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ABSTRACT
Prostate cancer is the most commonly diagnosed non-cutaneous cancer and one
of the leading causes of cancer death for North American men. Whereas localized
prostate cancer can be cured, there is currently no cure for metastatic prostate
cancer. Here we report a novel approach that utilizes designed chimeric transcription
activator-like effectors (dTALEs) to control prostate cancer metastasis. Transfection of
dTALEs of DNA methyltransferase or demethylase induced artificial, yet active locusspecific CpG and subsequent histone modifications. These manipulations markedly
altered expression of endogenous CRMP4, a metastasis suppressor gene. Remarkably,
locus-specific CpG demethylation of the CRMP4 promoter in metastatic PC3 cells
abolished metastasis, whereas locus-specific CpG methylation of the promoter in nonmetastatic 22Rv1 cells induced metastasis. CRMP4-mediated metastasis suppression
was found to require activation of Akt/Rac1 signaling and down-regulation of MMP-9
expression. This proof-of-concept study with dTALEs for locus-specific epigenomic
manipulation validates the selected CpG methylation of CRMP4 gene as an independent
biomarker for diagnosis and prognosis of prostate cancer metastasis and opens up a
novel avenue for mechanistic research on cancer biology.

cabazitaxel [5], abiraterone (Zytiga) [6], and MDV3100
[7] have shown more prolonged overall survival benefit
and have been approved by the FDA for treatment of
the disease. However, none of these drugs are curative;
they only marginally improve patients’ overall survival.
Clearly, establishment of more effective therapeutic targets
and drugs specifically aimed at mCRPC is of critical
importance for improved disease management and patient
survival [8]. Similarly, there is a dire need for improved
prognostic metastatic biomarkers to determine whether
primary prostate cancers are potentially aggressive or
indolent; in the latter case, patients can be spared from
over treatment [9].

INTRODUCTION
Men with metastatic prostate cancer, are faced
with poor prognosis, having median survival times in the
range of only 3–7 years [1]. Although androgen ablation,
currently the treatment of choice for metastatic prostate
cancer, can lead to remissions, tumors frequently return
in a “castration-resistant” form (i.e. castration-resistant
prostate cancer, CRPC). The current standard care for
treating CRPC is systemic, docetaxel-based chemotherapy,
increasing the overall survival of patients by about 2
months compared to the previous standard “mitoxantrone
plus prednisone” regimen [2, 3]. Recently sipuleucel-T [4],
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Metastasis suppressor genes (MSGs) are negative
regulators of metastasis [10, 11]. Compelling evidence
indicates that modifications of DNA methylation and
histones can silence the expression of MSGs, leading
to the development of metastasis [12–14]. This notion
is supported by studies of CRMP4, a novel prostate
cancer MSG recently identified by our laboratory [15].
Conversely, reactivation of MSGs has the potential
to inhibit cancer metastasis and may be useful as a cotreatment of micro-metastases present in localized,
hormone-refractory prostate cancers undergoing radiation
therapy [16, 17].
At present, most epigenomic modifications in
laboratory research and clinical settings are achieved
with non-specific approaches such as use of the HDAC
inhibitor valproic acid and methyltransferase inhibitors
5-azacytidine and 5-aza-2-deoxycytidine (decitabine)
[18–20]. Although site-selective methylation with
chimeric DNA methyltransferases has been achieved
using DNA-binding domains derived from various native
DNA-binding proteins [21] and artificial zinc finger DNAbinding domains [22], these modes of methylation suffer
from poor specificity.
Recent breakthroughs in demystifying transcript
ion activator-like effectors (TALEs) for DNA recognit
ion with high specificity [23, 24] has made locus-specific
targeting possible for a wide variety of downstream
applications [25]. Moreover, the recent discovery of
DNA demethylase (TET1) [26, 27], and successful
reactivation of endogenous gene expression with such a
demethylase guided by TALE has opened up an exciting
avenue for locus-specific modification of genes [28].
We envisaged that TALE-assisted locus-specific
modifications of the CRMP4 promoter region could alter
expression of the gene, and thus control prostate cancer
metastasis. In the present study, we demonstrate that
designed chimeric TALEs (dTALEs) containing a catalytic
domain of DNA methyltransferase DNMT3A or DNA
demethylase TET1 can turn prostate cancer metastasis
on or off by altering CRMP4 expression through locusspecific modification of the gene promoter.

CRMP4 promoter regions were able to drive substantial
luciferase expression. Inclusion of Region A (A+) further
increased reporter activity by 42.7%, whereas inclusion of
Region B (B+) only increased reporter activity by 11.2%,
suggesting that Region A plays a greater enhancer role.
Importantly, considerable luciferase expression observed
in reporter B− (50.5% of the reporter A+ activity) suggests
that the predicted core promoter and the initial exon play
a pivotal role in driving CRMP4 expression. Reporter A−
showed little difference over reporter B+ in luciferase
activities, suggesting that the 122 bp sequence (−839
to −717) between Regions A and B have little effect on
CRMP4 expression.
CpG methylation in a promoter region represses
transcription of the gene in most cases, but not in all cases
[29]. Here, Figure 1b shows that treatment with M.SssI
induced considerable repression of luciferase expression
in all four reporters, suggesting that the CRMP4 promoter
region is highly sensitive to CpG methylation. In the
presence of M.SssI treatment, inclusion of Region A in
reporter A+ further reduced luciferase activity (34%) to
almost extinction (Supplementary Figure S1c). Given the
fact that Region A further increased luciferase activity
in the absence of M.SssI treatment, this result suggests
that Region A may act as a CpG methylation-sensitive
repressive enhancer. As compared to reporter B+, reporter
A− and B− showed little difference in luciferase activity,
further suggesting that the 122 bp sequence does not
affect CRMP4 expression regardless of the methylation
status, and that Region B is a CpG methylation-insensitive
enhancer.

Generation of dTALEs for locus-selective CpG
modification
To achieve locus-specific CpG modification within
the pre-determined CRMP4 promoter region, a short
sequence between Regions A and B was selected as a
TALE targeting motif (23 bp, Figure 2a, Supplementary
Figures S1, S2a). Query of this 23 bp sequence against
the human genome in Blast search revealed no identical
sequence stretches that are long enough to become a
concern for off-target binding (Supplementary Figure
S1d).
To verify DNA binding specificity and potency
of the TALE, co-transfection of CRMP4-TAL-vp64
and CRMP4-Luc2pin HEK293 cells induced a 21-fold
increase in luciferase activity over control background
(Supplementary Figures S2b–S2c), strongly suggesting
that the synthetic TALE DNA binding domain can
specifically recognize the selected targeting motif with
desired potency.
To introduce epigenomic modifications specifically
to the predetermined CRMP4 promoter region, CRMP4TAL-3Ac and CRMP4-pCpGL reporter (Figure 2b) were
transfected into COS1 cells, inducing a 67.5% reduction

RESULTS
CRMP4 promoter region and its sensitivity to
regulation of CpG modification
We previously reported that CpG methylation in
CRMP4 promoter Regions A and B (Supplementary Figure
S1a) correlated with the metastatic status of prostate
cancer [15]. To determine whether CRMP4 expression is
sensitive to regulation of CpG modification and investigate
if CpG methylation represses transcription of the gene,
the predicted CRMP4 core promoter (Supplementary
Figure S1b) was utilized to construct four luciferase
reporters (Figure 1a). As shown in Figure 1b, all four
www.impactjournals.com/oncotarget
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Figure 1: Regulation of CRMP4 promoter activity by CpG modification. (a) Illustration of the four CRMP4 promoter-driven

luciferase reporters designated as A+ (−867/+114), A− (−839/+114), B+ (−717/+114), and B− (−656/+114). (b) Luciferase activities of the
four CRMP4 promoter reporters that were pre-treated with or without M.SssI. One-way ANOVA was used to analyze the difference among
the four groups luciferase reporters designated, and the differences between groups determined by the Student’s t-test were considered to
be significant at a p value less than 0.05/3 after correction. The error bars in b are s.e.m.

alter the expression of the gene, these plasmids were
transfected into metastatic PC3 cells that express
little CRMP4 and into non-metastatic 22Rv1 cells
expressing abundant CRMP4, respectively (Figures
2c, 2d). In agreement with the results from the above
mentioned reporter assays, CRMP4 expression in PC3
cells expressing CRMP4-TAL-Tet1c and 22Rv1 cells
expressing CRMP4-TAL-3Ac showed significant up and
down-regulation, respectively, in both mRNA (Figure 2c)
and protein (Figure 2d) levels relative to their specific
controls.
To determine whether and to what frequency and
range the targeted CpG modifications did take place
in the CRMP4 promoter region, the genomic DNA
samples from the PC3 and the 22Rv1 cells expressing

in luciferase activity. Interestingly, co-transfection of
CRMP4-TAL-Tet1c and M.SssI-pretreated CRMP4pCpGL reporter rendered a significant increase in
luciferase activity by 3.3-fold (Figure 2b). These results
suggest that these dTALEs can selectively modify the
CpG methylation within the selected the CRMP4 promoter
region, leading to up and down regulation of expression of
the CRMP4 gene.

Modulation of CRMP4 expression in prostate
cancer cells by locus-specific CpG modifications
To determine whether CRMP4-TAL-Tet1c and
CRMP4-TAL-3Ac are able to induce locus-specific CpG
modifications of endogenous CRMP4 and consequently
www.impactjournals.com/oncotarget
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Figure 2: Locus-specific modulation of CRMP4 expression by dTALEs. (a) Illustration of the dTALEs. The synthetic TALE

DNA-binding domain, the 23 bp targeting sequence from CRMP4 promoter region, nuclear localization signal (NLS), the truncated N-terminal
domain (N95), the catalytic domain of Tet1 (Tet1c), the catalytic domain of DNMT3A (3Ac), and the other functional domain such as GFP
are shown. The CRMP4 promoter structure (middle panel of Figure 2a) is drawn on a non-proportional scale. TSS: translation start site.
(b) Luciferase activities altered by dTALEs through locus-specific CpG modification. Co-transfections with dTALEs and the CpG-free
CRMP4-pCpGL reporter pre-treated with and without M.SssI were performed in HEK293 and COS-1 cells. (c) Alteration of endogenous
CRMP4 mRNA expression in prostate cancer cells detected using qRT-PCR. The PC3 and 22Rv1 cells were transfected with CRMP4-TAL3Ac, CRMP4-TAL-Tet1c, and empty phCMV1 vector to induce locus-specific CpG modifications. (d) Alteration of endogenous CRMP4
protein expression in prostate cancer cells detected using Western blotting. The prostate cancer cells were treated as described for Figure 3c.
(e) CpG methylation frequencies of CRMP4 promoter Region A and Region B detected in the PC3 cells using pyrosequencing. The PC3
cells were transfected with CRMP4-TAL-Tet1c or empty phCMV1 vector as control. (f) CpG methylation frequencies of CRMP4 promoter
Region A and Region B detected in the 22Rv1 cells using pyrosequencing. The 22Rv1 cells were transfected with CRMP4-TAL-3Ac or empty
phCMV1 vector as control. The p values in b–f were determined with the Student’s t-test. The error bars in b–f are s.e.m.
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Induction of locus-specific histone modification
by locus-specific CpG modification

CRMP4-TAL-Tet1c and CRMP4-TAL-3Ac, respectively,
were extracted and pre-treated with bisulfite for
pyrosequencing. Figures 2e–2f show that ectopic
expression of CRMP4-TAL-Tet1c in PC3 cells decreased
the average methylation frequencies from 25.5% to
17.0% in Region A and from 21.9% to 10.7% in Region
B, relative to the controls (Figure 2e, Supplementary
Figures S3a–S3b). In contrast, ectopic expression of
CRMP4-TAL-3Ac increased the average methylation
frequencies from 2.5% to 8.0% in Region A and from
0.9% to 7.3% in Region B, relative to the controls (Figure
2f, Supplementary Figures S4a–S4b).
Further sequencing toward 5’ of Region A and
3’ of Region B identified that dTALE-mediated CpG
modifications extended up to 300 bp in both directions
from the TALE-targeting sequence, suggesting epigenom
ic modifications outside of Regions A and B also occurred
for both DNA demethylase (Supplementary Figures
S3c–S3f) and methyltransferase (Supplementary Figures
S4c–S4f). In contrast, CpG methylation levels remained
unchanged for the selected genes RASSF1A, p16 and
TWIST1 in the PC3 and the 22Rv1 cells with or without
transfection of dTALEs, suggesting negligible off-target
modifications (Supplementary Figures S5a–S5c).

To determine whether the artificial CpG modifications
induced histone modifications at the same or nearby loci of
the CRMP4 promoter region, chromatin immunoprecipitation
(ChIP) assays were performed to detect H3K9me3,
H3K27me3 and H3K79me3. Figures 3a–3b show that despite
the ectopic expression, Regions A and B of 22Rv1 cells,
but not of PC3 cells, had identical magnitudes of histone
modifications at all three sites, suggesting that the Regions A
and B of the CRMP4 promoter employ the same nucleosome
in 22Rv1 cells, but different nucleosomes in PC3 cells.
These findings also suggest that CRMP4 promoter sequences
involved in nucleosome formation might be different in PC3
and 22Rv1 cells. More importantly, Figures 3a–3b also show
significant decreases of the trimethylation in Regions A and
B in PC3, but dramatic increases in 22Rv1 cells. Of particular
note is Region A at which the trimethylations were modified
most, supporting its major role in regulating the expression
of the gene. Contradictorily, ectopic expression of CRMP4TAL-Tet1c in PC3 cells increased secondary trimethylations
at H3K27 and H3K79 (Figure 3b, left panel).

Figure 3: Histone modifications in the PCa cells expressing dTALEs. Ectopic expression of CRMP4-TAL-Tet1c in PC3 cells
and CRMP4-TAL-3Ac in 22Rv1 cells induced the histone modifications at H3K9me3, H3K27me3 and H3K79me3 in (a) CRMP4 promoter
Region A (−867/−839), (b) CRMP4 promoter Region B (−717/−656), (c) CRMP4 alternative promoter located 56 kb to the 5’ of the start
codon, (d) CRMP4 terminal exon located 60 kb to the 3’ of the start codon. Empty phCMV1 vector was transfected in PC3 and 22Rv1
cells as controls. CRMP4 gene is located in chromosome 5. The p values in a–d were determined with the Student’s t-test. The error bars
in a–d are s.e.m.
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Manipulation of prostate cancer cell metastasis
by dTALEs

Ectopic expression of CRMP4-TAL-Tet1c in
PC3 cells and CRMP4-TAL-3Ac in 22Rv1 cells did
not alter the H3K9me3, H3K27me3, and H3K79me3
status in the CRMP4 alternative promoter and terminal
exon (Figures 3c–3d). Consistently, the trimethylation
status at the selected H3K sites also remained
unchanged for control genes GAPDH, RASSF1A, and
p16 (Supplementary Figures S6a–S6c) when CRMP4TAL-Tet1c and CRMP4-TAL-3Ac were expressed.
These negative results suggest that the locus-specific
epigenomic modifications occur only within the
localized target region without alteration of the distal
regions of the epigenome.

To determine whether the locus-specific epigenomic
modifications are necessary and sufficient to transform
tumor progression in vitro and in vivo, the metastatic PC3
cells expressing CRMP4-TAL-Tet1c and the non-metastatic
22Rv1 cells expressing CRMP4-TAL-3Ac were examined
for tissue invasive and cell migratory activities. Figure 4a
shows that CRMP4-TAL-Tet1c significantly reduced
tissue invasion and migration of PC3 cells. Figure 4b
shows that CRMP4-TAL-3Ac induced significant tissue
invasion and migration of 22Rv1 cells.

Figure 4: In vitro and in vivo manipulation of prostate cancer cell metastasis by dTALEs. In vitro migration and tissue
invasion of the PC3 cells (a) and the 22Rv1 cells (b) transfected with specified dTALEs or empty phCMV1 vector as control. Left panel:
representative images; Right panel: results in means of three independent experiments. Significance was determined with the Student’s
t-test. (c) Xenogen images of mice with orthotopic implantation of the dTALE-expressing PC3 and 22Rv1 cells infected with luciferaseexpression lentivirus LP-RLUC-LV. (d) Tumor volume of PC3 and 22Rv1 cells with and without expression of the specified dTALEs or
empty phCMV1 vector as control. The volume was calculated from the Xenogen images. (e) Dot plot depicting number of metastases per
mouse in animals injected with PC3 or 22Rv1 cells expressing specified dTALEs or empty phCMV1 vector as control. (f) Organ distribution
frequency of tumor metastasis. All mice were autopsied and the organs were measured by detecting luciferase activity, respectively. The
P values in a, b were determined with the Student’s t-test. The error bars in a, b, d are s.e.m.
www.impactjournals.com/oncotarget
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To facilitate in vivo evaluation of cancer progression,
PC3 and 22Rv1 cells co-infected with luciferase
reporter and dTALEs were injected into prostates of
mice, respectively. As shown in Figure 4c, all the mice
(n = 9) injected with control PC3 cells developed
metastases, whereas 8 out of 9 animals (88.9%) injected
with PC3 cells expressing CRMP4-TAL-Tet1c did not.
Importantly, while the tumors of the latter were relatively
smaller, 7 out of 9 mice (77.8%) harboring CRMP4-TAL3Ac-infected 22Rv1 cells exhibited partially promoted
metastasis (Figure 4c), whereas none of the control mice
(n = 9) did (Figure 4c). These loss-of-function and gainof-function results with both PC3 and 22Rv1 cells strongly
indicate that CRMP4 expression is not only necessary, but
also sufficient for termination of prostate cancer metastasis.
Although the PC3-driven tumors presented with
higher photon flux than the 22Rv1-driven tumors, there
were no significant photon differences between the PC3driven subgroups of primary tumors. This was also true
for 22Rv1-driven subgroups (Figure 4d). These results
imply that CRMP4 has little effect on primary tumor
development, but specifically and significantly mediates
metastasis.
Prior studies have shown that metastatic prostate
cancer in patients displayed heterogeneity in organ
distribution, including lung, liver, kidneys and bone
[30, 31]. This study shows that, CRMP4-TAL-Tet1c
significantly reduced the PC3 cell-induced metastatic
lesions in multiple organs including, most frequently,
proximal and distal lymph nodes followed by testis, spine,
liver, lung, kidney and pancreas. Interestingly, CRMP4TAL-3Ac significantly increased the metastatic tumor
distributions (Figures 4e–4f).

protein-protein interactions exist between CRMP4 and Akt
or Rac1. Additionally, co-localization of CRMP4 with Rac1
was detected in a distinct perimembrane, but with Akt in the
perinuclear region and cytoplasm (Figure 5d).
Rac1 enhances tissue invasion of prostate cancer
cells by activating Rho GTPases and promoting activation
of MMPs [32, 33], and Akt phosphorylates Rac1 at Ser71
to inhibit its GTPase activity [34, 35]. As expected, the
active GTP-bound Rac1 was blocked and MMP-9 activity
was markedly suppressed by CRMP4-TAL-Tet1c in PC3
cells (Figures 5e–5f). These findings were supported
by immunohistochemistry data showing a differential
expression pattern between CRMP4 and MMP-9
(Figure 5g).
Taken together, the results suggest that CRMP4
down-regulates MMP-9 expression and inhibits Rac1
GTPase by enhancing phosphorylation of Rac1 and Akt
through direct interaction with Rac1 and Akt, eventually
leading to suppression of prostate cancer invasion and
metastasis (Figure 5h). Since CRMP4 lacks a kinase
domain, the CRMP4-mediated phosphorylation of Rac1
and Akt must involve more signaling molecules. This
demands further investigation.

Prognostic and diagnostic significance of
CRMP4 promoter methylation
To assess whether the CRMP4 promoter methylation
status would be useful for prognosis or diagnosis of
metastasis in prostate cancer patients, prostate cancer
specimens obtained via radical prostatectomy from
203 patients (Supplementary Table S2) were evaluated
for their CRMP4 promoter methylation status using a
methylation-specific PCR (MSP) method. While 103
patients were CRMP4 promoter methylation negative,
100 were CRMP4 promoter methylation-positive. Survival
analysis showed that the latter had poorer biochemical
recurrence-free survival (31.0% vs. 78.9%, Figure 6a),
clinical progression-free survival (62.5% vs. 90.8%,
Figure 6b), overall survival (61.6% vs. 81.3%, Figure 6c),
and prostate cancer-specific survival (66.2% vs. 95.4%,
Figure 6d). Similar to the Gleason score, pathological
stage, surgical margin status and lymph node status, the
multivariate Cox regression modeling results support
CRMP4 CpG methylation status to be an independent
prognostic factor for subsequent biochemical recurrence
after radical prostatectomy (Supplementary Table S3).
Among these independent prognostic factors, the CRMP4
promoter methylation status had the highest hazard ratio
of 6.35 (95% CI: 4.64–8.95).
Of the 100 CRMP4 CpG methylation positive
patients, 64 cases (64.0%) were clinically confirmed as
metastatic cancer patients, while only one case (0.97%)
out of 103 CRMP4 CpG methylation negative patients
was clinically diagnosed as a metastatic cancer patient.
This strongly suggests that the CRMP4 CpG methylation

Identification of Akt-Rac1-MMP9 signaling in
CRMP4-mediated metastasis
The mechanisms underlying CRMP4-mediated
metastasis suppression remain largely unknown. Samples
prepared from PC3 cells expressing CRMP4-TALTet1c were arrayed on 1318 tumor-associated protein
targets with their site-specific phospho-antibodies. The
antibody microarray revealed that CRMP4-TAL-Tet1c
significantly activated the phosphorylation status for a
variety of targeted signaling proteins (Supplementary S7a
and Supplementary Table S1), in particular Akt and Rac1.
Interestingly, Akt and Rac1 expressions were not altered
as shown in qRT-PCR (Supplementary Figure S7b) and
Western blot assays (Figure 5a). Consistently, Figure 5a
shows that CRMP4-TAL-Tet1c did significantly elevate
the phosphorylation of Akt Ser473 and Rac1 Ser71.
Such elevation was subsequently blocked by siRNA that
repressed the CRMP4 expression (Figure 5a).
To understand how CRMP4 induces Akt and Rac1
phosphorylation, a co-immunoprecipitation (Co-IP) experi
ment was performed. Figure 5b–5c shows that positive
www.impactjournals.com/oncotarget
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Figure 5: Akt-Rac1-MMP9 signaling pathway in CRMP4-mediated suppression of metastasis. (a) Western blot detection
of phosphorylation and expression of Akt and Rac1 in the PC3 cells transfected with CRMP4-TAL-Tet1c or empty vector phCMV1
as control. CRMP4 siRNA was utilized to verify the loss-of-function. (b) Akt and CRMP4 interaction detected in the PC3 cells with
differential Co-IP and Western blot. (c) Rac1 and CRMP4 interaction detected in the PC3 cells with differential Co-IP and Western blot.
(d) Subcellular co-localization of CRMP4 with Akt and Rac1, respectively, in the CRMP4-TAL-Tet1c-expressing PC3 cells detected
using confocal images. (e) Rac1 GTPase activity detected in the CRMP4-TAL-Tet1c-expressing PC3 cells using a Pull-down assay.
(f) MMP-9 activity detected in the CRMP4-TAL-Tet1c-expressing PC3 cells using a Gelatin zymography assay. (g) IHC detection of
opposite expression of CRMP4 and MMP-9 in the primary tumors from mice injected with PC3 or 22Rv1 cells expressing specified
dTALEs. (h) Schematic of CRMP4-mediated signaling pathway involving phosphorylation of Akt and Rac1, activity of Rac1 GTPase and
MMP-9, and repressed expression of MMP-9, VEGFB and VEGFC15, collectively leading to suppression of prostate cancer metastasis
(Solid-lines: findings of this manuscript. Dashed-lines: previously published data and data not shown). The P values in e and f were
determined with the Student’s t-test. The error bars in e and f are s.e.m.
www.impactjournals.com/oncotarget

10037

Oncotarget

Figure 6: Differential survival of prostate cancer patients with positive and negative CRMP4 CpG methylation.

(a–d) Kaplan–Meier graphs representing the probability of cumulative (a) biochemical recurrence-free survival, (b) clinical progressionfree (free of a biopsy-proven local recurrence or imaging-identified systemic metastasis lesions) survival, (c) overall survival and
(d) prostate cancer-specific survival in prostate cancer patients stratified according to positive and negative CRMP4 CpG methylation status
in their primary tumors. The log-rank test P value reflects the significance of the correlation between CRMP4 CpG methylation and survival
outcome. MSP: methylation-specific PCR.

status can be also used as an independent marker for early
diagnosis of prostate cancer metastasis.

pathway identified for CRMP4 in this study (Figure 5h)
is in agreement with reports implicating that Akt inhibits
Rac1 activity by direct phosphorylation of Rac1 [34, 35].
It is known that Rac1 enhances prostate cancer invasion
through activation of Rho GTPases and MMPs [30, 32,
33]. It appears that CRMP4-mediated suppression of
meta
stasis involves multiple signaling pathways. The
phospho-antibody microarray results further elaborate
this notion since CRMP4 might also regulate PPAR, WNT
and NF-κB signaling pathways, and so on (Supplementary
Figure S7a and Supplementary Table S1). The present
finding of CRMP4 acting as a master negative regulator
is of particular importance for drug development, since
targeting of such a single molecule would be sufficient
to exert therapeutic efficacy, as it would simultaneously

DISCUSSION
Among many genes involved in the development of
metastasis, MSGs are responsible for negative regulation
of metastasis by interfering with cancer cell dissemination,
tissue invasion, survival, and growth [10, 11, 36–39]. The
underlying molecular mechanisms employed by MSGs
remain obscure. CRMP4 appears to act as a master
negative regulator via which phosphorylation of Rac1
and Akt, and down-regulation of MMP-9 and VEGF
[15], converge to suppress the development of metastasis.
The metastasis-suppressing role of this novel signaling
www.impactjournals.com/oncotarget
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block multiple signaling events. This proof-of-concept
study demonstrating that prostate cancer metastasis can
be switched on and off via manipulation of CRMP4
expression further supports this notion.
Consistent with the range that has been previously
reported for chimeric DNA methyltransferases [22], the
CpG modifications induced by the dTALEs in this study
cover a total of 600 bp sequences. This is the first report
that has ever utilized a chimeric DNA demethylase for
epigenomic modification. However, such modifications
may not reach the first exon of CRMP4. The difference
in the degree of suppression between specifically and
non-specifically methylated CRMP4 promoter reporters
(Figure 2b) suggests that unidentified transcription
factors sensitive to CpG methylation of the core
promoter and the first exon may play an important role in
the initiation of CRMP4 transcription. It is also possible
that CpG methylation may alter the secondary DNA
structure of the reporters to block binding of potential
transcription factors and RNA Polymerase II complex.
Trimethylation at H3K79 that activate gene exp
ression has been reported before [40]. In the present
study, increased trimethylation at H3K27 in Region B
was also accompanied by CRMP4-TAL-Tet1c-induced
activation of CRMP4 expression (Figure 4b, left panel).
Given the fact that the epigenetic code, if it exists,
remains completely elusive, this novel finding needs
further investigation.
Both CpG and histone modifications are primary
epigenetic marks. However, which modification precedes
the other in transcription regulation and chromatin
remodeling remains unclear [41, 42]. Current evidence
suggests that CpG methyl-binding proteins (MBD1,
MBD2, MeCP1/2) can recruit the histone-modifying
enzymes including HDAC, histone methyltransferases
and demethylases to the loci [43–46]. CpG methylation
could affect binding of certain transcription factors.
The latter in turn can induce histone modification by
interacting with other proteins [47]. Additionally, DNA
methyltransferases and demethylases form complexes
that can also potentially induce histone modification [48].
Our observation that artificial dTALE-induced, yet active,
locus-specific CpG modifications instigated only local
histone modifications provides the first direct evidence
demonstrating that CpG modifications can guide histone
modifications (Figures 3a–3b). In doing so, both types
of modification may work together to help transform
provisional epigenomic modifications, such as temporarily
induced CpG modifications, into permanent and heritable
epigenetic modifications through chromatin remodeling.
As a result, artificial CpG modifications can be largely
preserved, altered CRMP4 expressions maintained, and
continued ectopic expression of dTALEs no longer needed
for maintaining CRMP4 expression.

www.impactjournals.com/oncotarget

Although a number of biomarkers for disease
prognosis and diagnosis have been discovered, their
mechanisms of action remain largely unknown. The
fact that dTALE-mediated, locus-specific epigenomic
modifications can turn on and off prostate cancer
metastasis in vitro and in vivo plainly shows how the
CRMP4 CpG methylation status can be an independent
biomarker for early clinical prognosis and early laboratory
diagnosis of prostate cancer metastasis.
Most recently, artificial TALE nucleases have
been successfully utilized for genome editing [49,
50]. Whether chimeric TALE methyltransferase and
demethylase can have access to desired genome loci and
induce epigenomic modifications is not clear. Chimeric
dTALEs fused with DNA methyltransferase and, in
particular, DNA demethylase, have not previously been
reported. The present study has provided proof-ofprinciple in vitro, as well as in vivo, that locus-specific
epigenomic modification can be used for treatment of
a disease such as metastatic prostate cancer. For use of
such therapeutics in the clinical setting, an appropriate
way of drug delivery should first be developed. Offtarget binding of genomic sequences is always a concern
with regard to the interpretation of observed phenotypes.
Since the TALE RVD code can be degenerate [24, 51],
Blast search may not be able to identify degenerate offtarget sequences. Fortunately, not all off-target activity
or binding would necessarily produce off-target toxicity
if the off-target sequence falls into a region of little
importance in the regulation of gene expression. For this
proof-of-concept study, our results satisfy the design
criteria.
In summary, we have provided a proof-ofconcept study showing that locus-specific epigenetic
modifications can be achieved with the use of dTALEs.
These dTALEs can be a new approach for manipulation
of disease processes such as prostate cancer metastasis.
Given the fact that many critical genes, including
oncogenes and MSGs, bear CpG-rich regions and CpG
islands, similar dTALEs targeting these genes can be
engineered as potential therapeutics and research tools
to treat corresponding diseases and also improve our
understanding of the gene functions.

METHODS
Cell culture
The human metastatic CRPC cell line PC3, nonmetastatic prostate cancer cell line 22Rv1, normal
prostate epithelial cell line RWPE-1, and other cell
lines, i.e. HEK293 and COS-1, were obtained from
the ATCC and cultured according to the supplier’s
instructions.
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(Invitrogen) according to the manufacturer’s instructions.
For PC3, 22Rv1 and HEK293 cells, 500 ng/ml Gentamicin
(G418, Life Technologies) was added for 7 or 10 days
to select the transfectants. Then alteration of CpG and
histone methylation was analyzed with pyrosequencing
(Pyromark ID96 system, Biotage) as previous reported
[55] and ChIP assay [56]. All primers were summarized in
supplementary appendix.
For locus-specific CpG modifications of the
CRMP4-pCpGL reporter, subsequent co-transfection of
the reporters and dTALEs after G418 treatment for 10
days was performed to minimize the reporter expression
prior to dTALE expression. In other words, dTALEs
should have already been expressed before the expression
of the CRMP4-pCpGL reporter.
About 24 hours after the transfection, the luciferase
activities were assayed, using a Dual Glo luciferase kit
(Promega), in specified cells that were co-transfected with
dual luciferase reporters alone or together with dTALEs,
following the manufacturer’s instructions. All data were
normalized as relative firefly luciferase light/renilla units.

Based on a CRMP4 core promoter predicted with
Proscan (http://www-bimas.cit.nih.gov/molbio/proscan/)
(Supplementary Figure S1a), four CRMP4 promoter
regions, referred to as CRMP4 A+ (−867/+114), CRMP4
A− (−839/+114), CRMP4 B+ (−717/+114), and CRMP4
B− (−656/+114), were amplified from genomic DNA of
RWPE-1 cells using specific primers (Supplementary
Methods). The PCR products were cloned into the
pGL4.15-Luc2P (Promega) vector to construct the
reporters pGL4-CRMP4-A+, pGL4-CRMP4-A−, pGL4CRMP4-B+, and pGL4-CRMP4-B−, respectively
(Figure 1a). In addition, the CRMP4-Luc2p pGL4.27
reporter was constructed by cloning one copy of the 23 bp
dTALE-targeting sequence into pGL4.27 vector (Promega)
that carries only a minimal promoter. The CRMP4-pCpGL
reporter was constructed by cloning the CRMP4 promoter
region −896/+28 into the CpG-free pCpGL vector (a gift
from Michael Rehli) [52].
All reporters, except for CRMP4-Luc2p pGL4.27,
were treated with non-specific CpG methyltransferase
M.SssI (http://NEB.com) according to the manufacturer’s
instructions and the methylation was confirmed by Hae II
digestion (http://NEB.com).
Based on a variety of criteria such as CpG
distribution, distance from core promoter and trans
cription start site, preferred range of epigenomic modifi
cation, TALE binding requirements, and minimal
homology to human genome sequence, a 23 bp sequence
(TCCATTTTCTAATGTGTATGTTC) between Region
A and Region B (−835/−813) was selected for dTALEtargeting (Supplementary Figures S1a, S1b). Then, a gene
encoding a TALE DNA-binding domain consisting of a
truncated N-terminal with a nuclear localization signal
(NLS), a middle tandem repeat domain, and a C-terminal
linker was commercially synthesized by http://GenScript.
com with genetic codons optimized for mammalian cell
expression (Supplementary Figure S2a). The RVD codes
used for nucleotides A, C, G, and T were amino acids NI,
HD, NN, and NG, respectively [53, 54]. The synthetic
TALE DNA-binding domain was then fused to HA-Tag,
transcription activation domain vp64, the catalytic domain
of human methyltransferase DNMT3A (598–908 aa) and
demethylase Tet1 (1612–2136 aa) to generate CRMP4TAL-HA, CRMP4-TAL-vp64, CRMP4-TAL-3Ac, and
CRMP4-TAL-Tet1c in phCMV1 vector, respectively
(Figure 2a).
All the insert fragments and genes described above
were verified by DNA sequencing.

Chromatin immunoprecipitation (ChIP)
ChIP assay was performed as described previously
[55] using ChIP Assay Kit (Thermo). The PC3 cells
transfected with CRMP4-TAL-Tet1c and 22Rv1 cells
transfected with CRMP4-TAL-3Ac were lysed and the
lysates processed following standard ChIP protocol. Then,
qRT-PCR, as previously reported [15], was performed with
the SYBR Green master mix (Toyobo), and enrichment
was calculated using the percentage-of-input method.

RNAi
The
CRMP4
siRNA sequence
(s4273)
5′-GGCUUAUAAGGAUUUGUAUTT-3′ was purchased
from Ambion. For the study, 30 nM of CRMP4 siRNA
were transfected into PC3 cells expressing CRMP4TAL-Tet1c using siPORT NexoFX (Applied Biosystems)
according to the manufacturer’s procedure.

Immunoprecipitation (IP) and western blotting
The PC3 cells expressing CRMP4-TAL-Tet1c
were harvested 48 h after transfection and utilized for
IP and Co-IP with Co-IP Kit (Thermo) according to the
manufacturer’s protocol. Specifically, the affinity-purified
antibody was incubated with Amino Link Plus Coupling
Resin, and then followed by immunoblot with anti-Rac1,
anti-Akt or anti-CRMP4.
Western blot analysis was performed as previously
reported [15] using antibodies against CRMP4 (Abcam),
phospho-Akt (Ser473), phospho-Rac1 (Ser71), total-Akt
and total-Rac1 (CST). GAPDH was used as an internal
control in all blotting membranes (CST).

Transfection and luciferase activity assay
Transfection of single and multiple plasmids in
specified cells were carried out using Lipofectamine 2000
www.impactjournals.com/oncotarget
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sectioned and stained with hematoxylin & eosin. The
immunohistochemistry was performed using antibodies
against CRMP4 and MMP-9 (Chemicon) as described
previously [15]. Gelatin zymographic assay for MMP-9
activity was performed as described previously [58].

The in vitro pull-down assay was performed
with a Rac1 Pull-Down Kit (Thermo) according to the
manufacturer’s protocol. In brief, the PC3 cells transfected
with and without CRMP4-TAL-Tet1c were lysed in the
presence of GTPγS (positive control) or GDP (negative
control). The lysates were incubated with sepharose beads.
The proteins bound to the beads were analyzed using antiRac1 antibody by immunoblotting.

Population study
A total of 203 prostatectomy samples from May
2004 through May 2011 in our institute were obtained
for CRMP4 gene methylation assessment using MSP
as previously reported [15]. This study protocol was
reviewed and approved by the Institutional Review Boards
at Sun Yat-Sen University. All men had received study
information and signed their informed consent. Patients
without previous cancer therapy were considered to be
eligible in this study. The details of the baseline clinical
and pathological characteristics of this cohort of patients
are summarized in Supplementary Table S2. Postoperative
follow-up was performed quarterly in the first year,
semiannually for the second year and annually thereafter
by clinical evaluation, measurement of serum PSA levels
and other investigations (e.g., DRE) as indicated (median
follow-up time of 48 months; longest follow-up time,
96 months). Biochemical progression was defined as a
serum PSA level ≥ 0.2 ng/ml on 2 successive measurements
in 3 months after surgery. Clinical progression was defined
as the development of a biopsy-proven local recurrence
or imaging-identified systemic metastatic lesions. Death
resulting from prostate cancer or cancer-related events was
defined as a cancer-specific mortality.

Confocal microscopy
The PC3 cells pre-seeded on cover slips were fixed
and permeabilized. Then, anti-CRMP4, anti-Rac1, and
anti-Akt antibodies were incubated with the cells for
1 h, followed by addition of FITC-conjugated secondary
antibodies for 30 min. The nuclei were stained with DAPI
for 10 min. Confocal imaging was carried out with Zeiss
LSM410 confocal microscopy systems.

In vitro migration and invasion assays
The migration and tissue invasion activity of
PC3 cells expressing TAL-Tet1c and 22Rv1 cells
expressing CRMP4-TAL-3Ac were assessed using
transwell migration assays and matrigel invasion assays
as previously described [15]. Mock transfected PC3 and
22Rv1 cells were used as controls.

In vivo metastasis assay, immunohistochemistry
and gelatin zymographic assay

Statistical analysis

Male BALB/c nude mice (6 weeks of age) were
obtained from the Jackson Laboratory. All animal
experiments were approved by the Institutional Animal
Care and Use Committee at Sun Yat-Sen University
and performed according to its guidelines. Orthotopic
implantations were carried out as previously described
[15]. Briefly, the PC3 cells expressing CRMP4-TALTet1c and 22Rv1 cells expressing CRMP4-TAL-3Ac were
infected with LP-RLUC-LV (GeneCopoeia) containing
luciferase reporter gene. The PC3 and 22Rv1 cells
expressing mock vector (empty vector and LP-RLUCLV) were used as controls. Tumor growth and metastasis
distribution were assessed every 10 days using a Caliper
IVIS100 imaging system (Caliper Life Science) for
bioluminescence imaging. The total flux was quantified
using Living Image Software v4.3.1 (Xenogen) as
previously described [57].
All mice were euthanized 60 days after tumor cell
implantation due to heavy primary tumor burdens. After
euthanasia, ex vivo bioluminescence imaging (BLI) was
performed to identify the location of tumors in these
animals by incubation of injected luciferin for 5 min.
Tissue samples were fixed in 10% buffered
formalin overnight and then embedded in paraffin,
www.impactjournals.com/oncotarget

One-way ANOVA was used to analyze the difference
among CRMP4 promoter-driven luciferase reporters
designated. Independent continuous samples were compared
using the Student’s t-test; otherwise, the Sum rank tests
were employed for non-continuous variables. The χ2 test
was used to evaluate the association of CRMP4 methylation
results with clinical and pathologic characteristics. The
survival analyses were calculated by the Kaplan–Meier
method with log rank test for significance. A double-sided
p value < 0.05 was considered statistically significant.
All statistical analyses were performed using SPSS 16.0
software package (SPSS, Chicago, Illinois, USA).

Acknowledgments
This work was supported by the Chinese National
Natural Science Foundation (81172430, 81372731,
81372728), Chinese National Key Basic Research and
Development Plan (973 Program, 2012 CB518303), the
Science and Technology Foundation of the Guangdong
Province (2011B061200007, 2013B021800205) and the
Fundamental Research Funds for the Central Universities
(10ykpy07, 11ykzd15).
10041

Oncotarget

ConflictS of interest

Veenstra TD, Hunter KW. Parallel analysis of transcript
and translation profiles: identification of metastasis-related
signal pathways differentially regulated by drug and genetic
modifications. J Proteome Res. 2006; 5:1555–1567.

The authors declare no conflict of interest.

REFERENCES

12. Kelly TK, De Carvalho DD, Jones PA. Epigenetic modifications as therapeutic targets. Nat Biotechnol. 2010;
28:1069–1078.

1. Pound CR, Partin AW, Eisenberger MA, Chan DW,
Pearson JD, Walsh PC. Natural history of progression after
PSA elevation following radical prostatectomy. JAMA.
1999; 281:1591–1597.

13. Crea F, Sun L, Mai A, Chiang YT, Farrar WL, Danesi R,
Helgason CD. The emerging role of histone lysine demethylases in prostate cancer. Mol Cancer. 2012; 11:52.

2. Petrylak DP, Tangen CM, Hussain MH, Lara PN Jr,
Jones JA, Taplin ME, Burch PA, Berry D, Moinpour C,
Kohli M, Benson MC, Small EJ, Raghavan D, et al.
Docetaxel and estramustine compared with mitoxantrone
and prednisone for advanced refractory prostate cancer. N
Engl J Med. 2004; 351:1513–1520.

14. Herman JG, Baylin SB. Gene silencing in cancer in association with promoter hypermethylation. N Engl J Med. 2003;
349:2042–2054.
15. Gao X, Pang J, Li LY, Liu WP, Di JM, Sun QP, Fang YQ,
Liu XP, Pu XY, He D, Li MT, Su ZL, Li BY. Expression
profiling identifies new function of collaps in response
mediator protein 4 as a metastasis-suppressor in prostate
cancer. Oncogene. 2010; 29:4555–4566.

3. Tannock IF, de Wit R, Berry WR, Horti J, Pluzanska A,
Chi KN, Oudard S, Théodore C, James ND, Turesson I,
Rosenthal MA. Docetaxel plus prednisone or mitoxantrone
plus prednisone for advanced prostate cancer. N Engl J
Med. 2004; 351:1502–1512.

16. Sasaki T, Nakamura K, Ogawa K, Onishi H, Okamoto A,
Koizumi M, Shioyama Y, Mitsumori M. Radiotherapy for
patients with localized hormone-refractory prostate cancer:
results of the patterns of care study in Japan. BJU Int. 2009;
104:1462–1466.

4. Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ,
Penson DF, Redfern CH, Ferrari AC, Dreicer R, Sims RB,
Xu Y, Frohlich MW. Sipuleucel-T immunotherapy for
castration-resistant prostate cancer. N Engl J Med. 2010;
363:411–422.

17. Pascoe AC, Sundar S. Prostate radiation in non-metastatic castrate refractory prostate cancer provides an interesting insight
into biology of prostate cancer. Radiat Oncol. 2012; 7:43.

5. Yap TA, Pezaro CJ, de Bono JS. Cabazitaxel in metastatic
castration-resistant prostate cancer. Expert Rev Anticancer
Ther. 2012; 12:1129–1136.

18. Goodyear O, Agathanggelou A, Novitzky-Basso I,
Siddique S, McSkeane T, Ryan G, Vyas P, Cavenagh J,
Stankovic T, Moss P, Craddock C. Induction of a CD8+
T-cell response to the MAGE cancer testis antigen by combined treatment with azacitidine and sodium valproate in
patients with acute myeloid leukemia and myelodysplasia.
Blood. 2010; 116:1908–1918.

6. de Bono JS, Logothetis CJ, Molina A, Fizazi K, North S,
Chu L, Chi KN, Jones RJ, Goodman OB Jr, Saad F,
Staffurth JN, Mainwaring P, Harland S, et al. Abiraterone
and increased survival in metastatic prostate cancer. N Engl
J Med. 2011; 364:1995–2005.

19. Griffiths EA, Gore SD. DNA methyltransferase and histone
deacetylase inhibitors in the treatment of myelodys plastic
syndromes. Semin Hematol. 2008; 45:23–30.

7. Scher HI, Fizazi K, Saad F, Taplin ME, Sternberg CN,
Miller K, de Wit R, Mulders P, Chi KN, Shore ND,
Armstrong AJ, Flaig TW, Fléchon A, et al. Increased survival with enzalutamide in prostate cancer after chemotherapy. N Engl J Med. 2012; 367:1187–1197.

20. Rivenbark AG, Stolzenburg S, Beltran AS, Yuan X,
Rots MG, Strahl BD, Blancafort P. Epigenetic reprogramming of cancer cells via targeted DNA methylation.
Epigenetics. 2012; 7:350–360.

8. Halabi S, Lin CY, Small EJ, Armstrong AJ, Kaplan EB,
Petrylak D, Sternberg CN, Shen L, Oudard S, de Bono J,
Sartor O. Prognostic model predicting metastatic castrationresistant prostate cancer survival in men treated with secondline chemotherapy. J Natl Cancer Inst. 2013; 105:1729–1737.

21. Siddique AN, Nunna S, Rajavelu A, Zhang Y,
Jurkowska RZ, Reinhardt R, Rots MG, Ragozin S,
Jurkowski TP, Jeltsch A. Targeted methylation and gene
silencing of VEGF-A in human cells by using a designed
Dnmt3a-Dnmt3L single-chain fusion protein with increased
DNA methylation activity. J Mol Biol. 2013; 425:479–491.

9. Daskivich TJ, Chamie K, Kwan L, Labo J, Palvolgyi R,
Dash A, Greenfield S, Litwin MS. Overtreatment of men
with low-risk prostate cancer and significant comorbidity.
Cancer. 2011; 117:2058–2066.

22. Li F, Papworth M, Minczuk M, Rohde C, Zhang Y, Ragozin S,
Jeltsch A. Chimeric DNA methyltransferases target DNA
methylation to specific DNA sequences and repress expression of target genes. Nucleic Acids Res. 2007; 35:100–112.

10. Berger JC, Vander Griend DJ, Robinson VL, Hickson JA,
Rinker-Schaeffer CW. Metastasis suppressor genes: from
gene identification to protein function and regulation.
Cancer Biol Ther. 2005; 4:805–812.

23. Boch J, Scholze H, Schornack S, Landgraf A, Hahn S,
Kay S, Lahaye T, Nickstadt A, Bonas U. Breaking the
code of DNA binding specificity of TAL-type III effectors.
Science. 2009; 326:1509–1512.

11. Yang H, Yu LR, Yi M, Lucas DA, Lukes L, Lancaster
M, Chan KC, Issaq HJ, Stephens RM, Conrads TP,
www.impactjournals.com/oncotarget

10042

Oncotarget

24. Moscou MJ, Bogdanove AJ. A simple cipher governs DNA
recognition by tal effectors. Science. 2009; 326:1501.

39. Eccles SA, Welch DR. Metastasis: recent discoveries and
novel treatment strategies. Lancet. 2007; 369:1742–1757.

25. Bogdanove AJ, Voytas DF. Tal effectors: Customizable
proteins for DNA targeting. Science. 2011; 333:1843–1846.
26. Williams K, Christensen J, Pedersen MT, Johansen JV,
Cloos PA, Rappsilber J, Helin K. TET1 and hydroxymethylcytosine in transcription and DNA methylation fidelity.
Nature. 2011; 473:343–348.

40. Steger DJ, Lefterova MI, Ying L, Stonestrom AJ,
Schupp M, Zhuo D, Vakoc AL, Kim JE, Chen J, Lazar MA,
Blobel GA, Vakoc CR. Dot1l/kmt4 recruitment and
h3k79 methylation are ubiquitously coupled with gene
transcription in mammalian cells. Mol Cell Biol. 2008;
28:2825–2839.

27. Guo JU, Su Y, Zhong C, Ming GL, Song H. Hydroxylation
of 5-methylcytosine by TET1 promotes active DNA
demethylation in the adult brain. Cell. 2011; 145:423–434.

41. Vaissière T, Sawan C, Herceg Z. Epigenetic interplay
between histone modifications and DNA methylation in
gene silencing. Mutat Res. 2008; 659:40–48.

28. Maeder ML, Angstman JF, Richardson ME, Linder SJ,
Cascio VM, Tsai SQ, Ho QH, Sander JD, Reyon D,
Bernstein BE, Costello JF, Wilkinson MF, Joung JK.
Targeted DNA demethylation and activation of endogenous
genes using programmable TALE-TET1 fusion proteins.
Nat Biotechnol. 2013; 31:1137–1142.

42. Hathaway NA, Bell O, Hodges C, Miller EL, Neel DS,
Crabtree GR. Dynamics and memory of heterochromatin in
living cells. Cell. 2012; 149:1447–1460.

29. Weber M, Hellmann I, Stadler MB, Ramos L, Pääbo S,
Rebhan M, Schübeler D. Distribution, silencing potential
and evolutionary impact of promoter DNA methylation in
the human genome. Nat Genet. 2007; 39:457–466.

44. Vaissie`re T, Sawan C, Herceg Z. Epigenetic interplay
between histone modifications and DNA methylation in
gene silencing. Mutat Res. 2008; 659:40–48.

43. Clark SJ, Melki J. DNA methylation and gene silencing
in cancer: which is the guilty party? Oncogene. 2002;
21:5380–5387.

45. Tost J. DNA methylation: methods and protocols. 2nd ed.
New York: Humana Press, 2009.

30. Shah RB, Mehra R, Chinnaiyan AM, Shen R, Ghosh D,
Zhou M, Macvicar GR, Varambally S, Harwood J,
Bismar TA, Kim R, Rubin MA, Pienta KJ. Androgenindependent prostate cancer is a heterogeneous group of
diseases: lessons from a rapid autopsy program. Cancer
Res. 2004; 64:9209–9216.

46. Fournier C, Goto Y, Ballestar E, Delaval K, Hever AM,
Esteller M, Feil R. Allele- specific histone lysine methylation marks regulatory regions at imprinted mouse genes.
EMBO J. 2002; 21:6560–6570.
47. Wang T, Chen M, Liu L, Cheng H, Yan YE, Feng YH,
Wang H. Nicotine induced CpG methylation of Pax6 binding motif in StAR promoter reduces the gene expression
and cortisol production. Toxicol Appl Pharmacol. 2011;
257:328–337.

31. Rubin MA, Putzi M, Mucci N, Smith DC, Wojno K,
Korenchuk S, Pienta KJ. Rapid (“warm”) autopsy study for
procurement of metastatic prostate cancer. Clin Cancer Res.
2000; 6:1038–1045.
32. Salhia B, Rutten F, Nakada M, Beaudry C, Berens M,
Kwan A, Rutka JT. Inhibition of Rho-kinase affects astrocytoma morphology, motility, and invasion through activation of Rac1. Cancer Res. 2005; 65:8792–8800.

48. Yang Y, Liu R, Qiu R, Zheng Y, Huang W, Hu H, Ji Q,
He H, Shang Y, Gong Y, Wang Y. CRL4B promotes tumorigenesis by coordinating with SUV39H1/HP1/DNMT3A in
DNA methylation-based epigenetic silencing. Oncogene.
2015; 34:104–18.

33. Binker MG, Binker-Cosen AA, Richards D, Gaisano HY,
de Cosen RH, Cosen-Binker LI. Hypoxia-reoxygenation
increase invasiveness of PANC-1 cells through Rac1/
MMP-2. Biochem Biophys Res Commun. 2010; 393:371–376.

49. Bedell VM, Wang Y, Campbell JM, Poshusta TL,
Starker CG, Krug RG 2nd, Tan W, Penheiter SG, Ma AC,
Leung AY, Fahrenkrug SC, Carlson DF, Voytas DF, et al.
In vivo genome editing using a high-efficiency TALEN
system. Nature. 2012; 491:114–118.

34. Zhang QG, Wang XT, Han D, Yin XH, Zhang GY, Xu TL.
Akt inhibits MLK3/JNK3 signaling by inactivating Rac1:
a protective mechanism against ischemic brain injury.
J Neurochem. 2006; 98:1886–1898.

50. Sung YH, Baek IJ, Kim DH, Jeon J, Lee J, Lee K,
Jeong D, Kim JS, Lee HW. Knockout mice created by
TALEN-mediated gene targeting. Nat Biotechnol. 2013;
31:23–24.

35. Kwon T, Kwon DY, Chun J, Kim JH, Kang SS. Akt protein
kinase inhibits Rac1-GTP binding through phosphorylation
at serine 71 of Rac1. J Biol Chem. 2000; 275:423–428.

51. Deng D, Yan C, Pan X, Mahfouz M, Wang J, Zhu JK,
Shi Y, Yan N. Structural basis for sequence-specific
recognition of DNA by TAL effectors. Science. 2012;
335:720–723.

36. Furuta E, Bandyopadhyay S, Iiizumi M, Mohinta S,
Zhan R, Watabe K. The role of tumor metastasis suppressors in cancers of breast and prostate. Front Biosci. 2006;
11:2845–2860.
37. Steeg PS. Metastasis suppressors alter the signal transduction of cancer cells. Nat Rev Cancer. 2003; 3:55–63.

52. Klug M, Rehli M. Functional analysis of promoter CpG
methylation using a CpG-free luciferase reporter vector.
Epigenetics. 2006; 1:127–130.

38. Steeg PS. Tumor metastasis: mechanistic insights and clinical challenges. Nat Med. 2006; 12:895–904.

53. Zhang F, Cong L, Lodato S, Kosuri S, Church GM,
Arlotta P. Efficient construction of sequence-specific TAL

www.impactjournals.com/oncotarget

10043

Oncotarget

56. Chen H, Toyooka S, Gazdar AF, Hsieh JT. Epigenetic
regulation of a novel tumor suppressor gene (hDAB2IP)
in prostate cancer cell lines. J BiolChem. 2003;
278:3121–3130.

effectors for modulating mammalian transcription. Nat
Biotechnol. 2011; 29:149–153.
54. Miller JC, Tan S, Qiao G, Barlow KA, Wang J, Xia DF, Meng
X, Paschon DE, Leung E, Hinkley SJ, Dulay GP, Hua KL,
Ankoudinova I, et al. A TALE nuclease architecture for efficient genome editing. Nat Biotechnol. 2011; 29:143–148.

57. Drake JM, Gabriel CL, Henry MD. Assessing tumor growth
and distribution in a model of prostate cancer metastasis
using bioluminescence imaging. Clin Exp Metastasis. 2005;
22:674–684.

55. Vasiljević N, Wu K, Brentnall AR, Kim DC, Thorat MA,
Kudahetti SC, Mao X, Xue L, Yu Y, Shaw GL, Beltran L,
Lu YJ, Berney DM, et al. Absolute quantitation of DNA
methylation of 28 candidate genes in prostate cancer using
pyrosequencing. Dis Markers. 2011; 30:151–161.

www.impactjournals.com/oncotarget

58. Shin YJ, Kim JH. The role of EZH2 in the regulation of
the activity of matrix metallo proteinases in prostate cancer
cells. PLoS One. 2012; 7:e30393.

10044

Oncotarget

