness (4–9). Moreover,
patients with colorectal or breast carcinomas that show expres-
sion of GnT-V glycan product have lowered 5-year survival
rates (7, 10).Multiple cell surface receptors have been identified
as substrates ofGnT-V, including integrins (4, 6), cadherins (11,
12), and growth factor receptors (13, 14).
Her-2 (neu/ErbB2), a 185-kDa transmembrane glycoprotein

and a member of the epidermal growth factor (EGF) receptor
family, is overexpressed in �15–30% of human breast cancer
and has been correlated with poor prognosis of cancer patients
and therapeutic resistance (15, 16). The oncogenic potential of
her-2 in mammary tumorigenesis has been confirmed in trans-
genic mouse models with overexpression or mutation of her-2
under the transcriptional control of the mouse mammary
tumor virus promoter, and oncogenesis induced by her-2 in
these transgenic mice has been shown to be quite similar to
human breast cancer (17, 18). We recently showed that her-2
receptor signaling is modulated by GnT-V expression levels.
Her-2-induced mammary tumor onset is significantly delayed
inGnT-V knock-out mice coincident with the reversion of her-
2-induced deregulation of acinar morphogenesis and a signifi-
cantly reduced population of tumor-initiating cells (cancer
stem cells) in isolated tumor cells with GnT-V deletion, result-
ing in reduced ability to form secondary tumors in NOD/SCID
mice (9). These results indicate that GnT-V promotes mam-
mary tumor development by regulating some early events dur-
ing tumorigenesis.
In addition to altering growth factor receptor signaling, the

function of cadherins ismodulated byGnT-V expression levels.
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�(1,6) branching on the extracellular EC2–3 domains ofN-cad-
herin, increasing N-cadherin-mediated cell-cell adhesion (11),
whereas the deletion of GnT-V increases E-cadherin localiza-
tion in cell adhesion junctions and cell-cell adhesion in both
polyoma middle-T and her-2-induced mammary tumors (9,
13). The cadherins constitute a superfamily of single pass trans-
membrane glycoproteins mediating calcium-dependent cell-
cell adhesion that plays an essential role in regulating major
cellular behaviors, including cell growth, motility, and differen-
tiation (19, 20). Several subgroups of cadherins have been
defined based on shared properties and sequence similarity,
including classical cadherins and protocadherins (21). Proto-
cadherins (Pcdhs) are divided into clustered and non-clustered
groups based on their genomic structures. Three closely linked
protocadherin gene clusters, Pcdh�, Pcdh�, and Pcdh�, have
been identified in both mouse and human (22, 23). Unlike clas-
sical cadherins that have five extracellular domains, a trans-
membrane domain, and a conserved cytoplasmic domain,
Pcdhs have six extracellular domains encoded by one large exon
and distinct intracellular domains (24). Protocadherins are pre-
dominantly expressed in the nervous system and appear to play
an important role in regulating neurondevelopment (21).How-
ever, epigenetic aberrations of protocadherin gene clusters
caused by hypermethylation have been identified recently in
some human tumors, including breast cancer (25–28), indicat-
ing that Pcdh genes may serve as tumor “suppressors” that can
inhibit tumor development.
To identify the genes that could be contributive to early

breast tumor progression regulated by GnT-V (9), microarray
analysis was performed using mammary tumor tissues from
GnT-Vwild-type and knock-out her-2mice, and qRT-PCRwas
used to confirm transcript differences. Here, we present evi-
dence that members of the Pcdh� gene cluster are implicated,
functioning to suppress themalignant phenotype, in her-2-me-
diated mouse mammary tumorigenicity. We found that dele-
tion of GnT-V caused enhanced gene expression of the Pcdh�
cluster in GnT-V knock-out tumors that contributes to the
reduced her-2-induced tumorigenesis. Increased gene expres-
sion of the Pcdh� cluster in GnT-V knock-out tumors was
mediated by attenuated her-2-mediated signaling pathways
caused by deletion of GnT-V. One of the downstream regula-
tors of her-2 signaling, microRNA-21 (miR-21), was identified
and implicated at least in part in the increased gene expression
of Pcdh� cluster.

EXPERIMENTAL PROCEDURES

Cell Lines and Materials—Human breast carcinoma cell
lines MDA-MB231 and SK-BR3 were from the American Type
Culture Collection (Manassas, VA). Mouse her-2 tumor cells
with different GnT-V backgrounds were isolated from her-2
tumor tissues as described in our previous report (9). For silenc-
ing experiments, miRCURY locked nucleic acid-modified anti-
miR-21 or control miRCURY knockdown oligonucleotides
were purchased from Exiqon. Silencer� select neu/ErbB2
siRNA and scrambled control siRNA oligonucleotides were
from Applied Biosystem (Ambion). pSuper vectors containing
GnT-V siRNA and scrambled control siRNA were constructed
and described in our previous report (14). 5-Aza-2�-deoxycyt-

idine, PD98059, and wortmannin were purchased from Sigma;
LipofectamineTM 2000 reagent was from Invitrogen. Anti-
Pcdh�4 and -Pcdh�7 were products of Abcam. Antibodies
against ErbB2/neu, ERK, phospho-ERK, PKB, and phospho-
PKB andHRP-labeled anti-rabbit IgG and anti-mouse IgGwere
from Santa Cruz Biotechnology. Anti-c-myc tag (clone 9E10)
was fromMillipore.
Mouse Breeding andTumorTissue Isolation—All procedures

used for this study were approved by the Institutional Animal
Care and Use Committee of the University. The her-2/GnT-
V(�/�) and her-2/GnT-V(�/�) mice were produced by
breeding her-2/neu transgenic mice with GnT-V knock-out
mice and genotyped by PCR as our previously described (9).
Mice with tumors were euthanized at 10 weeks after the first
detection of a palpable tumor. Mammary tumor tissues were
collected from three her-2 mice with wild-type GnT-V(�/�)
(mouse identification numbers 2319, 2328, and 2323) andGnT-
V-null (�/�) (mouse identification numbers 2318, 2205, and
2414) backgrounds, respectively; immediately frozen in liquid
nitrogen; and stored at �80 °C.
Microarray—Total RNA was isolated from tumor tissues

using TRIzol reagent and cleaned using RNeasy columns (Qia-
gen). Using a random hexamer incorporating a T7 promoter,
double-stranded cDNAwas synthesized from total RNA. cRNA
was generated from the double-stranded cDNA template
through an in vitro transcription reaction andpurified using the
AmbionWTExpression kit and sample cleanupmodule. cDNA
was then regenerated through a random primed reverse tran-
scription using a dNTPmixture containing dUTP. Fragmented
and biotinylated cDNA was used for hybridization with an
Affymetrix Mouse GeneChip� Gene 1.0 ST Array according to
the manufacturer’s protocol.
Expression Analysis—Gene expression alterations were

determined using the PARTEK Genomics Suite. The CEL files
were imported from the Affymetrix Expression Console and
background-corrected and quantile-normalized, and probe
summarization was performed using Robust Multichip Analy-
sis (RMA). A gene summarization was performed on the data
that estimates the intensity of individual genes by averaging the
intensities of all the probe sets comprising the gene followed by
an n-way analysis of variance using amixedmodel andmethods
of moment to equate analysis of variance mean sum of squares
to their expected values. The data were then analyzed using a
two-sample t test for significance at p� 0.05 and a -fold change
cutoff of 2.0. To assess the possible functional connections
between the differentially expressed genes, a pathway analysis,
which assesses statistically overrepresented functional terms
within a list, was conducted using Ingenuity Pathways Analysis
(IPA) for all comparisons. The probability that a specific set of
genes has a significant number ofmembers in a canonical path-
way is assigned a p value, which is calculated by Fisher’s exact
test (right tailed). The p value indicates the probability of
observing the fraction of the focus genes in the canonical path-
way compared with the fraction expected by chance in the ref-
erence set with the assumption that each gene is equally likely
to be selected by chance.
qRT-PCR Analysis—TRIzol was used to isolate total RNA

from tumor tissues and cell lines. Reverse transcription reac-
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tions were performed using cDNA synthesis kit (Bio-Rad).
Primers used in the qRT-PCR analysis are listed in supplemen-
tal Table S1. Real time reactions were performed using the
iQTM SYBR Green Supermix (Bio-Rad) as reported previously
(29). All PCRs were performed in triplicate samples and
repeated at least two times.
Genomic DNA Purification, Bisulfite Modification, and

Methylation-specific PCR—Purification and bisulfite treatment
of genomic DNA samples were performed using the DNeasy
Tissue kit and the EpiTect Bisulfite kit (Qiagen), respectively,
according to themanufacturer’s instructions.Methylation-spe-
cific PCR was carried out using the following cycling condi-
tions: 95 °C for 5 min; 40 cycles at 95 °C for 30 s, 50 °C for 30 s,
and 72 °C for 45 s; and a final cycle at 72 °C for 5 min. The
primer sequences used for methylation-specific PCR are listed
in supplemental Table S2. The PCR products were isolated on a
1.5% agarose gel and visualized by ethidium bromide staining.
Real Time PCR Detection of miR-21—Mature miR-21 was

detected using the miR-Q method as described previously (30,
31). In brief, 500 ng of total RNAwas used for reverse transcrip-
tion of mature miR-21 using TaqMan reverse transcription
reagents (Applied Biosystems) with a specific reverse primer
(RT6-miR-21, tgtcaggcaaccgtattcaccgtgagtggttcaaca). The miR-
cDNA generated was then quantitated using SYBR Green PCR
MasterMix (Bio-Rad)with another specific primer (short-miR-
21-rev, cgtcagatgtccgagtagagggggaacggcgtagcttatcagactga) and
one pair of universal primers (MP-fw, tgtcaggcaaccgtattcacc
andMP-rev, cgtcagatgtccgagtagag). The amplification was per-
formed by a first step at 95 °C for 10min followed by 40 cycles of
15 s at 95 °C, 10 s at 59 °C, and 20 s at 72 °C. Amplification of
Gapdh was used as an internal control.
Construction of pcDNA3.1/myc-His/Pcdh� Expression Plas-

mids and Cell Transfection—Mouse Pcdh�4 cDNA clone
(clone identification number 6401988) and Pcdh�19 cDNA
clone (clone identification number 9055902) were purchased
from Source BioScience (Cambridge, UK). These cDNA clones
were used as PCR templates to amplify theORFs of Pcdh�4 and
Pcdh�19with the forward primer containing a HindIII site and
the reverse primer containing an XbaI site. The sequences of
forward and reverse primers were 5�-cccaagcttacaatggagacagc-
gcta-3� and 5�-ctgtatctagaactattcaacatgt-3�, respectively, for
Pcdh�4 and 5�-tggaagcttactatggagaatcaagag-3� and 5�-acatcta-
gaattacagtccctaaat-3�, respectively, for Pcdh�19. The final PCR
product was ligated into a pcDNA3.1/myc-His expression vec-
tor (Invitrogen) digested with HindIII and XbaI according to
the manufacturer’s instructions. The resulting vectors were
confirmed by sequencing anddigestedwithHindIII andXbaI to
release the DNA fragment, which was inserted into the
pcDNA3.1 vector upstream from the myc-His tags.
Cell transfections were performed in 6-well plates with Lipo-

fectamine 2000 according to the manufacturer’s instructions
using 4 �g of recombinant plasmids. 24 h after transfection,
cells were selected for 3 weeks using G418 (800 �g/ml), and
nonclonal populations of transfected cells were used for all
experiments.
Colony Formation and Anchorage-independent Growth

Assay—For the colony formation assay, cells were transfected
with 4 �g of expression plasmids in 6-well plates and trans-

ferred into 100-mm culture dishes the next day. Selection was
performed 2 days after transfection with 800 �g/ml G418 for 2
weeks. Colonies were stained with crystal violet and counted in
5–10 random fields under a phase-contrast microscope.
An assay of cell growth in soft agar was performed using

24-well culture plates (27). The wells were coated with two
layers of agar in different concentrations. The lower layer was
0.7% agar in 0.9% sodium chloride, whereas the upper layer was
0.35% soft agar in complete culture medium. 3 � 104 cells were
added into the upper layers of the wells. Plates were incubated
at 37 °C in 5% CO2 for 2–3 weeks. Then the numbers of the
colonies that developed in soft agar were counted in 5–10 ran-
dom fields under a microscope.
Implantation of Tumor Cells inNOD/SCIDMice—All proce-

dures were performed in accordance with the NIH Guide for
the Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of the Uni-
versity of Georgia. Subconfluent tumor cells were harvested
and resuspended in serum-freeHanks’ balanced salt solution in
a 70-�l volume containing 2� 106 cells. AfterNOD/SCIDmice
(The Jackson Laboratory) were anesthetized with isoflurane, a
70-�l single cell suspension mixed with 30 �l of Matrigel (BD
Biosciences) was injected into flanks of mice of 6–8 weeks age
using a 27-gauge needle (9). Tumor formation was monitored
by palpation, and tumor size wasmeasured with calipers once a
week.
Western Blotting—Subconfluent cells were harvested and

lysed. Total cell lysates containing 30 �g of protein were used
for Western blotting as described in our earlier report (6).
ALDEFLUOR Assay—To detect tumor cells with high alde-

hyde dehydrogenase activity, the ALDEFLUOR assay was per-
formed using an ALDEFLUOR kit from STEMCELL Technol-
ogies as described previously (9, 32). In brief, dissociated single
cells (1 � 106 cells/ml) were incubated in ALDEFLUOR assay
buffer containing aldehyde dehydrogenase substrate (1.5�M) at
37 °C for 30 min. In each experiment, a fraction of cells was
stained under identical conditions with a specific aldehyde
dehydrogenase inhibitor, diethylaminobenzaldehyde (15 �M),
as a negative control. After staining with propidium iodide,
aldehyde dehydrogenase-positive (tumor-initiating cells) and
-negative cells (non-tumor-initiating cells) were analyzed using
flow cytometry.
Immunochemical and Fluorescent Staining—Immuno-

chemical staining were performed using a VECTASTAIN�
Elite ABC kit (Vector laboratories) following the manufactur-
er’s instructions. For fluorescent staining, cells were cultured
on chamber slides, fixed with 4% paraformaldehyde in PBS for
10 min, and permeabilized with 0.05% Triton X-100. After
blocking with 10% goat serum, cells were stained with primary
antibodies followed by incubation with secondary fluores-
cence-conjugated anti-mouse or rabbit IgG (1:250). After
washing with PBS, the chamber slides were mounted, and the
cells were subjected to fluorescence microscopy.

RESULTS

Microarray Analysis of Her-2-induced Mammary Tumors—
We recently demonstrated that deletion of GnT-V reduces the
size of the compartment of tumor-initiating cells in a her-2
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mouse model, consequently leading to an inhibition of her-2-
inducedmammary tumor onset (9). To systematically study the
mechanisms by which deletion of GnT-V inhibited her-2-in-
duced tumor onset,microarray analyses were performed on the
her-2-inducedmammary tumors isolated frommice with wild-
type (WT) and GnT-V-null (KO) genotypes. Three tumor tis-
sues (T1–3) were collected, each from three her-2 mice with
wild-type GnT-V(�/�) and GnT-V-null (�/�) backgrounds,
respectively, and the GnT-V expression was confirmed by RT-
PCR using total RNA (supplemental Fig. 1A). Using the nor-
malized data from the Mouse GeneChip Gene 1.0 ST Array,
gene lists were generated using the PARTEK Genomics Suite
for differentially expressed genes in these two groups of tumors.
There were 142 genes (0.4% of the total 35,556 genes) differen-
tially expressed inGnT-VKO tumors compared with wild-type
tumors using a 2-fold change as the ratio threshold. Among the
142 genes identified, 64 genes were up-regulated, and 78 genes
were down-regulated (from 2.0- to 6.5-fold) (supplemental
Table S3). Of the 142 differentially expressed genes, 57 genes
(40.1%) were found to be significantly different (p � 0.05)
(Table 1). An agglomerative clustering diagram (heat map) was
generated from the microarray data of her-2 tumors based on
the differentially expressed genes (Fig. 1A and supplemental
Fig. 1B) in GnT-V KO tumors. Functional characterization of
these differentially expressed genes by Ingenuity Pathways
Analysis (IPA) classified them into different categories, includ-
ing RNA damage and repair, cellular compromise, inflamma-
tory response, and cell-to-cell signaling and interaction (sup-
plemental Fig. 1B, left panel). The top 10 IPA-identified,
differentially expressed genes (both up-regulated and down-
regulated) are summarized in supplemental Table S4 and were
validated by qRT-PCR as shown in supplemental Fig. 2.
Gene Expression of Pcdh� Cluster Is Up-regulated in GnT-V

KOTumors—The functions ofmany cell surface receptors have
been shown to be altered by the GnT-V expression level,
including integrins (4, 6), cadherins (11, 12), and EGF family
receptors (EGF receptor/ErbB1/her-1 and ErbB2/her-2) and
TGF� receptors (9, 13, 14). As listed in supplemental Table S5,
compared with wild-type tumors, her-2-induced mammary
tumors showed little change in the transcript abundances of
other glycosyltransferases and lectins except for Gcnt1, the
enzyme that synthesizes core 2-O-glycans. Gcnt1 was signifi-
cantly down-regulated (�3-fold) in GnT-V-null tumors based
on the microarray data. However, GnT-V expression was
reduced by only 2.1-fold inGnT-V KO tumors, although unde-
tectable levels of both GnT-V mRNA and N-linked �(1,6)
branching were observed by RT-PCR and leukocytic phytohe-
magglutinin staining, respectively (supplemental Fig. 1, A and
D) (9), indicating either that some probes in the GnT-V probe
set used in the microarray analysis target the areas of GnT-V
mRNA that is transcribed from the non-deleted portions of the
GnT-V gene (5) or that nonspecific hybridization generated by
a few of the probes in the GnT-V probe set may have occurred.
Among the 142 differentially expressed genes in GnT-V KO
tumors, neither integrins nor growth factor receptors were
observed, indicating that deletion of GnT-V had no detectable
effects on the transcript levels of these receptors (supplemental
Table S6). Many differentially expressed genes, however, were

found in the cadherin family, including classic cadherin 19
(Cdh19) and the Pcdh� cluster (Pcdh�2, Pcdh�4, Pcdh�7,
Pcdh�18, and Pcdh�19) as shown in Fig. 1A (indicated by
arrows) and Table 2. Interestingly, all gene members of the
Pcdh� group were up-regulated to a different degree in GnT-
V-null tumors (Table 2), a result validated by qRT-PCR analy-
ses (Fig. 1, B and C). These results suggested that the protocad-
herin� gene clustermay function to impede tumor progression
and could be involved to delay the onset of her-2-induced
mammary tumors in the mice with no GnT-V expression (9).

To test whether the expression of Pcdh� was also increased
at the protein level, tumor sections were used for immuno-
chemical staining using antibodies against Pcdh�4 and Pcdh�7
(Fig. 1D). Consistent with increased gene expression, GnT-V
KO tumors in which leukocytic phytohemagglutinin binding
was totally suppressed due to deletion of GnT-V showed
increased Pcdh�4 and Pcdh�7 staining compared with wild-
type tumors, indicating increased protein expression of Pcdh�4
and Pcdh�7 in GnT-V KO tumors.

To test whether increased expression of Pcdh� genes in
GnT-V KO tumors was indeed caused by GnT-V expression
differences, her-2 tumor cell lines, including GnT-V WT cells,
KO cells, and rescued KO cells (KO cells transfected withGnT-
V), were established from tumor tissues (9), and transcript lev-
els of Pcdh�2, Pcdh�4, Pcdh�18, and Pcdh�19 were measured
by qRT-PCR because these four genes showed significant -fold
changes (-fold change �2.0, p � 0.05) in GnT-V KO tumors
based on the microarray data. As show in Fig. 2A, increased
expression of the Pcdh� genes was observed in the cells derived
fromGnT-V-null tumors compared withWT tumor cells, con-
sistent with the results obtained from microarray analyses of
tumor tissues. After treatment with swainsonine, an inhibitor
of N-linked �(1,6) branching, WT cells showed increased
Pcdh� gene expression (Fig. 2B); reintroduction of GnT-V
cDNA into KO tumor cells significantly attenuated the expres-
sion of Pcdh� genes in these cells (Fig. 2C), supporting the
hypothesis that differential expression of Pcdh� genes in
GnT-V KO tumors was due to altered expression levels of
GnT-V. A recent study has shown that Pcdh gene clusters,
including the Pcdh� family, are expressed at lower levels in
human breast cancer tissues than in normal tissues, and these
lower expression levels were linked to human breast tumori-
genesis (26). To confirm and extend the observation concern-
ing the differential expression of the Pcdh� gene cluster in
mouse mammary tumors after deletion of GnT-V, Pcdh� gene
expression was measured in the human breast cancer cell line
MDA-MB231 after knockdown ofGnT-V by siRNA. As shown
in Fig. 2D, three members of the human PCDH� cluster
(PCDH�3, PCDH�6, and PCDH�13), which were shown to be
significantly down-regulated in human breast cancer tissues
(26), were dramatically enhanced in MDA-MB231 cells with
GnT-V knockdown, further confirming the ability of GnT-V
expression levels to regulate the expression of thePcdh� cluster
during breast tumorigenesis.
Differentially Expressed Pcdh� Cluster in GnT-V KOTumors

Is Not Primarily Mediated by Altered DNA Methylation—Epi-
genetic aberrations are frequent events in human breast cancer
development (26, 33), and promoter methylation has been
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implicated in the regulation of Pcdh clusters, including the
Pcdh� family (26). Also, an association between frequent CpG
islandmethylation and her-2 expression status was observed in
human breast cancer (33, 34). To determine whether altered
expression of the Pcdh� cluster in GnT-V KO tumors was
caused by promoter methylation differences, the promoter

methylation status of Pcdh� genes was analyzed. We first
searched the mouse Pcdh� cluster for CpG islands around the
transcription start site (TSS) (�1 to �1 kb) using CpGPlot. As
shown in supplemental Fig. 3, few CpG islands around the TSS
area were found in most of the Pcdh� genes (Pcdh�2, Pcdh�4,
Pcdh�7, Pcdh�18, and Pcdh�19) that showed alterations in

TABLE 1
Genes showing significant -fold changes by microarray analysis

Gene Symbol RefSeq accession no.
p value

(KO/WT)
-Fold change
(KO/WT)

Enolase 2, � neuronal Eno2 NM_013509 4.32e�05 �2.24011
Hedgehog-interacting protein-like 2 Hhipl2 BC034362 0.000242 �6.52572
Mannoside
acetylglucosaminyltransferase 5

Mgat5 NM_145128 0.00044 �2.11392

CD14 antigen Cd14 NM_009841 0.000607 2.13547
N-Acetylneuraminate pyruvate lyase Npl NM_028749 0.000753 �3.64734
—a — 0.000949 �3.4074
Glucosaminyl (N-acetyl) transferase 1,
core 2

Gcnt1 NM_173442 0.00149 �3.37106

— — 0.002031 �2.03624
Regulator of G-protein signaling 2 Rgs2 NM_009061 0.003417 �3.81328
Adenylate kinase 3-like 1 Ak3l1 NM_009647 0.003423 �2.26087
RIKEN cDNA 1700040L02 gene 1700040L02Rik BC087900 0.004049 2.81943
Interferon-activated gene 202B Ifi202b NM_008327 0.005126 �2.69043
— — 0.009093 2.03234
Solute carrier family 38, member 3 Slc38a3 NM_023805 0.00921 2.13304
— — 0.009639 2.23546
Heat shock protein 1A Hspa1a NM_010479 0.010781 �2.13604
Potassium inwardly rectifying channel,
subfamily J, member 13

Kcnj13 NM_001110227 0.012275 �2.13735

— — 0.01239 �2.1894
Dipeptidylpeptidase 10 Dpp10 NM_199021 0.01564 �4.71333
RAS guanyl-releasing protein 1 Rasgrp1 NM_011246 0.015876 �2.32995
ENSMUSG00000072618 ENSMUST00000100713 0.016753 3.72366
Caspase 12 Casp12 NM_009808 0.017624 2.50816
D-Aspartate oxidase Ddo NM_027442 0.017712 2.01305
Actin-binding LIM protein family,
member 3

Ablim3 NM_198649 0.020009 �2.25541

Zinc finger protein 521 Zfp521 NM_145492 0.020746 3.12831
Protocadherin �19 Pcdhb19 NM_053144 0.020934 2.02627
NAD(P)H dehydrogenase, quinone 1 Nqo1 NM_008706 0.020957 2.4185
— — 0.021262 2.29063
Protocadherin �18 Pcdhb18 NM_053143 0.021566 2.21905
— — 0.022472 3.79211
Mohawk homeobox Mkx NM_177595 0.022573 �2.66449
V-set domain-containing T cell
activation inhibitor 1

Vtcn1 NM_178594 0.022682 2.55331

Scrapie-responsive gene 1 Scrg1 NM_009136 0.023531 3.86718
— — 0.02368 �2.07973
Major facilitator superfamily domain-
containing 4

Mfsd4 NM_001114662 0.026284 �3.09621

Secernin 1 Scrn1 NM_027268 0.026819 2.32697
Insulin-like growth factor-binding
protein 4

Igfbp4 NM_010517 0.027816 �2.30083

SPARC-related modular calcium
binding 1

Smoc1 NM_001146217 0.027821 2.88559

Cadherin 19, type 2 Cdh19 NM_001081386 0.028015 �3.07028
— — 0.028619 �2.0569
RIKEN cDNA 1700055N04 gene 1700055N04Rik AK081788 0.03032 �2.96093
— — 0.030372 2.20457
— — 0.034671 �2.01378
Synaptic vesicle glycoprotein 2c Sv2c NM_029210 0.034726 �2.22967
— — 0.036855 2.21008
— — 0.037019 2.49757
— — 0.037103 2.077
Protocadherin �4 Pcdhb4 NM_053129 0.038903 2.04059
Cytohesin 1-interacting protein Cytip NM_139200 0.039081 2.33386
TOX high mobility group box family
member 3

Tox3 NM_172913 0.040529 �2.26008

Thrombospondin, type I, domain-
containing 4

Thsd4 NM_001040426 0.041443 2.06645

Mucin 15 Muc15 NM_172979 0.043913 2.11666
Claudin 8 Cldn8 NM_018778 0.045599 2.66327
Protocadherin �2 Pcdhb2 NM_053127 0.048118 2.11683
— — 0.048788 2.41597
Protocadherin �7 Pcdhb7 NM_053132 0.049552 2.15923
Low density lipoprotein receptor class
A domain-containing 3

Ldlrad3 NM_178886 0.050311 �2.8352

a —, unidentified genes. SPARC, sereted protein, acidic, cystein-rich (osteonectin); LIM, lipophilic protein; TOX, thymocyte selection-associated high mobility group box.
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GnT-V-null tumors, consistent with reports that the mouse
genome contains lower amounts of CpG islands than the
human genome (22, 23). Interestingly, treatment of her-2
tumor cells with the demethylation drug 5-aza-2�-deoxycyt-
idine increased expression of some Pcdh� genes, such as
Pcdh�4 and Pcdh�18 (Fig. 3A), indicating that these genes can
still be regulated by methylation status regardless of the lower
frequency of CpG islands. Because no CpG islands around the
TSS area of Pcdh�4 and Pcdh�18 were found, it is likely that
demethylation activated certain transcription activators of
these genes, indirectly leading to increased gene expression.
Methylation-specific PCR targeting the area surrounding the
TSS was performed for the Pcdh� genes that have predicted
CpG island(s) around their TSS (Fig. 3B). Interestingly, Cdh1,
whose gene expression is silenced due to promoter hyperm-
ethylation in many human tumors, including breast tumors
(35), showed very low promoter methylation in the her-2-in-
duced mouse mammary tumors. The same patterns of pro-
moter methylation of Pcdh� genes were observed in both wild-
type and GnT-V KO cells, however, consistent with the
unchanged expression of methylation-related genes in KO

tumors observed in microarray analysis data (data not shown).
These results indicated that knock-out of GnT-V had little
effect on methylation levels of Pcdh� genes. The altered gene
expression of the Pcdh� cluster following deletion of GnT-V
probably does not primarily result from changes inmethylation
status.
Impaired Her-2-mediated Signaling Pathways Are Involved

in Differentially Expressed Pcdh�Cluster Transcripts in GnT-V
KOTumors—Deletion ofGnT-V had no effect on her-2 expres-
sion levels but did cause inhibition of her-2-induced oncogenic
signaling pathways (supplemental Fig. 4) (9). Therefore, the dif-
ferentially expressed Pcdh� cluster in GnT-V KO tumors may
possibly result from attenuation of her-2-induced activation of
either the PKB or ERK signaling pathways. To this end, inhibi-
tors and activators of these two signaling pathwayswere used to
study the effect of her-2 signaling on expression of the Pcdh�
cluster. As shown in Fig. 4A, treatment ofWT tumor cells with
PD98059 or wortmannin, inhibitors of MAPK and PI3K/PKB
signaling pathways, respectively, led to increased gene expres-
sion of the Pcdh� cluster in these cells. Stimulation of KO
tumor cells with EGF and neuregulin, the ligand of her-1 (EGF

FIGURE 1. Microarray analysis of gene expression in her-2-induced tumors. A, total RNA was isolated from three wild-type and GnT-V knock-out tumor
tissues and used for microarray analysis. A heat map of 57 transcripts differentially expressed (p � 0.05) between wild-type and GnT-V knock-out tumors was
generated from the microarray data. Red indicates a high expression level, whereas green indicates a low expression level relative to wild-type. T1–3 represents
three tumor tissues collected from three mice with GnT-V wild-type and knock-out backgrounds, respectively. B, total RNA was isolated from two wild-type and
two GnT-V knock-out tumors and used for validation of transcript levels of the Pcdh� cluster by qRT-PCR. For each transcript, the values are normalized to
control (Gapdh or Rpl4) and expressed as means with error bars indicating 	1 S.D. C, comparison of -fold change (KO/WT) of transcripts from microarray and
qRT-PCR analyses. D, mammary tumor sections from 10-week-old mice were immunostained with leukocytic phytohemagglutinin (L-PHA), anti-Pcdh�4, and
anti-Pcdh�7, respectively.
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receptor) and her-3, respectively, activated her-2 signaling
pathways as evident by enhanced expression levels of phospho-
ERK and phospho-PKB and attenuated gene expression of
Pcdh� (Fig. 4B). These results indicated that her-2-induced sig-
naling pathways were implicated inGnT-V-mediated gene reg-
ulation of thePcdh� cluster. To further confirm that theMAPK
and PI3K/PKB pathways involved in the regulation of gene
expression of Pcdh� were her-2 oncoprotein-related, knock-
down of her-2 was performed using her-2/neu siRNA oligonu-
cleotides. As shown in Fig. 4, C–E, a 60% reduction of her-2 in
WT tumor cells treated with her-2 siRNA was accompanied by
attenuated her-2-induced downstream signaling (phospho-
ERK and phospho-PKB), significantly enhancing Pcdh� gene
expression. This result strongly supports the conclusion that
gene expression of the Pcdh� cluster is regulated by her-2-in-
duced signaling pathways. Therefore, the deletion of GnT-V
observed in the GnT-V-null tumors attenuated the her-2-me-
diated signaling pathways, resulting in increased gene expres-
sion of the Pcdh� cluster.

MiR-21 Is One of the Downstream Regulators of Her-2 Signal-
ing Implicated in the Altered Gene Expression of Pcdh� Cluster—
Activation of her-2 signaling increases the expression of
miR-21 (36, 37), which contributes to the increased invasion
and metastatic potential of breast cancer cells (36). To further
study whether miR-21 was involved in her-2-regulated gene
expression of the Pcdh� cluster, the expression of mature
miR-21 and its effects on Pcdh� gene expression were investi-
gated. Consistent with inhibited her-2 signaling, approximately
75% down-regulation of miR-21 levels as detected by qRT-PCR
was observed in GnT-V-null tumors compared with wild-type
tumors (Fig. 5A). To verify that reducedmiR-21 expressionwas
GnT-V-related, we silencedGnT-V by siRNA expression in two
human breast cancer lines, MDA-MB231 and SK-BR3, and
measuredmiR-21 levels.We found thatmiR-21 expression was
dramatically inhibited in both cell types after GnT-V knock-
down as shown in Fig. 5B. These results demonstrated that
miR-21 was regulated by expression levels of GnT-V in the
breast cancer cells. To investigate the role of miR-21 in the

TABLE 2
Microarray analyses of cadherin genes

Gene
symbol

RefSeq
accession no.

p value
(KO/ WT)

-Fold change
(KO/WT)

Cdh1 NM_009864 0.0482811 1.19963
Cdh10 NM_009865 0.947114 1.00215
Cdh11 NM_009866 0.0454794 �1.22638
Cdh11 NM_009866 0.190889 1.13634
Cdh12 NM_001008420 0.81751 �1.01606
Cdh13 NM_019707 0.0121108 �1.34055
Cdh15 NM_007662 0.513186 1.02147
Cdh16 NM_007663 0.221272 1.08585
Cdh17 NM_019753 0.00202595 1.09613
Cdh18 NM_001081299 0.447682 1.03206
Cdh18 NM_001081299 0.536517 �1.05179
Cdh19 NM_001081386 0.0280145 �3.07028
Cdh2 NM_007664 0.131852 �1.35843
Cdh20 NM_011800 0.560637 1.05647
Cdh22 NM_174988 0.497218 �1.02541
Cdh23 NM_023370 0.974851 1.00535
Cdh24 NM_199470 0.244223 1.04482
Cdh24 NM_199470 0.332417 1.05419
Cdh26 NM_198656 0.00252523 1.12984
Cdh3 NM_001037809 0.180038 1.39927
Cdh4 NM_009867 0.0425419 �1.0686
Cdh5 NM_009868 0.0339117 �1.50675
Cdh6 NM_007666 0.0109419 �1.05413
Cdh7 NM_172853 0.503633 1.04568
Cdh8 NM_001039154 0.0832978 �1.0873
Cdh9 NM_009869 0.616825 1.03588
Pcdhb1 NM_053126 0.0759057 1.16026
Pcdhb10 NM_053135 0.133674 1.68619
Pcdhb11 NM_053136 0.116768 2.33405
Pcdhb11 BC116321 0.918698 1.01082
Pcdhb12 NM_053137 0.208368 1.4337
Pcdhb13 NM_053138 0.404271 1.54499
Pcdhb14 NM_053139 0.266798 1.37775
Pcdhb15 NM_053140 0.155838 1.58338
Pcdhb16 NM_053141 0.0844595 1.8585
Pcdhb17 NM_053142 0.17262 1.54492
Pcdhb18 NM_053143 0.0215659 2.21905
Pcdhb19 NM_053144 0.0209341 2.02627
Pcdhb2 NM_053127 0.0481177 2.11683
Pcdhb20 NM_053145 0.0421417 1.75779
Pcdhb21 NM_053146 0.0452228 1.76552
Pcdhb22 NM_053147 0.275681 1.43601
Pcdhb3 NM_053128 0.143204 1.96662
Pcdhb4 NM_053129 0.0389026 2.04059
Pcdhb5 NM_053130 0.0149483 1.81789
Pcdhb6 NM_053131 0.0947665 2.38506
Pcdhb7 NM_053132 0.0495524 2.15923
Pcdhb8 NM_053133 0.185062 1.3181
Pcdhb9 NM_053134 0.0761935 1.66598

FIGURE 2. Increased transcript expression of the Pcdh� gene cluster is
related to absence of GnT-V activity. A, total RNA was isolated from wild-
type and GnT-V knock-out tumor cells and used for detection of transcript
levels of Pcdh� genes. B, wild-type her-2 tumor cells were treated with swain-
sonine (SW; 1 �g/ml) for 24 h, and total RNA was isolated and used for detec-
tion of transcript levels of Pcdh� by qRT-PCR. C, total RNA was isolated from
GnT-V KO cells with GnT-V expression and used for detection of transcript
levels of Pcdh�. D, total RNA was isolated from control (scrambled siRNA)- and
GnT-V siRNA-transfected MDA-MB231 cells and used for detection of tran-
script levels of GnT-V and Pcdh� genes, respectively. For each transcript, the
values are normalized to control (Gapdh or Rpl4) and expressed as means with
error bars indicating 	1 S.D. of three independent experiments. *, Student’s t
test, p � 0.05; **, p � 0.01.
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altered gene expression of the Pcdh� cluster, we transfected
her-2 tumor cells (wild-typeGnT-V) with a locked nucleic acid-
modified anti-miR-21 siRNA oligonucleotide to inhibit miR-21
expression (Fig. 5C). Interestingly, these treatments caused to
varying degrees increases inPcdh� cluster gene expression (Fig.
5D), indicating that the Pcdh� cluster is the likely target of
miR-21 because the expression of these genes was altered when
miR-21 levels were reduced. Therefore, increased gene expres-
sion of the Pcdh� cluster observed inGnT-V knock-out tumors
most likely resulted at least to some extent from reduced
expression of miR-21 caused by attenuated her-2 signaling.
Based on computational target prediction by Targetscan, we
investigated some of the predicted targets of miR-21 that either
have been validated by experiments or showed significant
changes bymicroarray analysis in our study (Table 3). Fromour
microarray data, we identified several genes whose expression
was altered, including Rasgrp1, Npas3, Reck, and Epha4, and
changes in these genes were validated by qRT-PCR (data not
shown). However, none of the Pcdh� family members was

among them, suggesting that the Pcdh� gene cluster does not
contain miR-21 binding sequences in their 3�-UTRs and that
the altered gene expression of the Pcdh� cluster in theGnT-V-
null tumors is regulated indirectly by miR-21 expression. To
further substantiate that altered expression of Rasgrp1, Npas3,
Reck, and Epha4 resulted from reduced miR-21 expression, the
expression of these predicted miR-21 targets were determined
in tumor cells whosemiR-21 expression was knocked down. As
shown in Fig. 5E, the gene expression of Rasgrp1, Npas3, Reck,
and Epha4 was all up-regulated after knockdown of miR-21,
indicating that all genes, except for Rasgrp1, were indeed tar-
gets of miR-21 in the her-2 mammary tumors, which is likely
responsible for the altered gene expression of the Pcdh� cluster
in the GnT-V-null tumors.
Tumor-suppressive Functions of Pcdh� Cluster—Pcdh gene

clusters have characteristics of suppressors of the transformed
phenotype, and their epigenetic silencing has been implicated
in some human cancer development, including breast cancer
(26, 27). To determine whether the differential expression of
the Pcdh� cluster following deletion of GnT-V contributed to
the delayed onset of her-2-mediated tumorigenesis, cell cul-
ture-based assays of colony formation and anchorage-indepen-
dent cell growth commonly utilized for assessing tumor sup-
pressor function were used to evaluate the ability of the Pcdh�
cluster to inhibit tumor progression (27). Based on themicroar-
ray data and commercial availability of clones (Source Bio-
Science), Pcdh�4 and Pcdh�19 were chosen for these experi-
ments. Overexpression of either Pcdh�4 or Pcdh�19 in both
mouse her-2 tumor cells (wild-type) and humanMDA-MB231
cells, which was confirmed by qRT-PCR and immunofluores-
cent staining (supplemental Fig. 5), significantly inhibited col-
ony formation after 2 weeks compared with control cells (Fig.
6A). Similarly, anchorage-independent cell growth in soft agar
was markedly reduced in both cell lines after transfection of
Pcdh�4 and Pcdh�19 (Fig. 6B), indicating inhibition of cell pro-
liferation in these cells due to the exogenous expression of
Pcdh� genes. To further confirm the ability of Pcdh� genes to
inhibit tumor progression in vivo, we next tested the ability of
tumor cells overexpressing Pcdh� to form tumors in NOD/
SCID mice. Slower tumor growth was observed in xenografts
resulting from injection of either her-2 tumor cells (Fig. 6,C and
D) orMDA-MB231 cells (supplemental Fig. 6A), each of which
was overexpressing either Pcdh�4 or Pcdh�19, compared with
mock-transfected cells. These results indicated reduced tumor-
igenesis due to Pcdh� expression. Hematoxylin/eosin staining
of tumor sections showed a reduced number of mitotic cells
and less tumor necrosis in tumors resulting from injection of
Pcdh�-expressing cells (supplemental Fig. 6, B and C). Consist-
ent with inhibited tumorigenesis, reduced populations of
tumor-initiating cells as detected by the ALDEFLUOR assay (9)
were also observed in both Pcdh�-expressing her-2 tumor cells
(1.47 versus 4.04% in control) and their xenograft tumors (2.04
versus 11.6% in control) in NOD/SCID mice (Fig. 6E). Our
results are supportive of reports that Pcdh clusters function to
suppress tumor progression and suggest that the delayed her-
2-induced mammary tumor onset observed after deletion of
GnT-V (9) might be attributed at least in part to enhanced
expression of Pcdh� cluster transcripts.

FIGURE 3. Increased transcript expression of the Pcdh� gene cluster is not
primarily mediated by altered promoter methylation. A, her-2 tumor cells
were treated with the demethylating reagent 5-aza-2�-deoxycytidine at two
different concentrations for 3 days, and total RNA was isolated and used for
detection of transcript levels of Pcdh�. For each transcript, the values are
normalized to control (Gapdh or Rpl4) and expressed as means with error bars
indicating 	1 S.D. of three independent experiments. B, after the genomic
DNA samples were purified and bisulfate-treated, methylation-specific PCR
for the Pcdh� genes was performed in two wild-type (samples 1 and 2) and
two GnT-V knock-out (samples 3 and 4) tumors. The presence of a PCR prod-
uct band in lane M or U indicates methylated or unmethylated genes, respec-
tively. Data are representative of two independent experiments.
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DISCUSSION

Aberrant N-glycosylation has been documented during
tumorigenesis and tumor progression (38). We recently
reported that a specific posttranslational modification by dele-
tion of GnT-V disrupts mammary acinar formation and delays
her-2-inducedmousemammary tumor onset by down-regulat-
ing the relative size of the compartment of tumor-initiating
cells (9). In the present study, we show by microarray analysis
that 142 differentially expressed genes were observed inGnT-V
knock-out her-2-induced tumors compared with wild-type
GnT-V her-2-induced tumors, including one group in the cad-
herin gene cluster, termed Pcdh�, which was significantly up-
regulated. Twomembers of this cluster were chosen and shown
to suppress several characteristics of the transformed pheno-
type that could contribute at least in part to the reduced her-2-
mediated mammary tumorigenesis observed in GnT-V-null
mice.
Pcdh gene clusters consist of three closely linked family

members designatedPcdh�,Pcdh�, andPcdh� (22). Themouse
Pcdh� gene family contains 22 members (Pcdh�1–22) that are
organized in a tandem array on chromosome 18, and each
member consists of a single exon that encodes the extracellular,
transmembrane, and short cytoplasmic protein domains (22).

Although Pcdh clusters play potential roles in neuron develop-
ment (21), little is known about the cellular functions of these
proteins. Unlike classic cadherins, Pcdhs appear not to function
via the strong interaction of their extracellular domains as do
the classic cadherins because their interactions appear to be
much weaker (39, 40). Like the classic cadherins, Pcdhs are
glycoproteins with N-linked glycan sequons located in their
extracellular domains. Studies have shown that Pcdhs are pro-
teolytically cleaved by �-secretase complex, producing soluble
intracellular fragments that may enter the nucleus and affect
gene expression (41, 42). Of note, several studies have shown
that the Pcdh superfamily may be implicated in tumor develop-
ment and function as tumor suppressors. Dallosso et al. (27)
reported that PCDH gene clusters, including PCDH�, PCDH�,
and PCDH� , were epigenetically silenced inWilms tumor, and
ectopic expression of PCDH� showed growth inhibition of
tumor cells in vitro. Another study found that the expression of
PCDH cluster transcripts was reduced due to promoter hyper-
methylation in human breast tumors compared with normal
breast tissues and concluded that aberrant DNA hypermethy-
lation of multiple PCDH CpG islands is a common event in
human breast cancer (26). In our study, up-regulation of gene
expression of the Pcdh� cluster as detected bymicroarray anal-

FIGURE 4. Increased transcript expression of the Pcdh� gene cluster is caused by impaired her-2-mediated downstream signaling. A, wild-type tumor
cells were grown for 2 days with or without MEK inhibitor PD98059 (PD; 10 mol/liter), PI3K inhibitor wortmannin (WM; 1 mol/liter), or both inhibitors. Cells were
then collected, and total RNA was isolated and used for detection of transcript levels of Pcdh�. B, GnT-V knock-out tumor cells were grown in serum-free
medium for 2 days and stimulated with EGF (100 ng/ml), neuregulin (NRG) (50 ng/ml), or serum-containing medium for 2 days. Cells were collected for
detection of phospho-PKB (p-PKB) and phospho-ERK (p-ERK) using immunoblot (left panel) and transcripts of the Pcdh� cluster (right panel). After wild-type
her-2 cells were treated with control (scrambled) and her-2/neu siRNA oligonucleotides (50 nM) for 48 h, respectively, cells were collected and subjected to
detection of transcripts of her-2/neu using qRT-PCR (C); her-2/neu, phospho-PKB (p-PKB), and phospho-ERK (p-ERK) using immunoblot (D); and transcripts of
the Pcdh� gene cluster (E). For each transcript, the values are normalized to control (Gapdh or Rpl4) and expressed as means with error bars indicating 	1 S.D.
of three independent experiments. *, Student’s t test, p � 0.05; **, p � 0.01.
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yses was observed in her-2-mediated breast tumors with
GnT-V deletion compared with GnT-V wild-type tumors.
These changes were further confirmed by qRT-PCR and
proved to be GnT-V-related by both rescue experiments in

which GnT-V cDNA was reintroduced into GnT-V knock-out
tumor cells and inhibition experiments in which swainsonine
was used to inhibit the biosynthesis of N-linked �(1,6) branch-
ing inGnT-Vwild-type cells. Supporting these results, a human
breast cancer cell line, MDA-MB231, also showed increased
gene expression of somePcdh� familymembers after inhibition
of GnT-V in these cells by GnT-V siRNA expression. These
results indicate that expression levels of GnT-V regulate gene
expression of the Pcdh� cluster in mammary tumor tissues and
cells, and the altered gene expression of Pcdh� is implicated in
the attenuation of her-2-induced tumorigenesis caused by dele-
tion of GnT-V (9).

To further understand the role of altered gene expression of
Pcdh� cluster in the inhibition of her-2-induced tumor devel-
opment that we observed previously, we subcloned two family
members of the Pcdh� cluster, Pcdh�4 and Pcdh�19, into an
expression vector and stably transfected mouse and human
breast cancer cells. Results obtained from these experiments
strongly suggest that Pcdh� genes display some features of

FIGURE 5. MiR-21 is implicated in the regulation of her-2 signaling-mediated gene expression of Pcdh� cluster. A, total RNA was pooled from four tumors
of GnT-V wild-type and knock-out mice, and expression of mature miR-21 was detected by qRT-PCR. B, total RNA was isolated from MDA-MB231 and SK-BR3
tumor cells with and without GnT-V siRNA expression, and expression of GnT-V and mature miR-21 was detected by qRT-PCR. After wild-type her-2 tumor cells
were treated with control and anti-miR-21 siRNA oligonucleotides (50 nM) for 48 h, respectively, cells were collected and subjected to detection for transcripts
of miR-21 (C), the Pcdh� cluster (D), and miR-21 target genes as indicated (E). For each transcript, the values are normalized to control (Gapdh or Rpl4) and
expressed as means with error bars indicating 	1 S.D. of three independent experiments. *, Student’s t test, p � 0.05; **, p � 0.01.

TABLE 3
MiR-21 target genes based on Targetscan

Gene symbol p value -Fold change (KO/WT)

Jag1 0.065 �1.3
Rasgrp1 0.02 �2.3
Sox2 0.032 �1.37
Npas3 0.002 1.87
Btg2 0.032 �1.29
Reck 0.087 1.45
Sox7 0.0008 �1.26
Epha4 0.004 1.55
Nfat5 0.025 1.31
Pdcd4 0.25 �1.14
Tgfb1 0.14 �1.46
Nfib 0.029 1.09
Bcl2 0.71 �1.02
Pten 0.69 �1.01
Spry2 0.9 1.01
Tpm1 0.15 1.29
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genes that suppress or inhibit tumor progression. First, anchor-
age-independent cell growth in soft agar and colony formation
ability after transfection, two commonly used methods to eval-
uate tumor suppressor function, were remarkably inhibited
when Pcdh� was expressed in both mouse and human breast
cancer lines. Second, in vivo tumor growth in NOD/SCIDmice
that resulted from injection of tumor cells expressing Pcdh�

was significantly suppressed comparedwith that observed from
injection of control mock-transfected cells. Third, a reduced
proportion of tumor-initiating cells was observed in tumor cells
with Pcdh� expression, consistent with the inhibited tumor
growth of these cells injected in NOD/SCID mice. Based on
these observations, it is reasonable to conclude that Pcdh�

expression may function to inhibit some aspects of the trans-
formed phenotype. The decreased tumorigenesis and the
observed inhibition of her-2-induced breast tumor onset asso-
ciated with GnT-V deletion (9), therefore, can be attributed at

least in part to the increased gene expression of the Pcdh�

cluster.
Aberrant levels and patterns of DNAmethylation have been

found as ubiquitous events in many human cancers (43).
Hypermethylation of promoter CpG islands, frequently
observed in human breast cancer, is related to transcriptional
silencing of some genes, including tumor suppressor genes (44).
Although studies have shown that gene expression of PCDH
clusters was epigenetically regulated through changes in pro-
moter methylation patterns in some human cancers (26, 27,
33), the altered expression of the Pcdh� cluster caused by
GnT-V deletion in our study appeared not to result from aber-
rant DNA methylation of Pcdh� genes. Despite the fact that
fewer CpG islands are predicted in promoter areas of mouse
Pcdh gene clusters compared with human PCDH clusters (22,
23), higherDNAmethylation levels as detected bymethylation-
specific PCRwere still observed in her-2 tumors or cells derived

FIGURE 6. Tumor-suppressive effects of the Pcdh� cluster. A, wild-type her-2 tumor cells and MDA-MB231 cells were transfected with either Pcdh�4 or
Pcdh�19 cDNA and grown in selection medium for 2–3 weeks for colony formation. The number of colonies in six random fields was counted and expressed
as the mean with error bars indicating 	1 S.D. * represents Student’s t test, p � 0.001. B, transfected cells were grown in soft agar for 2–3 weeks, and the number
of colonies in six random fields was counted and expressed as the mean with error bars indicating 	1 S.D. *, p � 0.05. C, Pcdh�4-transfected wild-type her-2
tumor cells (2 � 106) were injected into mammary fat pads of SCID mice (n � 5), and secondary tumor growth was observed for up to 8 weeks. *, p � 0.05. D,
secondary tumors in SCID mice formed by injection of Pcdh�4-expressing cells were dissected at week 8 and photographed (left panel), and the weight of
tumors was quantified and expressed as the mean with error bars indicating 	1 S.D. (n � 5; right panel). *, p � 0.05. E, ALDEFLUOR assays of Pcdh�4-expressing
her-2 tumor cells (left panel) and xenografts formed by injection of Pcdh�4-expressing her-2 cells (right panel) were performed, and the percentage of
ALDEFLUOR-positive cells (tumor initiating cells) was determined using similar gating criteria. Data are representative of two independent experiments. DEAB,
diethylaminobenzaldehyde.
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from these tumors after treatmentwith amethylation inhibitor,
consistent with the previous observation that DNA methyla-
tion levels are increased in her-2-positive primary breast can-
cers (33). However, deletion of GnT-V had little effect on the
DNAmethylation status of Pcdh� genes because the same pat-
terns of methylation in GnT-V knock-out tumors were
observed as those in wild-type tumors. These results indicated
that DNA methylation of the Pcdh� cluster was not regulated
by GnT-V expression levels, and altered gene expression of the
Pcdh� cluster caused by null GnT-V was not likely due to the
changes in DNA methylation. Supporting this conclusion, no
significant changes in expression of DNA methylation-related
enzymes, such as DNMT1, DNMT3A, and DNMT3B, were
observed in the comparison ofGnT-V knock-out and wild-type
tumors by microarray analyses.
Although results frommicroarray analyses showed that dele-

tion ofGnT-V had little effect on expression of her-2 and other
oncoproteins from the EGF family, such as her-3 and EGF
receptor (her-1), consistent with our previous results (9), we
found that two major downstream signaling pathways medi-
ated by her-2 activation, the ERK and PI3K/PKB pathways, are
significantly inhibited in GnT-V knock-out tumors (9). This
result prompted us to investigate further whether aberrant her-
2-mediated signaling pathways were implicated in altered gene
expression of the Pcdh� cluster observed in GnT-V knock-out
tumors. We observed that stimulation of GnT-V knock-out
cells with growth factors (EGF and neuregulin) significantly
inhibited gene expression of the Pcdh� cluster, whereas treat-
ment of GnT-V wild-type tumor cells with PD98059 and wort-
mannin, inhibitors of ERK and PKB, respectively, remarkably
enhanced gene expression of the Pcdh� family, indicating the
direct involvement of these two pathways in regulating Pcdh�
gene expression. The regulation of her-2-mediated signaling
pathways on the gene expression of the Pcdh� cluster was fur-
ther confirmed by silencing her-2 oncoprotein by her-2 siRNA
expression, demonstrating that altered gene expression of the
Pcdh� family closely followed changes in her-2 expression lev-
els. These results strongly argue that her-2-mediated down-
stream signaling pathways negatively regulated the expression
of the Pcdh� cluster. Deletion ofGnT-V impaired her-2 signal-
ing pathways, therefore attenuating the inhibition of her-2 sig-
naling on the gene expression of the Pcdh� family. The involve-
ment of other signaling pathways in regulating gene expression
of the Pcdh� family in GnT-V knock-out tumors cannot be
ruled out, however, because of the ability of GnT-V glycan
products to modify the function of other glycoprotein
receptors.
To further investigate the mechanisms governing how

impaired her-2-mediated downstream signaling positively reg-
ulates gene expression of the Pcdh� cluster in GnT-V-null
tumors, we explored the possible downstream effectors that are
regulated by her-2-mediated signaling pathways that could be
involved in the regulation of Pcdh� cluster expression in GnT-
V-null tumors. MicroRNAs constitute an abundant class of
non-coding RNAs of about 21–23 nucleotides that negatively
regulate protein expression by targetingmRNA transcripts and
mediate either translational repression or degradation of tar-
geted mRNA (45, 46). There is increasing evidence that

microRNAs are keymolecules involved in cancer initiation and
progression (47, 48). Functioning as an oncogene (49), miR-21
is one of the most studied microRNAs associated with cancer
and is highly up-regulated in breast cancer (50, 51). Studies
have shown that her-2 signaling activates several transcription
factors, such as Ets-1 andAp-1, that stimulate the expression of
miR-21 (36, 37), and increased metastatic potential of her-2-
expressing breast cancer cells is mediated by up-regulation of
miR-21 (36). Altered expression of miR-21 may, therefore, be
one of the downstream regulators of her-2 signaling implicated
in her-2-mediated up-regulation of the Pcdh� cluster. Consist-
ent with impaired her-2 signaling pathways, the expression of
miR-21 was significantly reduced inGnT-V knock-out tumors.
Mostly importantly, silencing of miR-21 using a locked nucleic
acid-modified anti-miR-21 resulted in the enhancement to dif-
ferent degrees of the expression of the Pcdh� gene cluster, indi-
cating the involvement ofmiR-21 in the altered gene expression
of Pcdh� caused by inhibited her-2 signaling at least in part.
Interestingly, the effect of regulation of miR-21 on Pcdh�
expression appeared to be indirect because Pcdh� genes are not
among the predicted potential targets ofmiR-21 due to the lack
of binding sequences for miR-21 in their 3�-UTRs. Although
some of the miR-21 target genes that have been experimentally
confirmed were not affected by reduced miR-21 expression in
our study, including Pdcd4, Pten, Tpm1, and Spry2 (49), effects
on the expression of other target genes, for example Npas3, a
newly confirmed tumor suppressor gene (52); Reck, a mem-
brane-associated inhibitor of metalloproteinases and recently
confirmedmiR-21 target gene (53); andEpha4, amember of the
Eph receptor tyrosine kinases (54), were observed. These tar-
gets were further validated by miR-21 silencing experiments
(Fig. 5E) and likelymediatemiR-21 regulation of the expression
of the Pcdh� gene cluster. Indirect regulation of genes by
miR-21 has been documented; for example, an array expression
analysis ofMCF-7 cells depleted of miR-21 by siRNA identified
miR-21 target genes thatwere subsequently experimentally val-
idated, including targets that did not contain miR-21 binding
sequences in their 3�-UTRs (55). Also, miR-21 was found to
indirectly inhibit the expression of DNMT1 by targeting Ras-
grp1, a critical upstream regulator of the Ras-MAPK signaling
cascade, whichmodulatesDNMT1 levels in lupusCD4�T cells
(56). Another indirect regulation of Bcl-2 by miR-21 has also
been reported in breast cancer (57).
The attenuation of her-2-mediated signaling pathways

observed in GnT-V KO tumor cells is likely to be the result of
aberrant N-glycosylation of her-2 and/or the ErbB family of
receptors that can lead to altered ligand (EGF and neuregulin)
binding, regulation of the endocytosis of signaling complexes,
and/or inhibition of dimer and multimer formation among
members of this family (13, 58, 59). Experiments are in progress
to determine the mechanisms by which �(1,6) N-linked glyco-
sylation regulates her-2 function.
In conclusion, we provide evidence that a gene cluster in the

cadherin superfamily, Pcdh�, functions to inhibit her-2-medi-
ated mouse mammary tumorigenicity. Our results show that
GnT-V expression levels regulate the expression of members of
the Pcdh� cluster by affecting her-2-mediated downstream sig-
naling pathways. This increased Pcdh� expression is mediated
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at least in part by miR-21, one of the downstream effectors
regulated by her-2 signaling (Fig. 7). Because up to 30% of
human breast tumors are her-2-positive (15, 16), our findings
shed new light on themolecularmechanisms of the suppressive
effects ofGnT-V deletion onmammary tumorigenesis and pro-
gression and illuminate GnT-V as a potential target for an
inhibitor with therapeutic utility for her-2-positive human
breast cancer.
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