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Resistance to anti-neoplastic agents is the major cause of therapy failure, leading to disease recurrence and metastasis.
E2F1 is a strong inducer of apoptosis in response to DNA damage through its capacity to activate p53/p73 death pathways.
Recent evidence, however, showed that E2F1, which is aberrantly expressed in advanced malignant melanomas
together with antagonistic p73 family members, drives cancer progression. Investigating mechanisms responsible for
dysregulated E2F1 losing its apoptotic function, we searched for genomic signatures in primary and late clinical tumor
stages to allow the prediction of downstream effectors associated with apoptosis resistance and survival of aggressive
melanoma cells. We identified miR-205 as specific target of p73 and found that upon genotoxic stress, its expression
is sufficiently abrogated by endogenous DNp73. Significantly, metastatic cells can be rescued from drug resistance
by selective knockdown of DNp73 or overexpression of miR-205 in p73-depleted cells, leading to increased apoptosis
and the reduction of tumor growth in vivo. Our data delineate an autoregulatory circuit, involving high levels of E2F1
and DNp73 to downregulate miR-205, which, in turn, controls E2F1 accumulation. Finally, drug resistance associated to
this genetic signature is mediated by removing the inhibitory effect of miR-205 on the expression of Bcl-2 and the ATP-
binding cassette transporters A2 (ABCA2) and A5 (ABCA5) related to multi-drug resistance and malignant progression.
These results define the E2F1-p73/DNp73-miR-205 axis as a crucial mechanism for chemoresistance and, thus, as a target

for metastasis prevention.

Introduction

Malignant melanoma is the most aggressive form of skin cancer
highly resistant to conventional chemotherapy.! Various genes are
differentially regulated between benign nevi and melanomas, but
abundant expression of the E2F1 transcription factor has been
primarily observed in advanced lesions and tumor metastases
correlating with cancer aggressiveness, therapy failure and poor
patient survival prognosis.>? E2F1 is a unique member of the E2F
family of proteins as it is involved in cell cycle progression and
apoptosis induction in response to DNA damage. Recently, we
have shown that deregulated E2F1 acts as driving force in mela-
noma progression and promotes tumor invasion and metastasis
independently from its other cellular activities.* This aggressive
behavior of the transcription factor in malignant cells is partially
mediated through the induction of the epidermal growth factor
receptor (EGFR) pathway.® However, it is well-established that
E2F1 stimulates the expression of the tumor suppressor p73 and
its N-terminally truncated isoforms (named DNp73) via direct

transactivation of the TP73 gene.”® While full-length p73 inhib-
its cancer development by inducing cell cycle arrest and apop-
tosis through its ability to bind p53 DNA target sites, DNp73
acts as antagonist of wild-type p53 family members by either
directly interfering with DNA binding or forming inactive het-
eromeric complexes with transcriptionally active p73.” Strikingly,
in melanoma metastases DNp73 isoforms are strongly upregu-
lated in conjunction with full-length p73 compared with primary
tumors,® whereas downregulation or mutation of wild-type p73
is not noted in cutaneous melanoma. We have previously shown
that DNp73 exhibits anti-apoptotic activity in human mela-
noma cells and demonstrated that specific suppression of indi-
vidual isoforms enhances the sensitivity toward cytotoxic drugs.®
As overexpression of E2F1 significantly correlates with DNp73
levels in advanced stages of cancer and E2F1 promotes malig-
nant progression instead of inducing apoptosis, we considered
the E2F1-DNp73 axis as a potentially widespread mechanism of
drug resistance in human skin cancer, albeit specific targets are
unheard-of.
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Emerging evidence suggests that endogenous noncoding
microRNAs (miRs) play an important role in tumorigenesis and
progression.” MiRs negatively regulate gene expression at the
posttranscriptional level through an RNA interference pathway
by binding to 3'-untranslated regions (UTR) of mRNAs of tar-
get genes or by directly binding to the mRNA." Based on the
targets and their functions, miRs are considered as oncogenes or
tumor suppressors, and as such relevant for cancer development.
Thus, recent data suggest that miR signatures have a potential
as clinically relevant biomarkers of prognosis in metastatic mela-
noma with the ability to identify high-risk patients most likely
to benefit from adjuvant therapy and/or elevated surveillance.!
Many factors are responsible for abnormal miR expression in
cancer including promoter methylation, mutations, chromo-
somal aberrations, defects in miRNA biogenesis and changes in
the expression of transcription factors.'? Studies indicate that p53
is involved in transcriptional regulation of tumor suppressing
miRs and is also able to influence the maturation process dur-
ing miRNA biogenesis."* As opposed to p53, only little is known
about p73 regulation of miRs. Whereas p53’s tumor suppressor
activity is often abolished in melanomas after acquiring apoptotic
defects during cancer progression,'* p73 is, as described above,
dysregulated in advanced metastatic tumors.

Given the importance of p73 in E2Fl-induced apoptosis
and suppression of survival, as well as the miRs’ share in cancer
aggressiveness, we searched for p73-regulated miRs. We identi-
fied miR-205 as a specific target of p73/DNp73 and investigated
its regulation in metastatic skin cancer. We provide evidence that
miR-205 mediates the DNA damage response of p73, whereas
its repression by rather low DNp73 levels is crucial for E2F1 to
induce chemoresistance. Moreover, the established miR-205/
E2F1 feedback circuit provides a plausible explanation for the
aberrant expression of E2F1 in highly chemotherapy-resistant
metastatic melanomas.

Results

MiR-205 is regulated by p73 but not p53. To identify microRNAs
that are regulated by p73 in malignant melanoma cells, TagMan
microarrays were performed in non-metastatic SK-Mel-29 mela-
noma cells infected with adenoviral vector expressing p73, p53
or GFP as control. After p73 but not p53 or GFP overexpression,
miR-205 was upregulated 10-fold (data not shown). The valid-
ity of these results was further confirmed by measuring miR-205

expression by TagMan qRT-PCR (Fig. 1A). Encouraged after
observing the strong induction of miR-205 expression through
p73, we next focused on understanding the mechanism involved
in p73-dependent regulation of miR-205. p73 might activate
miR transcription via its N-terminal transactivation domain
known to stimulate a wide variety of genes. We conducted an
in silico screen for p73 responsive elements on the miR-205 pro-
moter selecting 5 kb upstream of the gene. Assuming identical
binding sites for p73 and p53, we applied the p53MH algorithm
previously used to identify novel p53 responsive genes to search
for corresponding elements in the miR-205 promoter. We found
three conserved putative p73 motifs and named those BS1, BS2
and BS3 starting proximal from the miR-205 transcription start
site (Fig. 1B, upper panel) and verified these using chromatin
immunoprecipitation assay on SK-Mel-29 (Fig. 1B, lower panel).
DNA-protein complexes were immunoprecipitated with anti-
bodies against p73 or IgG. PCR analysis demonstrated that p73
binds to all three binding sites as good as DNp73, which lacks the
transactivation domain, in a manner comparable with its bind-
ing to the p21(WAF1/CIP1) consensus sequence used as posi-
tive control. p73 binding was also confirmed in gel mobility shift
assays using oligonucleotides corresponding to BS1-BS3. One
predominant nuclear complex for each site was completely abol-
ished by 50-fold molar excess of unlabled oligos but not by the
probe in which the p73 site was mutated, indicating that every
binding site of the miR-205 promoter directly interacts with p73
(Fig. 1C). No binding was seen in the absence of nuclear extract.
To identify the promoter region mediating p73 responsiveness, a
panel of luciferase reporter constructs containing the full-length
and deleted fragments were tested after cotransfecting SK-Mel-29
cells with p73. As shown in Figure 1D, the main loss of promoter
activity was observed with the BS1Del mutant, suggesting that
the p73 binding site at position -427 to -445 is important for
transactivation of miR-205. Promoter upregulation in response
to ectopic p73 occurred in a dose-dependent manner reaching a
10-fold increase of luciferase activity compared with endogenous
levels (Fig. 1E, left), while equal amounts of p53 had no signifi-
cant effect (Fig. 1E, right).

DNp73 interferes with miR-205 expression in melanoma
cells. p73 is positively regulated by the transcription factor
E2F1" and E2F1 upregulation has been noticed in metastatic
melanoma samples.® Since E2F1 can likewise induce antagonis-
tic DNp73 isoforms, its effect on miR-205 promoter activation
was studied in the presence or absence of the DNp73-specific

p73, p53 and actin in different samples are indicated by western blot.

Figure 1 (See opposite page). p73 induces miR-205 expression. (A) Expression of miR-205 in SK-Mel-29 cells infected with Adp53, Adp73 or AAGFP
(set as 1) was determined by TagMan qRT-PCR. (B) Scheme of the miR-205 promoter (top). Three putative p73 binding sites (BS) are indicated as BS1,
BS2 and BS3 relative to the pre-miR sequence. In vivo binding of p73 to miR-205 promoter regions was detected by ChlIP using anti-p73 (ER-15) or
control IgG (bottom). PCR primers for the p21(WAF1/CIP1) promoter were used as positive control. Input lane, 10% of total chromatin. (C) Biotin-labeled
miR-205 p73-binding sites were incubated with nuclear extract and a 50-fold molar excess of cold double-stranded self-competitor or an equimolar
amount of mutant site competitor. The arrow indicates a specific band competed by cognate competitor. Lane 1, without nuclear extract; NE, nuclear
extract; C, competitor; MC, mutant competitor. (D) Luciferase assay of SK-Mel-29 cotransfected with 1 g miR-205 promoter, BS1Del and BS2,3Del dele-
tion constructs and 0.5 g of p73 expression plasmid (black bars) or pcDNA (gray bars). The p73 responsive human Bax promoter construct was used
as positive control. Luciferase activities are expressed as the fold activation relative to cotransfection of the promoter construct with empty vector
following normalization to total protein concentrations in the cell extract at 36 h after transfection. Error bars indicate the mean + SD. E, Luciferase
activities measured after cotransfection of the miR-205 promoter with increasing amounts (0.25, 0.50, 1j.g) of p73 (left) and p53 (right) expression
plasmid or 1 g pcDNA that served as control. Results are shown as fold increase compared with pGL3basic which was set as 1. Expression levels of

3068

Cell Cycle

Volume 11 Issue 16



-918 10 -945
A B 0w -1159; e
BS3  BS2 BS1
16 -
: .
.g 14 input IP: p73
]
0 45 GFP p73 DNp73 GFP p73 DNp73
x
g 10 4 — e — - ey | BS1
o
N 8-
o . -_—— . e -_— -  BS2
= 6-
o
2 4 -— e - e | BS3
T 2
c ol | | l — e - | 021(WAF1/CIP1)
AdGFP Adp73 Adp53
input IP: IgG
D D e p21(WAF1/CIP1)
>
C D £,.
NE C MC NE C MC NE C MC =
& 25 -
(0]
' 2 20
SRR BN o
()
3 10 -
Aas 2 s
% 03 Ny 5
o < o
'\QQJ OQQJ Qé\). 68)
%) of A &
QY %) $ §
BS1 BS2 BS3 Y g q;;Q
Q

\b)
)

miR-205 promoter activity
o N > [o)]
miR-205 promoter activity
o —

pGL3 - __——— |p73 pGL3 - __———— |ps3

— —— —c— | 73 e— . DL
”..- Actin —— e e e | ACTT

Figure 1. For figure legend, see page 3068.

inhibitor ASO116.% As shown by reporter assays in SK-Mel-29  knocked down (Fig. 2A). The increase in luciferase activ-
cells, E2F1 overexpression has basically no influence on the ity induced by E2F1, that itself does not bind to the miR-205
miR-205 promoter unless endogenous DNp73 is specifically promoter (data not shown), is directly correlated with DNp73
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Figure 2. Inhibition of miR-205 stimulation by DNp73. Luciferase assay of SK-Mel-29 cells co-transfected with p73-responsive miR-205 reporter
construct and (A) 1 g E2F1 expression plasmid in the presence of 0.1 and 0.5 M of ASO116 or (B) 1.g pcDNAp73 with 0.1, 0.5 and 1 g of DNp73
construct. pcDNA served as control. Promoter activity of the control was normalized to 1. Standard deviation of the mean is indicated by error bars.
Protein expression, including DNp73 knockdown, was validated by immunoblot using actin for equal loading.

knockdown with strongest activation at the highest dose of
ASOL116. We further clarified the role of DNp73 on miR-205
expression in promoter assays in combination with full-length
p73. In a dose-dependent manner, p73 driven activity of the
miR-205 promoter decreased in response to DNp73 (Fig. 2B).
This indicates that inhibitory DNp73 is responsible for miR-205
depletion in melanoma cells.

miR-205 and p73/DNp73 expression inversely correlates in
melanocytes, melanoma cells and skin cancer tissues. We pre-
viously reported that p73AExon2/3, which is coexpressed with
p73, is the most abundant DNp73 species in melanoma metas-
tases and patient-derived metastatic tumor cell lines.? Based on
the above findings, we analyzed the levels of p73, DNp73 and
miR-205 expression in melanocytes vs. non- or highly metastatic
melanoma cell lines,* and primary skin tumors vs. metastases.
While melanocytes showed the highest abundance of miR-205,
its expression was severely downregulated in malignant cells with
the strongest reduction in aggressive SK-Mel-147 (Fig. 3A, left).
This inversely correlates with p73/DNp73 mRNA levels that are
highest in SK-Mel-147 cells (Fig. 3A, center). Consistently, spe-
cific silencing of endogenous DNp73 in these cells caused a 3-fold
upregulation of miR-205 (Fig. 3A, right). In accordance with
the cell culture data, we detected a significant loss of miR-205
expression in melanoma metastases from patients in comparison
to primary melanoma, whereas p73/DNp73 transcripts are con-
sistently higher in the metastases group (Fig. 3B). The inverse
correlation between high DNp73 and low miR-205 expression in
metastatic skin tumors corresponds with the finding that amino-
truncated p73 isoforms lacking the transactivation domain can
inhibit wild-type p73 and implies the direct competition of
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p73-mediated stimulation of miR-205 to contribute to pathogen-
esis of human aggressive melanoma.

miR-205 mediates the DNA damage response of p73. The
sensitivity of cancer cells to genotoxic drugs is linked to p73
activation,'® whereas high DNp73 levels are associated with
adverse clinico-pathological characteristics and failure to che-
motherapy."”** We investigated the regulation of this miRNA
by p73/DNp73 during cisplatin treatment of melanoma cells.
In SK-Mel-147, expression of miR-205 significantly increased
upon drug treatment (Fig. 4A) but not when expression of p73
is abrogated through shp73 prior to chemotherapy, indicating
that upregulation of miR-205 upon DNA damage is p73-depen-
dent. FACS analysis of cells treated with cisplatin and/or Adp73
revealed a considerable reduction of p73-mediated apoptosis after
knockdown of miR-205 by antagomiR-205. Therefore, the p73
response to chemotherapy does in part rely on miR-205 induc-
tion (Fig. 4B). Melanoma cells showing diminished apoptosis
after p73 knockdown retained their sensitivity to cisplatin when
miR-205 was overexpressed (Fig. 4C, left). Equally, DNp73-
mediated repression of drug-induced cell death could be resolved
via enforced expression of miR-205 or specific depletion of inhib-
itory DNp73 by ASO116 (Fig. 4C, center), allowing the con-
clusion that in advanced melanoma cells, DNp73 causes loss of
chemosensitivity by downregulating miR-205 expression.

In addition, we analyzed the effect of miR-205 regulation by
antagonistic p73/DNp73 on chemosensitization of tumors grow-
ing in vivo. SK-Mel-147 cells stably expressing miR-control or
miR-205 were infected with AdshGFP or Adshp73 and subcuta-
neously injected into nude mice. Upon tumor growth, mice were
treated with cisplatin. As shown in Figure 4D, drug treatment
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Figure 3. Downregulation of miR-205 in metastatic melanoma tissues and cell lines correlates with high levels of p73/DNp73. qRT-PCR analysis of
endogenous miR-205, p73 and DNp73 expression levels in (A) melanocytes, non-metastatic SK-Mel-29 or metastatic SK-Mel-147 w/o ASO116 treatment
and (B) in a cohort of primary vs. metastatic melanoma tissues (¥, miR-205, p < 0.001; p73, p = 0.001; DNp73, p = 0.026).

affected tumor growth in all experimental groups. Whereas
growth inhibition in response to chemotherapy was less pro-
nounced in p73 knockdown cells and those with miR-control,
p73 depleted tumors expressing miR-205 over time markedly
decreased in size, indicating that responsiveness to apoptotic
stimuli can be rescued through miR-205. A substantial tumor
growth reduction was also observed for the AdshGFP group but
to a lesser extent than in the shp73 plus miR-205 group.
MiR-205 repression by DNp73 provides a mechanism for
E2F1 to confer chemoresistance. Next, we investigated whether
stimulation of the DNp73-miR-205 axis contributes to the emer-
gence of an E2Fl-induced drug-insensitive cancer phenotype.
Therefore, endogenously high E2F1 was selectively knocked
down in chemoresistant SK-Mel-147 cells, which resulted in a
decrease of p73 and even stronger of DNp73 (Fig. 5A) with a
concomitant increase in the amount of apoptotic cells following
cisplatin treatment (Fig. 5B, top). While this is accompanied by
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significantly enhanced miR-205 expression (Fig. 5B, central),
inhibition of miR-205 in these cells reduces the apoptotic effect
(Fig. 5B, bottom). In addition, drug-resistant SK-Mel-147 clones
were selected upon increased levels of cisplatin treatment from
1 uM to 50 wM. As shown in Figure 5C, chemoresistant cells
express high levels of E2F1 in combination with low levels of
miR-205, indicating that E2F1-mediated chemoresistance of
melanoma cells is dependent on the suppression of miR-205.
MiR-205 targets Bcl-2 and ABCA2/5 transporters. To iden-
tify molecular mechanisms by which the E2F1-DNp73-miR-205
axis causes resistance, we performed a bioinformatic analysis
using several compurtational algorithms, including TargetScan
and PicTar, to search for target genes of miR-205. The predicted
list of potential targets was narrowed down by Gene Ontology
and/or STRING 9.0 and subsequently subjected to literature-
based analysis. We found that the 3' UTR of the Bcl-2 gene, a
negative regulator of p53/p73-dependent apoptotic genes® and
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Figure 4 (See opposite page). miR-205 mediates the DNA damage response of p73. (A) Relative expression of miR-205 in cisplatin treated SK-Mel-147
cells with and without p73 knockdown compared with undamaged cells that express shRNA-control (set as 1). (B and C) The percentage of apoptotic
SK-Mel-147 after cisplatin treatment was measured by FACS analysis following overexpression of p73 and antagomiR-205 (B), shp73 and miR-205

(C, left) or ASO116, DNp73 and miR-205 (C, center). Lentiviral expression of miR-205 was confirmed by qPCR compared with miR-control transduced
cells (C, right). Bars represent the mean =+ SD of three independent experiments. Statistical significance was determined by Student’ s t-test. P values
of less than 0.05 were deemed statistically significant. (D) Tumors established in nude mice by subcutaneous injection of 5 x 10° SK-Mel-147 cells stably
expressing miR-205 or miR-control and infected ex vivo with Adshp73 were treated with cisplatin (arrows) and monitored for tumor growth. Each
group, n = 5. Graphs represent the tumor volume at indicated time points after tumor cell injection. AdshGFP infected cells were used as control. Stu-
dent’s t-test (two-sided) indicates statistically significant differences between the groups 6 weeks post-injection. (shp73 vs. shp73-miR-205, p = 0.008);
(shp73-miRNA-control vs. shp73-miR-205, p = 0.004); (shp73 vs. shGFP, p = 0.016).

the ATP-binding cassette transporters 2 (ABCA2)
and 5 (ABCAS5) associated with drug resistance?!
have predicted miRNA-responsive elements con-
taining regions that matched the seed sequences of
miR-205. To verify that they are direct targets of
miR-205, gene expression was analyzed in meta-
static SK-Mel-147 cells resistant to chemotherapy
after ectopic expression of miR-205 (Fig. 6A).
MiRNA  overexpression led to significantly
decreased transcript levels of all three endogenous
genes compared with cells expressing scrambled
miRNA (miR-control) similar to ZEBI, a known
target of miR-205. In addition, upregulation of
miR-205 in SK-Mel-147 cells with very high E2F1
levels induced a strong reduction of E2F1 mRNA
expression. Next, Bcl-2, ABCA2, -5 and E2F1 3'
UTRs containing miR-205-responsive elements
were cloned into the pEZX-MTOI luciferase
reporter vector. Cotransfection of these constructs
with miR-205 expression plasmid decreased the
luciferase activity compared with the scrambled-
miR (Fig. 6B). A significant reduction of Bcl-2,
ABCA2 and -5 was also observed on the protein
level in stable miR-205 expressing SK-Mel-147
(Fig. 6C), while their levels rose after knockdown
of miR-205 in SK-Mel-29 cells (Fig. 6C, right). As
loss of E2F1 leads to decreased expression of these
miR-205 targets (Fig. 6D), our findings clearly
suggest that the increased sensitivity for apopto-
sis after knockdown of E2F1 shown in Figure 5B,
upper panel, depends on the downregulation of
these genes. This is also evident from SK-Mel-147-
based xenograft tumors shown in Figure 4D that
considerably decreased in size upon overexpression
of miR-205 in conjunction with reduced levels of
Bcl-2, ABCA2 and ABCAS5 after chemotherapy
(Fig. 6E). Due to these results, we can conclude
that the E2F1-DNp73-miR-205 axis is active in
cancer cells progressing to metastases by targeting
molecules involved in drug resistance.

However, considering that the miR-205 tar-
get Bcl-2 has been shown to be a direct target
of E2F1,” we examined the possibility whether
in addition to the effects of the E2F1-DNp73-
miR-205 axis on these genes, ABCA2 and ABCA5
are also directly regulated by the transcription
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set as 1 (right). Bar graphs indicate the mean + SD of three independent experiments.
E2F1 levels were analyzed by western blot (bottom).
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Figure 6. For figure legend, see page 3075.
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Figure 6 (See opposite page). Bcl-2 and the ATP-binding cassette transporters ABCA2 and ABCA5 are direct targets of miR-205. (A) gRT-PCR analysis
of ABCA2, ABCAS5, Bcl-2, E2F1 and ZEB1 in SK-Mel-147 infected with lentivirus expressing miR-205 (gray bars). Values are calculated after normaliza-
tion with mean expression levels in cells overexpressing miR-control (set as 1; black bars). (B, upper panel) Reporter contructs containing predicted
miR-205 binding sites in the Bcl-2, ABCA2 and ABCA5 3’UTR were assayed. E2F1 3'UTR was used as positive control. The miR-205 seed sequence is con-
served in six different species (lower panel). (C) The expression levels of E2F1 and miR-205 target proteins in stable miR-205 or miR-control SK-Mel-147
cells (left) as well as in SK-Mel-29 cells at 48 h after knockdown of miR-205 compared with cells treated with antagomiR-control (right). Actin was used
for equal loading. (D-E) E2F1, Bcl-2, ABCA2 and ABCAS5 protein levels at 48 h after knockdown of E2F1 in SK-Mel-147 cells (D) or in primary tumors
growing 6 weeks after cell injection in the xenograft model shown in Figure 4D. (E) Using actin as loading control. (F and G) Bioinformatic analysis of
published microarray data showed a correlation of E2F1 and ABCA2 or Bcl-2 transcript levels in malignant melanomas (n = 24) vs. benign nevi (n = 18)%
(D) and prostate cancer metastases (n = 24) vs. primary tumors (n = 64)* (E). In each graph the solid lines within the boxes represent the median value
and boxes show the 25th to 75th percentile range of mRNA levels. Bars represent 95% confidence intervals, with circles representing outliers. All statis-

tical tests were one-sided.

factor. We observed an increased ABCAS5, but not ABCA2,
mRNA expression in the presence of cycloheximide after E2F1
activation in SK-Mel-29 cells, suggesting that for this gene also a
direct mechanism is involved (Fig. S1). In support of our experi-
mental data, bioinformatic analysis of two published microarray
2524 using Oncomine database revealed that high E2F1
expression in melanoma tissues compared with skin nevi signifi-

studies

cantly correlates with increased ABCA2 levels in tumor vs. nor-
mal tissue (Fig. 6F). Similar data were obtained from prostate
cancer samples, where high E2F1 and Bcl-2 levels are found in
metastases as opposed to primary tumors (Fig. 6G). Apart from
skin cancer, these clinical data define E2F1 and miR-205 as cru-
cial regulators of genes associated with chemoresistance in other
aggressive tumors, underscoring their possible role in malignant
progression.

Discussion

Increasing evidence supports the view that non-coding microR-
NAs play an important role in cancer regulation and conse-
quently modulation of their activity could be a new treatment
option. Owing to previous reports, expression of miR-205 is
confined to normal epithelial cells, whereas it is reduced or com-
pletely eliminated in matching tumor specimens.”* Initially
described to be associated with the absence of vascular invasion

in breast cancer,?®

miR-205 was shown to suppress cell growth
and invasion of this tumor.”” Accordant to its tumor suppressor
function, miR-205 is able to inhibit proliferation mediated by the
HER receptor family, thereby improving the response to specific
targeted therapies.’® Supported by a previous study,*

shown that miR-205 is significantly downregulated in cutaneous

we have

melanoma metastases compared with primary lesions as well as
in highly metastatic melanoma cell lines. This confirms its role as
important inhibitor of tumor progression via its ability to regu-
late the EMT process by targeting the E-cadherin transcriptional
repressor ZEB1.' Among factors mediating downregulation of
miRs in cancer cells are promoter methylation, chromosomal
aberrations and mutations in transcription factors regulating
them. Searching for microRNAs influenced in skin cancer cells
by p53 family members, we found that miR-205 expression is
specifically upregulated by direct binding of p73 to its promoter.

MiR-205 suppresses melanoma cell proliferation and induces
senescence by inhibiting E2F1.2¢ The E2F1 transcription fac-
tor expression is aberrantly high in advanced melanomas®? and

www.landesbioscience.com
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was lately identified as driving force of invasion and metastasis
in malignant skin tumors. In accordance with the high E2F1
abundance in metastatic cancers, only low levels of miR-205 were
detectable in metastatic melanoma cells. E2F1 is responsible for
the increased expression of both, p73 and its antagonistic DNp73
isoforms, being evident from significantly higher levels of these
factors in advanced tumors that directly correlate with E2F1
abundance.? Given that DNp73 can transdominantly inhibit p73
targets, we investigated its ability to interfere with p73-mediated
miR-205 expression and found a pronounced downregulation of
this microRNA after enforced DNp73 expression, which explains
the low miR-205 levels in the presence of high E2F1 activity.

Accordingly, since ectopic DNp73 expression in melanoma
cells blocks their chemosensitivity, upregulation of miR-205
could rescue apoptosis defects acquired by endogenously high
DNp73. This supports that DNp73-mediated repression of miR-
205 is one mechanism by which drug resistance is achieved.
As E2F1 itself stimulates DNp73 expression, it appears obvi-
ous that high levels of E2F1 can induce chemoresistance via the
DNp73-miR-205 axis. Consequently, our data clearly show that
knockdown of E2F1 leads to DNp73 downregulation with a con-
comitant rise of miR-205. Ultimately, this results in enhanced
sensitization to genotoxic drugs of otherwise resistant melanoma
cells. Vice versa, selected chemoresistant cell clones expressed
high levels of E2F1 in conjunction with reduced levels of miR-
205 indicating that the loss of responsiveness to apoptotic stimuli
is due to an E2F1-promoted inhibition of miR-205. The aggres-
siveness of these resistant clones presumably raises with ongoing
drug treatment via increased E2F1-DNp73-miR-205 signal-
ing and eventually elevated E2F1 levels due to its release from
negative regulation by miR-205.% This is in line with clinical
surveys demonstrating a frequent upregulation of E2F1 in high
grade tumors with chemoresistance and infaust prognosis.*
Beyond that, the relevance of high E2F1 levels for the induction
of apoptosis resistance is substantiated by reports on engineered
chemoresistant cervical, prostate and breast cancer cell lines
with considerably higher levels of E2F1 compared with sensitive
parental cells.?***

We recently reported that E2Fl-induced melanoma pro-
gression is mediated through increased expression and activa-
tion of EGFR, resulting in enhanced AKT phosphorylation.*
Interestingly, miR-205 overexpression reduces phospho-AKT and
raises apoptosis sensitivity, which can be restored through E2F1
upregulation.”® Taken into account that miR-205 suppresses
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tumors by attenuating E2F1 expression in melanoma cells,?® our
study proposes an autoregulatory circuit where E2F1 expres-
sion is controlled by p73/DNp73-dependent regulation of miR-
205. In this regulatory loop, p73 activity is responsible for the
decline of E2F1 by inducing miR-205 expression, while DNp73
protein via its inhibitory function on miR-205 results in E2F1
accumulation.

Our results define miR-205 as negative regulator of anti-
apoptotic Bcl-2 and, importantly, ABCA2 and ABCAS5 genes
of the ATP-binding cassette transporter superfamily responsible
for exclusion of conventional cytotoxic antitumor agents and
molecularly targeted drugs from compound-treated tumor cells,
resulting in the development of multidrug resistance in human
cancer.?! Our data revealed a considerable reduction of these novel
targets after overexpression of miR-205 in metastatic melanoma
cells to levels comparable with the miR-205 target ZEB1°' and
established tumor xenografts, while their expression increased
when miR-205 was knocked down in less aggressive tumor cells.
Although definite functions of ABCA2 and ABCAS5 in advanced
skin cancer remain vague, another study in malignant meso-
theliomas showed that blocking ERK1/2, which are critical for
multi-drug resistance and survival, leads to the inhibition of both
ABC proteins,® underscoring that their upregulation after miR-
205 depletion is critical for E2F1/DNp73-induced drug resis-
tance. Furthermore, augmented ABCA2 levels in chemoresistant
prostate and ovarian cancer cells were linked to enhanced estra-
mustine efflux.’® Reflecting the proposed link between E2FI1-
induced chemoresistance and metastasis,” it is striking that both
miR-205 targets ABCA2 and the related ABCAS5 lysosomal ABC
transporter have been also associated with metastatic progres-
sion.*>* As downregulation of miR-205 seems to be critical in
tumor progression,® further studies may elucidate whether the
E2F1-DNp73-miR-205-ABCA2/ABCAS5 axis represents a novel
mechanism by which E2F1 drives metastatic disease.

Our data explain the rationale for downregulation of miR-
205 in aggressive skin cancer prone to E2F1 and DNp73, and
strongly support the relevance of this regulatory axis for chemo-
resistance. Moreover, the negative E2F1-miR-205-E2F1 feedback
loop provides an intriguing explanation for high E2F1 levels in
late stage cancer. This renders the DNp73-miR-205 axis a novel
target for antimetastatic therapy.

Materials and Methods

Cell culture, adenoviral infection and antisense oligonucleotide
transfection. Cell lines were cultured in DMEM with sodium
pyruvate, 2 mM L-glutamine, 100 pg/ml penicillin, 100 U/ml
streptomycin and 1.25 pg/ml amphotericin B. Melanocytes were
purchased from Sigma and maintained according to supplier’s
instructions. The adenoviral (Ad) vectors AdshGFP, Adshp73,
AdGFP and Adp73 have been described previously.” Adenovirus
infection was performed at a multiplicity of infection (MOI) that
allowed 100% transduction of target cells. Oligonucleotide (ON)
LNA modifications were conducted by BicTeZ GmbH. The ASO
sequence used was ASO116 5-GAT TGA ACT GGG CCT
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GCA GC-3'8 Transfections were performed with Lipofectamine
2000 (Invitrogen).

RNA and miR extraction. Samples from patients with pri-
mary (n = 3) and metastatic melanoma (n = 10) were obtained
under a protocol approving the patients informed consent. RNA
was extracted using the RNeasy Mini Kit (Qiagen) and miR
extraction was performed with the mirVana miRNA Isolation
Kit (Applied Biosystems).

Western blotting. Cells were lysed in RIPA buffer and
total protein concentration was quantified by Bradford assay
(Bio-Rad). Equal amounts of protein were separated by SDS-
PAGE and transferred to nitrocellulose membranes (Amersham
Biosciences). Samples were probed with antibodies against
p73 (ER-15) and E2F1 (KH-95) from BD Biosciences, Bcl-2
(Calbiochem), ABCA2 (Abcam), ABCA5 (Acris) and Actin
(Sigma).

Cloning of promoter and 3'UTRs constructs and lucifer-
ase reporter assay. A small genomic DNA fragment contain-
ing miR-205 and a scramble miR sequence were amplified by
PCR and cloned into Pmel and MIul restriction sites of the len-
tiviral vector pWPXL. VSV-G envelope pseudotyped lentiviral
vector particles were produced by cotransfection of HEK293T
cells using the plasmids pMD2.G and psPAX2 (Addgene) as
described.®® Stable miR-205 or miR-control SK-Mel-147 cells
were generated using these lentiviruses. Luciferase reporter gene
constructs containing the miR-205 promoter sequence pGL3.
miR-205 or the deletion mutant pGL3.miR-205-BS1Del (gener-
ated from the full-length promoter by 741111 and BstE1l restric-
tion) and pGL3.miR-205-BS2,3Del were amplified by PCR from
SK-Mel-29 genomic DNA and cloned into the pGL3-basic vec-
tor (Promega) using Kpnl and Xhol restriction sites. Expression
plasmids for wild-type p73, p73Aex2,3 (DNp73), E2F1 and the
control Bax reporter construct have been described.? Cells were
transfected using Effectene (Qiagen). Luciferase activity was
measured 36 h after transfection using the Luciferase Reporter
Assay System (Promega) and normalized to total protein con-
centration in the cell extract. pEZX-MTO01 vector expressing
the E2F1 3'UTR and the control vectors were purchased from
GeneCopoeia. The 3'UTRs of the ABCA2, ABCAS and Bcl-2
mRNAs containing the sequences complementary to miR-205
seed sequence were inserted downstream of the luciferase reporter
pEZX-MTO1 vector into the AsiST and Xhol sites. SK-Mel-147
cells were transfected using Turbofect tranfection reagent and the
reporter activity was assayed 48 h post-transfection. Primers are
shown in Supplementary Materials, Table S1.

Chromatin immunoprecipitation (ChIP). ChIP assay was
performed essentially as described. Protein-DNA complexes
were immunoprecipitated using anti-p73 (BD Biosciences) or
control IgG. Primers are shown in Supplementary Materials,
Table S1.

Electrophoretic mobility shift assay (EMSA). EMSA was
performed with nuclear extracts from SK-Mel-29 cells using
biotin end-labeled (BrightStar BioDetect Kit, Ambion) double-
stranded oligonucleotides corresponding to the BS1 (-424 to
-447), BS2 (-918 to -945) and BS3 containing element (-1130 to

Volume 11 Issue 16



-1159) in the miR-205 promoter as described.”’ For oligonucle-
otide sequences see Table S1 in Supplementary Materials.

TagMan array and qRT-PCR. MicroRNA array was per-
formed using TagMan Array Human MicroRNA Panel v2.0 with
7900HT Fast Real-Time PCR System (Applied Biosystems).
Specific microRNA primers were used for the detection of hsa-
miR-205 and hsa-miRNA-RNUG6B purchased from Applied
Biosystems. Relative miR expression was calculated by the com-
parative Ct method using RNUGB for normalization.

For qRT-PCR, RNA was reverse transcribed with Omniscript
RT Kit (Qiagen). cDNA samples were mixed with iQ™ SYBR
Green Supermix and analyzed on iQ5 Multicolor Real-Time
PCR Detection System (Bio-Rad). Relative gene expression
was calculated by the comparative Ct method using B2M for
normalization.

Apoptosis assay. For apoptosis quantification, cells were har-
vested after indicated times after infection and cisplatin treat-
ment, fixed in 70% ethanol and stained for DNA content with
propidium iodide. Analysis was performed in a FACSCalibur
flow cytometer (BD Biosciences) using CellQuest software.

Animal studies. Athymic BALB/c-nu/nu mice of 6 to 8 weeks
old (Charles River) were subcutaneously injected into the right
flank with 5 x 10 SK-Mel-147 tumor cells stably expressing miR-
control or miR-205 and infected with AdshGFP or Adshp73.
Mice with tumors received a single intratumoral injection of cis-
platin (6 mg/kg) followed by 3 intraperitoneal injections at day

25, 28, 31 and 34. Mice were monitored for tumor regression
over 6 weeks. All animal experiments were performed according
to the Institutional Animal Care and Use Committee.

Statistical analysis. Statistical significance was calculated by
paired Student’s t-test. All statistical tests employed in this study
were two-sided
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