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Myosin VI is an actin motor that moves to the minus
end of the polarized actin filament, a direction oppo-
site to all other characterized myosins. Using expres-
sion microarrays, we identified myosin VI as one of
the top genes that demonstrated cancer-specific over-
expression in clinical prostate specimens. Protein ex-
pression of myosin VI was subsequently analyzed in
arrayed prostate tissues from 240 patients. Notably,
medium-grade prostate cancers demonstrated the
most consistent cancer-specific myosin VI protein
overexpression, whereas prostate cancers associated
with more aggressive histological features continued
to overexpress myosin VI but to a lesser extent. Myosin
VI protein expression in cell lines positively correlated
with the presence of androgen receptor. Small interfer-
ence RNA-mediated myosin VI knockdown in the LNCaP
human prostate cancer cell line resulted in impaired in
vitro migration and soft-agar colony formation. Deple-
tion of myosin VI expression was also accompanied by
global gene expression changes reflective of attenuated
tumorigenic potential, as marked by a nearly 10-fold
induction of TXNIP (VDUP1), a tumor suppressor with
decreased expression in prostate cancer specimens.
These results support that myosin VI is critical in main-
taining the malignant properties of the majority of hu-
man prostate cancers diagnosed today. (Am J Pathol
2006, 169:1843–1854; DOI: 10.2353/ajpath.2006.060316)

Myosins are defined as actin-dependent Mg2� ATPases
that use the energy derived from ATP hydrolysis to move

along the actin filaments within the cell.1 Structurally,
myosins have a common domain organization consisting
of a conserved N-terminal actin binding and ATPase
domain (motor or head domain), a neck region containing
IQ motifs that bind to myosin light chains, and a C-
terminal tail domain for specific cargo binding.2 In the
human genome, there are �40 myosin genes, represent-
ing 12 classes of actin motors that mainly participate in
actin-based cellular processes.1,2 Only the class II myo-
sins are known to form bipolar filaments that are essential
for well-characterized contractile functions. The remain-
ing classes of myosins are so-named unconventional
myosins1,2 that are generally thought to function in non-
muscle cells as actin-bound monomers or dimers. Al-
though not well characterized in terms of the precise
mechanism, unconventional myosins have been impli-
cated in F-actin-mediated cellular functions such as cell
motility, vesicular trafficking, intracellular transport of
macromolecules, and possibly regulation of signal
transduction.2,3

The class VI unconventional myosin was initially iden-
tified and partially characterized in Drosophila and pig.4,5

In most organisms including human, a single gene en-
codes the class VI unconventional myosin. Myosin VI is a
unique member of the myosin superfamily.6,7 Primarily
because of a 53-amino acid insertion between the motor
and the neck domain, myosin VI moves to the pointed/
minus end of the polarized actin filament, a direction
opposite to all other myosins characterized to date.8,9

Because actin filaments are believed to orient their point-
ed/minus ends away from the plasma membrane and
internal organelles,6 the unique motor direction of myosin
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VI is potentially linked mechanistically to its functional
roles in endocytosis (transport of vesicles away from the
plasma membrane),10 secretion (transport of vesicles
away from the Golgi),11 and cell migration (pushing of the
barbed/plus ends of F-actin against the cell mem-
brane).12–14

Although the role of actin motors (myosins) in human
cancer is generally poorly documented, an intriguing
connection between myosin VI and human cancer was
recently reported.14 Based on the initial observation that
myosin VI is required in border cell migration during
Drosophila ovary development,12 Yoshida and col-
leagues14 examined protein expression of myosin VI in
human ovarian cancers and discovered a functional link
between myosin VI expression and aggressive ovarian
cancer. In the present study, we initially discovered an
unusually consistent cancer-specific overexpression of
myosin VI mRNA through global gene expression analy-
sis that emphasized the comparison between normal
prostate epithelium and cancerous acini. Further, the role
of myosin VI in human prostate cancer was investigated
through immunohistochemical analysis in a cohort of 240
patients, as well as functional studies in human prostate
cancer cell lines.

Materials and Methods

Human Prostate Tissues for Expression
Microarrays

Prostate tissue samples used for cDNA microarray anal-
ysis were fresh frozen specimens collected at the time of
prostate surgery from 1993 to 2000 at the Johns Hopkins
Hospital. Tissue specimens used in this study were from
nine patients undergoing surgery for symptomatic benign
prostatic hyperplasia (BPH) and 25 patients undergoing
radical prostatectomy for prostate cancer. Established
procedures15 were followed for sample selection and
processing. A total of 59 specimens were processed
because normal-tumor paired tissues were retrieved from
each of the 25 radical prostatectomy cases. Cryosections
were cut from trimmed blocks enriched for tissues of
interest before downstream RNA extraction. The first and
last section from each sample was reserved for patho-
logical confirmation and visual estimation of the percent-
age of epithelium. This study was approved by the Insti-
tutional Review Board at Johns Hopkins Medical
Institutions.

Human Prostate Tissues for
Immunohistochemistry

All prostate specimens used for immunohistochemical
analysis were radical prostatectomy samples selected
from the surgical pathology files at the Johns Hopkins
Department of Pathology with Institutional Review Board
approval. Tissue microarrays (TMAs) were constructed
as previously described.16 Six high-density TMAs, each
containing surgical prostate tissues from 40 cases (240

cases in total), were used for immunohistochemical stain-
ing. Each case was represented by eight cores (0.6 mm
in diameter) that were predominantly matched normal
and cancer tissues but may also have been high-grade
prostatic intraepithelial neoplasia (HGPIN) and prolifera-
tive inflammatory atrophy (PIA) lesions.16 Standard tissue
sections were selected and processed also as previously
described.16

Expression Microarrays

Printed glass cDNA microarrays were used throughout
the study. For prostate tissue profiling, microarrays con-
taining 11,904 human expression sequence tags were
used. Expression sequence tags were selected from hu-
man IMAGE clone plate sets, based on relative enrich-
ment of annotated genes within the plate, and supple-
mented by six plates (576 clones) of custom arrayed
IMAGE clones selected based on relevance to prostate
biology after an extensive literature search. For profiling
in cell lines, a recent version of cDNA microarrays con-
taining 20,344 human expression sequence tags was
used, after integration of additional plates enriched for
annotated genes.

Gene Expression Analysis

The experimental design, total RNA extraction, labeling,
hybridization, image analysis, and data analysis were
modified based on the protocols described previously.15

Total RNA samples extracted from tissues or cultured
cells were amplified once using the MessageAmp aRNA
kit (Ambion, Austin, TX) using an input of 500 ng of total
RNA, and labeled by direct incorporation of Cy3-dUTP
(Amersham Pharmacia, Piscataway, NJ) in a reverse
transcription reaction using random primers and Super-
script II reverse transcriptase (Invitrogen, Carlsbad, Cal-
ifornia). For prostate tissue profiling, expression profiles
were generated by co-hybridization of each of the 59
Cy3-labeled probes with a Cy5-labeled common refer-
ence sample, prepared from a pool of two BPH speci-
mens as described15 and its RNA similarly amplified. For
expression profiling of cultured cells, a common refer-
ence of nontreated LNCaP cells was used. The expres-
sion profile for each sample was represented as normal-
ized ratios of sample/reference for all genes represented
on the array. For expression data from tissues, genes
associated with unreliable data points, defined as a mean
fluorescence intensity less than 1000, were excluded
from further analysis. To select genes whose expression
varied most across the 59 samples, we applied a strin-
gent filtration procedure based on the criteria of at least
twofold expression change relative to the median in at
least 15 samples to yield a list of 275 genes. An agglom-
erative hierarchical two-way clustering algorithm based
on Euclidean distance measures15 was used to cluster
the samples and the 275 genes. Statistical analyses of
the differentially expressed genes were performed on
expression data derived from the 59 tissue specimens
and downloaded prostate tissue expression data from
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Lapointe and colleagues,17 using weighted gene analy-
sis as described.15 For expression data derived from
cultured cells, we first excluded unreliable data points by
the same cutoff at mean intensity of 1000. The weighted
gene analysis based on a modified distance-based w
metric15 was again used to determine the extent of dif-
ferential expression between siRNA treated samples and
nontreated cells.

Immunohistochemical Staining

Immunohistochemical staining was performed using the
Envision� kit (DAKO Corp., Carpinteria, CA) as de-
scribed.18 For myosin VI staining, a 1:400 dilution of the
primary antibody (a gift from Mark Mooseker, Yale Uni-
versity, New Haven, CT)5 was used. For TMAs, we also
performed keratin 8 staining to assist in automated scor-
ing analysis as described.18 Sections of TMAs adjacent
to those stained for myosin VI were stained for keratin 8
using a 1:800 dilution of the anti-CK8 antibody (Inno-
Genex, San Ramon, CA). For immunohistochemical stain-
ing in standard tissue slides, double labeling of �-methy-
lacyl-CoA racemase and p63 (AMACR/p63) were
performed as described16 in sections adjacent to those
used for myosin VI staining.

TMA Analysis

To avoid human bias during the assessment of immuno-
histochemical staining, we used the Chromavision ACIS II
system (Clarient, Inc., San Juan Capistrano, CA), for
semiautomated scoring.18 This approach uses two adja-
cent TMA slides in which one slide is stained with keratin
8 to determine epithelial content and the other is stained
for myosin VI. For automated analysis we excluded TMA
spots with a mixed diagnosis (mixed epithelial cells of
normal/cancer/other lesions). Expression level of myosin
VI within each individual TMA spot was evaluated by
automatic and parallel calculation of pixel numbers in
three staining categories (weak, moderate, and strong
staining), yielding a composite score based on a previ-
ously described formula16 for each spot. The scores were
normalized to the total brown pixel numbers for keratin 8
in the adjacent section to account for differential epithelial
content across the TMA spots. Tissue histology in all TMA
spots was re-examined by a pathologist (A.M.D.) in the
adjacent hematoxylin and eosin (H&E)-stained TMA
slides. Only spots annotated as containing a single diag-
nosis (no mixed normal/tumor/other lesions) were se-
lected for further analysis. A nonparametric Wilcoxon’s
rank-sum test was performed to test the statistical signif-
icance in expression levels between groups of interest.
For Figure 2d, because multiple array spots are repre-
sented for each tissue type (normal or tumor) from each
patient, the averaged values were used.

Myosin VI Knockdown

The target sequences used to silence myosin VI expres-
sion were MYO6-siRNA-1, 5�-CCGCAAAAGTCCTGAG-

TAC-3�, and MYO6-siRNA-2, 5�-AGCTTGATCTCTTC-
CGGGT-3� (Qiagen-Xeragon, Germantown, MD). The
target sequence of nonsilencing control siRNA was
5�-TTCTCCGAACGTGTCACGT-3� (Qiagen-Xeragon).
LNCaP cells were transfected with siRNA duplexes by
using Lipofectamine 2000 reagents (Invitrogen Corp.).
Efficiency of myosin VI knockdown was tested by West-
ern blot at different concentrations and various time
points. Optimal gene knockdown conditions in LNCaP
cells were achieved using 120 nmol/L siRNA at 96 hours
after transfection.

Western Blot Analysis

Cultured cells and frozen human prostate tissues were
subjected to standard Western blot analysis as de-
scribed.16 For myosin VI detection, a polyclonal rabbit
antibody (1:1000) raised against a C-terminal myosin VI
peptide (Sigma, St. Louis, MO) was used. For VDUP1
detection, a monoclonal antibody (1:1000) was used
(MBL International Cooperation, Woburn, MA). A mono-
clonal antibody (clone 36) for E-cadherin (BD Bio-
sciences, San Jose, CA) was used at 1:3000 dilution.
�-Actin was detected using a monoclonal antibody (AC-
15) at 1:5000 dilution (Sigma).

Proliferation Assay

LNCaP cells that had been transfected 24 hours earlier
with siRNA or without siRNA were seeded into a 96-well
plate (8000 cells/well). The number of viable cells was
determined daily with CellTiter 96 Aqueous nonradioac-
tive cell proliferation assay (Promega, Madison, WI). In
brief, 20 �l of the combined MTS/PMS solution was
added to each well of the 96-well assay plate containing
cells in 100 �l of culture medium. Optical density at 490
nm was recorded after 2 hours using an enzyme-linked
immunosorbent assay plate reader.

Cell Migration Assay

For the in vitro migration assay, 24-well Costar transwell
chambers (Corning Inc., Corning, NY) with 8-�m pore
membrane were used. The under surface of the mem-
brane was coated with fibronectin. LNCaP cells that had
been transfected 96 hours earlier with and without siRNA
were seeded (5 � 104/well) to the upper chambers and
allowed to migrate for 16 hours at 37°C. At the end of the
assay, after removal of nonmigratory cells on the upper
surface, the migrated cells on the under surface were
fixed and stained for 20 minutes with 0.5% crystal violet in
10% ethanol. Stained cells were eluted with 10% acetic
acid, and the absorbance was determined. One-tailed
Student’s t-test was used to assess the statistical signif-
icance (P � 0.05 considered to be significant).

Soft Agar Assay

The soft agar assay tests the anchorage-independent
growth in vitro. In brief, 1 � 104 LNCaP cells that had
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been transfected 24 hours earlier with or without siRNA
were resuspended with 3 ml of 0.3% agar (Invitrogen
Corp.) in RPMI 1640 containing 10% fetal bovine serum.
The cell-agar mixture was immediately seeded into six-
well plates coated with 0.6% agar in RPMI 1640 with 10%
fetal bovine serum. Culture media was replaced every 3
days. Colonies were stained with crystal violet as de-
scribed above, at 2 weeks after seeding.

Results

Myosin VI mRNA Overexpression in Human
Prostate Cancer

We generated gene expression profiles from 59 histo-
logically characterized human prostate tissues (raw
data available at http://www.oncomine.org). To high-
light the expression differences across the samples,
we applied an unbiased/unsupervised procedure (see
Materials and Methods) to select 275 genes with ex-
pression that varied most across the 59 samples. A
two-way clustering analysis was performed using this
set of genes across the 59 samples, breaking down to
9 BPH (B1 to B9), 25 normal (N1 to N25), and 25
prostate cancer tissues (T1 to T25) that were matched
with the normal prostate samples by number (Figure
1a). As shown, samples formed clusters based on their
identities with few exceptions, and genes formed clus-
ters based on differential expression patterns across
the samples. We highlighted the identities of a cluster
of 21 genes that demonstrated cancer-specific over-
expression patterns (Figure 1a, fully annotated
heatmap in Supplemental Figure 1 at http://ajp.
amjpathol.org). Myosin VI clustered with many previ-
ously characterized prostate cancer markers, includ-
ing prostate cancer antigen 3 (PCA3, DD3),19 AM-
ACR,16 single-minded 2 (SIM2),20 hepsin,21 and
TARP.22 Comparison of myosin VI expression ratios
across the samples showed all but one of the 25 paired
normal/cancer samples with higher expression in the
cancer sample than in the paired normal sample (Fig-
ure 1b). On average, cancer samples (4.37 � 2.05)
showed a 3.7-fold higher expression of myosin VI
mRNA when compared with the normal samples
(1.20 � 0.24), and a 4.6-fold increase when compared
with the BPH samples (0.94 � 0.10).

To further demonstrate the consistency and extent of
myosin VI overexpression in human prostate cancers, we
performed weighted gene analysis15 using two indepen-
dent data sets, one from this study (raw data available at
http://www.oncomine.org) and the other from Lapointe el
al.17 As shown in Table 1, myosin VI was consistently

identified as one of the top genes based on the test
scores (w scores) comparing normal and cancerous hu-
man prostate tissues, with a P value less than 10�10 in
both data sets (data not shown).

TMA Analysis of Myosin VI Expression

An affinity purified polyclonal antibody against the tail
domain of porcine myosin VI was used5 for immuno-
histochemical (IHC) analysis of myosin VI expression in
human prostate cancer tissues. The antibody recog-
nized a major band of �150-kd human myosin VI (Fig-
ure 2a) in prostate cancer tissues and a kidney tissue
sample (positive control, 5) but not in normal prostate
tissues or a liver sample (negative control, 5), thus
confirming the binding specificity of the antibody and
suitability for tissue staining. High-density TMAs were
used for immunohistochemical analysis of myosin VI
expression. A visual evaluation of stained TMAs con-
firmed the strongly positive myosin VI staining in the
majority of cancerous epithelial cells but generally neg-
ative or weak staining in normal epithelium and nega-
tive staining in stromal components, as shown in rep-
resentative array spots (Figure 2b).

Semiautomated scoring analysis18 was performed for
IHC data from six TMAs. We first focused on the compar-
ison of myosin VI protein expression among four histo-
logical lesions of interest: normal epithelium, PIA, HGPIN,
and cancer epithelium. After histological evaluation of
individual array spots by a pathologist (A.M.D.) and ex-
clusion of array spots with poor quality and mixed diag-
nosis, IHC scores were obtained from 665 normal, 76
PIA, 18 HGPIN, and 592 cancer lesions. As shown in
Figure 2c, cancer tissues had significantly higher myosin
VI protein expression when compared with normal and
PIA lesions (P � 10�10 and P � 10�5, respectively).
Interestingly, when compared with the normal tissue, my-
osin VI protein expression is statistically higher in the two
putative premalignant lesions, PIA and HGPIN (P � 10�6

and P � 10�5, respectively), suggesting that overexpres-
sion of myosin VI is an early event during prostate
carcinogenesis.

Comparative analysis of myosin VI protein expres-
sion levels between normal and cancerous tissues was
performed in three groups of patients stratified by
pathological Gleason scores (Figure 2d). The majority
of prostate cancers diagnosed today present Gleason
scores of 6 or 7, typically containing a predominant
component of grade 3 cancer that is characterized by
infiltrative growth of well-formed acini (Figure 2b, B and
C). As shown in Figure 2d, patients in these categories
(Gleason scores 6 or 7) demonstrated the most con-

Figure 1. Myosin VI is a novel prostate cancer marker identified in microarray analysis of surgical human prostate specimens. a: Heatmap representation of gene
expression data for 59 histologically characterized samples. Columns represent samples, including 25 normal (N1 to N25), 9 BPH (B1 to B9), and 25 cancerous
prostate tissues (T1 to T25). Rows represent genes. Normalized expression ratios for each gene are represented by red-green color scale, with red indicating
overexpression relative to the median and green indicating underexpression relative to the median. The color bar above the color matrix denotes the sample
identity, with blue marking BPH samples, green marking normal samples, and red marking cancer samples. A subcluster of genes representing those specifically
overexpressed in cancer samples was shown in relation to their relative position in the color matrix. b: Comparison of myosin VI mRNA expression in 25
normal-tumor pairs. Normalized expression ratios of sample/reference were extracted from the microarray data and displayed for each individual pair of
normal-tumor samples from each of the 25 cases. Green bars, normal; red bars, cancer; x axis, cases; y axis, expression ratios normalized to the common BPH
reference denominator.
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sistent overexpression of myosin VI in the cancer tis-
sues when compared with normal tissues (P � 10�10

and P � 10�6, respectively). Within the group of Gleason
6 patients in particular, the median score of the cancer
samples was six times higher than the median score for the
normal samples. High-grade prostate cancers (Gleason
score 8 to 10) typically present back-to-back fused glands
or loss of glandular differentiation (Figure 2b, D). These
histologically more aggressive cancers (Gleason score 8 to
10) also showed marked overexpression of myosin VI when
compared with the normal tissues (Figure 2d) (P � 0.02),
although there was a decreased overall extent of cancer-
specific myosin VI overexpression in comparison to medi-
um-grade cancers (Gleason score 6 and 7) (P � 0.01).
Consistent with its decreased cancer-specific expression in
more aggressive cancer lesions, myosin VI levels were
negatively correlated with the presence of seminal vesicle
invasion and pelvic lymph node metastasis (P � 0.03) (data
not shown).

IHC Analysis Using Standard Slides

Histologically defined prostate cancer presents an inva-
sive phenotype characterized by the absence of basal
cells and local stromal invasion by the cancerous acini.23

Combined staining for cytoplasmic AMACR and basal
cell-specific nuclear protein p63 can be used to reliably
detect such cancer lesions.16 To illustrate the spatial

pattern of myosin VI protein expression in relation to the
cancerous histology as well as histological details sur-
rounding the lesions of interest, we performed AMACR/
p63 and myosin VI staining in adjacent cuts of standard
sections (as opposed to arrayed tissues) from cases that
were myosin VI-positive. As shown in Figure 3, myosin VI
staining patterns were highly correlated with a readily
discernible cancerous morphology, in tissues where nor-
mal and cancerous histology are both present (Figure 3,
A and B) and even adjoined within the same acini (Figure
3, C and D). Intense myosin VI staining (Figure 3, B and
D) was invariably seen in cancer lesions, as marked by
positive cytoplasmic AMACR and negative nuclear p63
staining in adjacent sections (Figure 3, A and C), whereas
normal epithelial cells with intact basal cell layer and neg-
ative AMACR staining (Figure 3, A and C) were weakly
positive or negative for myosin VI (Figure 3, B and D).

Western Blot Analysis of Myosin VI in Cell Lines

To establish an in vitro cell line model for functional
studies, we examined protein expression of myosin VI
in a panel of five human prostate cancer cell lines
(Figure 4a). LNCaP cells were originally isolated from
pelvic lymph node metastases of human prostate can-
cer. These cells retain many biological features of hu-
man prostate cancer including relatively slow growth
and androgen sensitivity. As shown in Figure 4a, the

Table 1. Top Ranked Genes Overexpressed in Human Prostate Cancer

This study Laponte et al17

w rank IMAGE ID Gene name w rank IMAGE ID Gene name

1 744944 MYO6* 1 318393 TACSTD1
2 2119355 CRISP3 2 120277 AMACR
3 344243 UCK2 3 315796 KIAA0872
4 1637504 EST 4 221880 EST
5 273546 EST 5 108810 TACSTD1
6 809828 E2F5 6 116644 AMACR
7 1034473 AMACR 7 226381 AMACR
8 855406 EST 8 226071 NET-6
9 243159 OCLN 9 99827 GJB1

10 502151 SLC16A3 10 313671 OCLN
11 49630 CACNA1D 11 103681 AMACR
12 1571106 JMJD2B 12 223890 KIAA1272
13 238821 PLA2G7 13 312021 EST
14 22895 INSM1 14 315526 EST
15 882506 LOXL2 15 221393 EST
16 755239 METTL1 16 112850 MYO6*
17 769945 MGC13170 17 220886 GPCR1
18 415962 PACE4 18 117945 GPCR1
19 81357 BTEB1 19 100544 NME1
20 160485 GUCY1A3 20 107550 SOX4
21 41569 FLJ12650 21 239150 PACE4
22 724615 CHC1 22 107148 UMPK
23 241821 GLYATL1 23 308201 TNFRSF21
24 133130 AMACR 24 116796 FBP1
25 486035 UAP1 25 110119 DNAH5
26 345034 SCYB14 26 314538 RNU17D
27 810459 FZD8 27 110896 SPRY4
28 810284 REXO2 28 308819 SLC25A6
29 208413 HPN 29 109247 TARP
30 953262 PCA3 30 100493 MYO6*

Two independent cDNA microarray datasets were analyzed using weighted gene analysis, and genes overexpressed in prostate cancer were
ranked based on the w statistic.15 Note that many genes are represented by multiple cDNA clones. Myosin VI clones were marked with asterisks.
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LNCaP cell line expressed the most abundant myosin
VI protein expression, followed by two other androgen
receptor-positive lines (LAPC-4 and CWR22Rv1) that
were derived from xenographs of locally advanced
human prostate cancer. PC-3 and Du145 lines were
established from androgen-refractory distant metasta-
sis of human prostate cancer and expressed less my-
osin VI than the androgen-sensitive cancer cell lines.
The expression pattern of myosin VI in cultured human
prostate cells is again in line with the expression
changes observed in clinical tissue specimens, in
which there was a general trend of decreased cancer-
specific myosin VI expression in more aggressive
cancers.

Functional Roles of Myosin VI

Because LNCaP human prostate cancer cells demon-
strated the most abundant expression of myosin VI, we
performed in vitro functional assays after inhibition of
myosin VI expression in these cells. As shown in Figure
4b, myosin VI protein expression was dramatically de-

creased by both siRNA duplexes designed to target
the specific degradation of myosin VI RNA (target se-
quences are myosin VI-specific sequences in the mo-
tor domain) but was not affected by control nonsilenc-
ing siRNA under identical conditions. No gross
morphological changes were observed in cultured
cells after siRNA treatment. Consistent with previous
findings,14 the inhibition of myosin VI expression re-
sulted in impaired cell migration (Figure 4c) but did
not affect the proliferation rate of cells in the culture
medium (Figure 4d). However, experimental knock-
down of myosin VI significantly reduced the number
of soft agar colonies 14 days after inoculation (Figure
4e), suggesting a role of myosin VI in anchorage-
independent growth, a hallmark of transformed
phenotype.

Global Expression Changes after Inhibition of
Myosin VI Expression

Additional clues regarding the biological impact of myosin
VI expression was examined by cDNA microarray analysis

Figure 2. TMA analysis of myosin VI. a: Confirmation of antibody specificity. Lanes 1 and 3: normal prostate tissues; lanes 2 and 4: prostate cancer tissues; lane
5: liver tissue as negative control; and lane 6: kidney tissue as positive control. b: Representative staining pattern of myosin VI in normal, Gleason grade 3 (medium
grade), Gleason grade 4 (high grade), and prostate tissues with mixed normal and cancerous epithelial cells, as individually annotated. c: Box plots of myosin
VI staining scores in normal (n � 665), PIA (n � 76), HGPIN (n � 18), and cancer tissues (n � 592). The score values were normalized to the epithelial content
in each spot and displayed on the y axis. Each box is lined at lower quartile, median, and upper quartile score values for each group. The � symbols mark data
values beyond the ends of the whiskers. d: Box plots of myosin VI staining scores. Patients were stratified by pathological Gleason scores (x axis), and myosin
VI staining scores between normal and cancer samples were compared within each group. Number of patients represented in each category (normal versus
cancer): Gleason 6 (80 versus 71), Gleason 7 (81 versus 61), Gleason 8 to 10 (34 versus 34).
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after myosin VI knockdown in LNCaP cells. We compared
expression differences between two siRNA-transfected
samples and the two control cell samples (including cells
treated with nonsilencing control siRNA). Genes were
ranked based on a w metric15 that measures the extent of
gene expression change as a function of myosin VI knock-
down (Supplemental Figure 2 at http://ajp.amjpathol.org).
After myosin VI inhibition, the majority (13 of 15) of the genes
(Supplemental Figure 2 at http://ajp.amjpathol.org) showed
expression suppression by approximately twofold. The list
of suppressed genes included myosin VI (ranked no. 5)
(Supplemental Figure 2 at http://ajp.amjpathol.org), the in-
tended target of siRNA-mediated knockdown. Exception-
ally, myosin VI knockdown resulted in a nearly 10-fold in-
creased expression for TXNIP,24 whereas no other genes in
the whole dataset consistently demonstrated more than
threefold expression changes in either direction.

Validation of TXNIP/VDUP1 Expression

TXNIP (thioredoxin-interacting protein 1), also named
VDUP1 (vitamin D3 up-regulated protein 1), is a tumor
suppressor that also participates in transcriptional re-
pression to inactivate oncogenic signals.24 The protein
expression of TXNIP was dramatically increased after
inhibition of myosin VI expression in both LNCaP (Figure
5a) and CWR22Rv1 cells (data not shown), as validated
by Western blot analysis. In addition, protein expression
of myosin VI and TXNIP (Figure 5b) appeared to be
inversely correlated in unperturbed androgen receptor-
positive cell lines (LNCaP, CWR22Rv1, LAPC-4), whereas
the AR-negative PC-3 and DU-145 cells did not express
higher levels of TXNIP despite lower expression of myosin
VI. Protein expression of TXNIP was subsequently exam-
ined in five paired normal and tumor samples from radical

Figure 3. Myosin VI staining correlates with cancer morphology and stromal invasion in standard prostate tissue sections. Sections were double stained for
AMACR/p63 (A and C), and adjacent cuts from the same paraffin blocks were stained for myosin VI (B and D). Black arrows: positive p63 nuclear staining that
is specific for normal basal cells and absent in cancerous lesions; red arrows: positive cytoplasmic AMACR staining that is highly specific for prostate cancer cells.

1850 Dunn et al
AJP November 2006, Vol. 169, No. 5



prostatectomy specimens. Despite the heterogeneity of the
overall expression pattern, TXNIP was generally decreased
in the cancer specimens when compared with their
matched normal counterparts (Figure 5c).

Discussion

In the human prostate, normal ducts and acini are lined by
a double cell layer: a flat basal cell layer oriented parallel to
the basement membrane and a secretory tall columnar
luminal cell layer. A defining histological feature of human
prostate cancer is the complete absence of basal cells and
local stromal invasion/infiltration by the cancerous acini.23

Gain of invasive potential, therefore, is required for the es-
tablishment of histologically defined human prostate can-
cer. Global expression analysis emphasizing the compari-
son between normal prostate epithelium and cancerous
acini15,17,25–31 may reveal molecular alterations accompa-
nying this critical gain of function. In this follow-up study on
a top gene identified in global transcriptome analysis of
surgical prostate specimens, we uncovered a novel con-
nection between an actin motor, myosin VI, and human
prostate cancer. Although myosin VI may participate in
diverse cellular functions,6,7 the observed association of
myosin VI expression with histological characteristics of
human prostate cancer may be linked to an established role
of myosin VI in cell migration.12–14 When combined with
pericellular proteolysis and proliferative force, an enhanced
migratory potential may facilitate cancer cell/acini invasion
in the tissue environment.32

Stromal invasion is a hallmark of virtually all human
cancers of epithelial origin.33 Transcriptional up-regula-

Figure 4. Myosin VI expression and function in prostate cancer cell lines. a: Protein expression of myosin VI in five commonly used human prostate cancer cell
lines. Protein levels of �-actin were examined in the same blot and serve as loading controls. b: Myosin VI expression was inhibited by two siRNA duplexes (lanes
3 and 4), but not affected by control siRNA treatment (lane 2). Protein levels of �-actin were examined in the same blot and serve as loading controls. c: Bar
graph showing impaired LNCaP cell migration after myosin VI knockdown (siRNA-MYO6-1, siRNA-MYO6-2). Data were compiled from three replicates for each
treatment conditions. *Significantly lower number of migratory cells when compared with the sham-transfected cells. d: Cell proliferation curve in a span of 5 days.
Data were complied from five replicates for each treatment and time point. e: Decreased soft agar colony formation after inhibition of myosin VI expression. Data
were complied from four replicates for each treatment condition. *Significantly less colonies when compared with the sham-transfected cells.

Figure 5. Inverse correlation between myosin VI and VDUP1 protein ex-
pression. a: Western blot analysis of TXNIP after inhibition of myosin VI
expression in LNCaP cells. b: Western blot analysis of TXNIP and myosin VI
in the cell lines. c: Western blot analysis of TXNIP and myosin VI in five
normal-tumor pairs of human prostate specimens. Expression levels of �-ac-
tin were used as loading controls in all analysis.
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tion of myosin VI, however, does not appear to be a
universal phenomenon for all carcinomas. Based on
mRNA expression data in the public database, cancer-
specific myosin VI overexpression is primarily re-
stricted in human prostate and breast cancers (http://
genome-www5.stanford.edu/cgi-bin/source/sourceSearch
and http://www.oncomine.org). It is unclear whether ste-
roid hormone receptors play a role in regulating myosin
VI mRNA expression. Although expression levels of my-
osin VI appear to correlate with androgen receptor status
(Figure 4a), it is not regulated by synthetic DHT analog
R1881 (unpublished observation) nor is it affected by
complete knockdown of androgen receptor in human
prostate cancer cells (unpublished observation). The
regulatory mechanism accounting for myosin VI overex-
pression in human prostate cancer is currently unknown.

A hypothesis-driven approach has found elevated my-
osin VI protein levels in ovarian cancers as well as a
positive correlation with ovarian cancer aggressiveness
both in vitro and in vivo.14 We did not observe a similar
correlation between myosin VI expression and any of the
clinical and pathological indicators of prostate cancer
aggressiveness. There was instead a general trend of
slightly decreased cancer-specific myosin VI expression
in prostate cancer cases with aggressive histological and
clinical features. Therefore, human cancers of different
tissue origin may display different modes of regulation
and different patterns of alteration in myosin VI expres-
sion. It is worth noting that advanced human prostate
cancers may have acquired other properties, such as
enhanced pericellular proteolysis,34 for invasion-associ-
ated functions and may have thus become less reliant on
the participation of myosin VI. Moreover, more dediffer-
entiated prostate cancers often express reduced levels
of E-cadherin,35 which may lead to decreased myosin VI
expression as previously suggested.12 Therefore, it is
reasonable to speculate that myosin VI may regulate
coordinated movement of a cluster of cells as seen in
well-differentiated, E-cadherin-positive prostate cancer
lesions but may not be as critical in advanced cancers in
which E-cadherin-mediated cell adhesion is perturbed.

The aforementioned emphasis on cell migration should
not prelude a role of myosin VI in other cellular processes
that may also contribute to the development of human
prostate cancer. In studies unrelated to human cancer,
myosin VI was found to play critical roles in spermato-
genesis,36 inner ear hair cell differentiation,37 asymmetric
stem cell division,38 endocytosis,10 and secretion.13 Al-
though these seemingly diverse functions may have a
common underlying mechanism linked to the unique my-
osin VI motor direction, they appear to be species-, or-
gan-, and tissue-specific and possibly depend on spe-
cific isoforms of myosin VI as well as the presence of
critical myosin VI binding partners.6 In this study, inhibi-
tion of myosin VI expression in human prostate cancer
cells resulted in reduced anchorage-independent growth
(Figure 4), as well as a nearly 10-fold induction of the
tumor suppressor TXNIP (VDUP1) (Figure 5b), suggest-
ing a key role for myosin VI in maintaining the malignant
phenotype of human prostate cancer cells. TXNIP may
play a key role in regulating oncogenic signaling be-

cause expression analysis also identified dramatically
reduced expression of TXNIP after transfection of an
oncogenic ETS transcription factor.39 Despite the fact
that the TXNIP expression may be regulated by the isch-
emic conditions encountered during the surgical tissue
collection process and that the protein product is very
labile,40,41 examination in clinical specimens indeed re-
vealed a generally decreased pattern of TXNIP expres-
sion in cancer samples (Figure 5c). This novel observa-
tion should be followed up pending the availability of an
antibody suitable for immunohistochemical analysis.

Our functional studies primarily relied on siRNA tech-
nology because of lack of expression constructs for hu-
man myosin VI. Off-target effects, which lead to changes
in expression in genes other than the target gene, cannot
be efficiently controlled unless a rescue construct is
available.42 It remains to be definitively determined
whether the pattern of gene expression alterations (Sup-
plemental Figure 2 at http://ajp.amjpathol.org) was a di-
rect response to loss of myosin VI, or a result of off-target
gene regulation by synthetic siRNA duplexes. A recent
study,43 however, revealed distinctive, nonoverlapping
patterns of off-target gene suppression among experi-
ments targeting seven different locations of the same
MAPK14 transcript, suggesting that off-target effects are
specific to the target sequence but not to the target gene.
Therefore our observation that the two different myosin VI
siRNA sequences led to almost identical gene suppres-
sion patterns (Supplemental Figure 2 at http://ajp.
amjpathol.org) argued against an off-target effect. In ad-
dition, the observed gene expression alterations were
specific to myosin VI knockdown because these alter-
ations were not observed in our expression analysis after
knockdown of other genes (J.L., unpublished observa-
tion). Therefore, in this study, it is unlikely that the off-
target effects played a dominant role in regulating gene
expression and mediating the biological effect after my-
osin VI gene knockdown.

Because �80 to 90% of human prostate cancers di-
agnosed today present a pathology (Gleason score 6
and 7) that highly correlates with cancer-specific myosin
VI overexpression (Figure 2), relevant studies may have
an impact in clinical management of human prostate
cancer. However, unlike AMACR,16 we do not expect
myosin VI to be useful as a tissue marker for prostate cancer
diagnosis by IHC given that many of the normal and atrophy
lesions were also positive for staining and a subset of the
cancers were negative or weak (Figure 2, c and d). Inher-
ited inactivating deletions and mutations of myosin VI gene
in both mice and humans result in hearing loss but do not
affect viability,6 suggesting that myosin VI may be amena-
ble to therapeutic intervention. Myosin VI function may be
mediated by its interaction with multiple binding partners6

through its tail domain. Detailed structural and functional
studies in the context of molecular interactions may help to
identify specific therapeutic targets.

In summary, we discovered a novel connection be-
tween myosin VI and human prostate cancer. Myosin VI is
one of the top genes and also the only myosin gene that
has demonstrated cancer-specific overexpression in our
expression data, shedding light on the nature and scale
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of dysregulated myosin VI expression in human prostate
cancer. Previously characterized as a backward motor,
myosin VI moves toward the minus end of the actin track,
a direction opposite to all other known myosin members.
Myosin VI may have unique properties and functions that
are yet to be fully characterized, particularly in the con-
text of human cancer. This novel connection should stim-
ulate a thorough investigation of the unique structural and
functional properties of myosin VI in a broader context.
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