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Epithelial ovarian cancer is the most lethal form of gynecologic malig-

nancy. The clinical prognosis factors for this type of cancer are based 

on the state of the disease at diagnosis, including histological subtype, 

grade, stage and extent of residual disease after surgery. Despite the 

use of treatment strategies that combine surgery and chemotherapy, 

patients with epithelial ovarian cancer often relapse and eventually 

die from their disease1. In recent years, several studies have analyzed 

large-scale transcription profiling to identify differentially expressed 

genes according to tumor status, histological subtypes and metastatic 

spread2. However, the molecular biology of ovarian cancer is still not 

completely understood, making the development of more effective 

therapies difficult. Therefore, there is a pressing need to explore the 

biological basis of ovarian cancer to search for early diagnostic classi-

fiers that can reliably stratify patients for therapeutic intervention.

Accumulation of reactive oxygen species (ROS) in tumor cells dam-

ages their cellular components and alters various processes, including 

gene expression, proliferation and genomic stability3–9. Of the many 

adaptive mechanisms that modulate gene expression in response to 

stress, the p38α mitogen-activated protein kinase (MAPK) family 

acts as a sensor of oxidative stress, and its redox-sensing function is 

essential in the control of tumor development10,11. In contrast to other 

MAPKs such as extracellular signal-regulated kinase (ERK) or cJun 

NH2-terminal kinase (JNK), which can promote either proliferation 

or survival, p38α often suppresses tumorigenesis by blocking prolif-

eration or promoting apoptosis12–15. In addition, miRNA expression 

can be altered by distinct stress conditions such as radiation, oxidative 

stress or hypoxia16–21. In this regard, miRNAs are essential regulators 

of the stress response across multiple species.

Here we identify a new function for the miR-200 family members 

(miR-200s) in oxidative stress and ovarian tumorigenesis. These miRNAs  

were previously shown to modulate cellular motility and control 

‘stemness’ and apoptosis22–33. We now show that two members of 

the miR-200 family (miR-141 and miR-200a) inhibit p38α and have 

an essential role in redox sensing. In mouse models, accumulation of 

these miRNAs mimics p38α deficiency and promotes malignancy. 

Human ovarian adenocarcinomas characterized by high miR-200a 

expression show low amounts of p38α protein and have an associated 

oxidative stress signature. Notably, this signature is correlated with 

longer progression-free survival (PFS) and overall survival. Consistent  

with these findings, although overexpression of miR-200a or miR-141  

promotes tumorigenesis under untreated conditions, it increases 

tumor-cell death and slows tumor growth under treatment with pacli-

taxel, a chemotherapeutic drug known to increase ROS34–36. Thus, 

the miR-200–dependent stress response could have a dual function 

in tumors: although this response increases tumor growth, it could 

also enhance sensitivity to chemotherapy. In addition, we identify a 

new function for miR-200s in the stress response, which could be a 

predictive marker for clinical outcome in ovarian cancers.

RESULTS

Expression of miR-200s is stimulated by oxidative stress 

Using a microarray analysis, we identified a set of 36 miRNAs  

whose expression was changed after exposure of fibroblasts to acute oxi-

dative stress (Fig. 1a). Twenty of these miRNAs were upregulated and 

16 were downregulated by H2O2 treatment over time. In particular, the 

expression of the miR-200s was stimulated by oxidative stress (Fig. 1a,b). 
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Although there is evidence that redox regulation has an essential role in malignancies, its impact on tumor prognosis remains 

unclear. Here we show crosstalk between oxidative stress and the miR-200 family of microRNAs that affects tumorigenesis and 

chemosensitivity. miR-141 and miR-200a target p38a and modulate the oxidative stress response. Enhanced expression of 

these microRNAs mimics p38a deficiency and increases tumor growth in mouse models, but it also improves the response to 

chemotherapeutic agents. High-grade human ovarian adenocarcinomas that accumulate miR-200a have low concentrations of 

p38a and an associated oxidative stress signature. The miR200a-dependent stress signature correlates with improved survival of 

patients in response to treatment. Therefore, the role of miR-200a in stress could be a predictive marker for clinical outcome in 

ovarian cancer. In addition, although oxidative stress promotes tumor growth, it also sensitizes tumors to treatment, which could 

account for the limited success of antioxidants in clinical trials.
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 miRNAs from each locus (Supplementary Fig. 1a,b) had the same kinet-

ics after induction by stress (Fig. 1b). Overall, expression of the miR-200s 

was induced within 1 h of treatment, reached its maximum between  

2 and 3 h after treatment and was maintained at later time points. The 

miR-200s were upregulated with similar kinetics in fibroblasts and 

epithelial cells from mouse and human (Fig. 1b). In cell lines already 

expressing high basal concentrations of the miR-200s, we did not detect 

upregulation (Supplementary Fig. 1c,d). Upregulation of the miR-200s 

was specific to H2O2 exposure, and we did not observe upregulation 

with other stimuli or stressors (Supplementary Fig. 1e), further showing 

these miRNAs might be involved in response to oxidative stress.

The miR-200s have been shown to regulate the mesenchymal-to-

epithelial transition (MET) through modulation of the E-cadherin  

transcriptional repressor zinc finger E-box binding homeobox 1 

(ZEB1)22–27,32,33. Accordingly, treatment of fibroblasts or colon  

carcinoma cells with H2O2 reduced the amount of ZEB1 protein and 

enhanced E-cadherin transcription but was not sufficient to induce 

a stable MET, as H2O2 hydrolysis prevented long-lasting miR-200 

accumulation (Fig. 1c, Supplementary Fig. 1f and data not shown). 

This suggests that the regulation of miR-200s by stress, among other 

mechanisms, could be involved in the control of E-cadherin expres-

sion. When overexpressed in fibroblasts, the miR-200s stabilized  

E-cadherin expression by targeting its transcriptional repressor, ZEB1 

(Fig. 1d). Although all the miR-200s were overexpressed to the same 

extent, stabilization of E-cadherin was more efficient when miR-200b 

or miR-200c was overexpressed than when miR-141 or miR-200a was 

overexpressed. Accordingly, we detected miRNA-induced clustering 

of epithelial cells only with miR-200b or miR-200c and not with miR-

141 or miR-200a (Fig. 1e). This further suggests that the miR-200s 

have different cellular functions, which led us to investigate their 

specific role in the oxidative stress response.

miR-141 and miR-200a inhibit p38a

To determine the function of miR-200 in oxidative stress, we compared 

the ROS-dependent signaling pathway of cells overexpressing miR-141 

or miR-200a to cells overexpressing a control miRNA when exposed to 

H2O2 (h)

H2O2 H2O2

– 0.5 1 2 4 24

miR-200a

L
o

g
2

 f
o

ld
 c

h
a

n
g

e
L

o
g

2
 f

o
ld

 c
h

a
n

g
e

L
o
g
2
 f

o
ld

 c
h

a
n

g
e

L
o
g
2
 f

o
ld

 c
h
a
n
g
e

C
D
H
1

 m
R

N
A

(L
o

g
2

 f
o

ld
 c

h
a

n
g

e
)

C
D
H
1

 m
R

N
A

(L
o

g
2

 f
o

ld
 c

h
a

n
g

e
)

L
o
g
2
 f

o
ld

 c
h
a
n
g
e

L
o

g
2

 f
o

ld
 c

h
a

n
g

e
L

o
g

2
 f

o
ld

 c
h

a
n

g
e

L
o

g
2

 f
o

ld
 c

h
a

n
g

e

8

a b c

d

e

Mouse fibroblasts CT26

Mouse cell lines

miR-141
miR-200c

miR-200a
miR-200b

NMuMG

6

4

2

–2

12

Kras-transformed

fibroblasts

Hras-transformed

fibroblasts

10

8

6

4

2

0

–2

3

2

1

0

–1

5 BT-549 SKOV3

4

3

2

1

–1

0

3

2

1

–1

0

L
o
g
2
 f

o
ld

 c
h

a
n

g
e

L
o
g
2
 f
o

ld
 c

h
a

n
g

e3

2

1

0

–1

3

4

2

1

0

–1

12

10

8

6

4

2

0

–2

0

8

10

6

4

2

–2 –1

0

4

5

6

3

2

1

0
2 4 6 8

2 4 6 8 2 4 6 8

miR-141
miR-223
miR-122
miR-215 Time of

H2O2 treatment (h)

Time of

H2O2 treatment (h)

2 4 6 8

2 4 6 8

2 4 6 8 2 4 6 8

Time of

H2O2 treatment (h)

Time of

H2O2 treatment (h)

20 4 6 8

Time of H2O2 treatment (h)

20 4 6 8

Time of H2O2 treatment (h)

Mouse fibroblasts

ZEB1 170 kDa

43 kDa

34 kDa

170 kDa

E-cadherin

Control– 141 200a 200b

miRNA

200c

135 kDa

170 kDa

34 kDa

ZEB1

GAPDH

– Control miR-141

miR-200a miR-200b miR-200c

43 kDa

34 kDa

p-JUN

GAPDH

5

4

3

2

1

0

5

6

4

3

2

1

0

JUN

ZEB1

p-JUN

GAPDH

JUN

– + – +

CT26

Time of

H2O2 treatment (h)

Time of

H2O2 treatment (h)

Time of

H2O2 treatment (h)

Human cell lines

MDA-MB-435S MDA-MB-436 293T

Time of

H2O2 treatment (h)

2 4 6 8 2 4 6
Time of

H2O2 treatment (h)

Time of

H2O2 treatment (h)
miR-192
miR-142-3p

miR-142-5p

miR-615-3p

miR-673-5p

miR-335-5p

miR-501-3p

miR-384-3p

miR-682
miR-187

miR-709
miR-194
miR-679
miR-676
miR-592

miR-691
miR-212

miR-101a
miR-696
miR-704
miR-497

miR-547
miR-494

miR-302c

miR-467b*
miR-539

miR-181c
miR-677
miR-703

–3
.0

–1
.8 1.

8
–0

.6 0.
6

3.
0

miR-411*

miR-489

8

8

82 4 6

Figure 1 Expression of the miR-200s is stimulated by oxidative stress. (a) Unsupervised hierarchical clustering of miRNA microarray expression data from 

mouse fibroblasts after exposure to H2O2 for various durations. These miRNAs were selected on the basis of their differential expression (P ≤ 0.05) at 

early (0.5–1 h), middle (2–4 h) or late (8–24 h) time points of treatment, when compared to untreated fibroblasts. The values shown are the means of the 

normalized expressions from two independent experiments. Upregulated and downregulated miRNAs after stress are shown in red and blue, respectively. 

(b) qRT-PCR of the miR-200s after a time course of H2O2 treatment in mouse cells (immortalized fibroblasts, colon carcinoma (CT26), mammary gland 

epithelial cells (NMuMG) and Kras- and Hras-transformed fibroblasts) and human cell lines (melanoma cells (MDA-MB-435S), kidney cells (293T), breast 

adenocarcinoma (MDA-MB-436 and BT-549) and ovarian adenocarcinoma (SKOV3)). Data are the means of fold changes (normalized to untreated and 

expressed as log2) ± s.d. (c) Top, western blot of ZEB1 protein in mouse fibroblasts and carcinoma cells (CT26) after 3 h of H2O2 exposure, at which 

point the miR-200s reached their maximum expression. Jun protein, its phosphorylated isoform (p-Jun) and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) were used as internal controls for H2O2 treatment and protein loading, respectively. Bottom, E-cadherin mRNA levels in fibroblasts and CT26 

cells after H2O2 exposure are shown. (d,e) Shown are the amounts of E-cadherin and ZEB1 protein (d) and the cellular morphology (e) in untransfected 

fibroblasts (−) or at 3 d after transfection with a control miRNA or the miR-200s. All transfected miRNAs are expressed to the same range (with a qRT-PCR 

cycle threshold (Ct) of 13.4 ± 0.7 Ct on average). Scale bars, 15 µm. All experiments were performed in triplicate, and error bars represent means ± s.e.m. 

(unless otherwise specified) from at least three independent experiments. 
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H2O2. Microarray experiments and further analyses using Ingenuity 

Pathway Analysis (IPA) software indicated that miR-141 or miR-200a 

altered MAPK response to H2O2 by modulating the p38α and JNK 

pathways (Fig. 2a). Indeed, expression of mitogen-activated protein 

kinase 14 (Mapk14) (encoding p38α) was significantly downregulated 

by miR-141 or miR-200a overexpression, as evaluated by microarrays 

and confirmed by quantitative RT-PCR (qRT-PCR) (Fig. 2b). The 

expression of Mapk14 was unchanged by overexpression of miR-200c 

or miR-200b (Fig. 2b), suggesting that only miR-141 and miR-200a 

are involved in the regulation of the MAPK pathway.

miR-141 and miR-200a have high sequence homology 

(Supplementary Fig. 1a), suggesting they target the same proteins. 

Overexpression of miR-141 or miR-200a severely reduced the total 

amount of p38α protein under either basal or stressed conditions 

(Fig. 2c and Supplementary Fig. 2b). This reduction prevented the 

expected accumulation of the phosphorylated form of p38α and led 

to the subsequent decreased phosphorylation of MAPK-activated 

protein kinase 2 (MAPKAPK2), one of the major downstream effec-

tors of p38α (Fig. 2c). Furthermore, overexpression of miR-141 or 

miR-200a was associated with the constitutive activation of the JNK 

pathway (Fig. 2c), as was previously seen after Mapk14 inactivation12. 

In cells expressing miR-141 or miR-200a, as in Mapk14−/− cells, we 

observed an earlier and higher phosphorylation rate of JNK1, JNK2 

and JNK targets, for example, the proto-oncogene Jun (Fig. 2c).  

We confirmed that overexpression of miR-141 or miR-200a led to 

p38α downregulation in various mouse and human cell lines, whereas 

overexpression of miR-200c or miR-200b had no effect (Fig. 2d).  

These results indicate specific control of p38α by miR-141 or  

miR-200a in the basal state or under stressed conditions in human 

and mouse cells. Accordingly, cell lines with high endogenous con-

centrations of miR-141 or miR-200a had lower amounts of p38α  

protein than those lines characterized by low expression of miR-141 or  

miR-200a (Fig. 2e). The MAPK14 mRNA level was significantly 

inversely correlated with miR-200a expression (Fig. 2f) when evalu-

ated using the US National Cancer Institute’s NCI60 database, which 

contains a panel of 60 diverse human cancer cell lines37. In addition, 

miR-200a was the sixth-ranked miRNA among 422 miRNAs with 

respect to an inverse correlation with MAPK14. Reciprocally, MAPK14 

was ranked 3,616th among the 41,078 probe sets for miR-200a.  

Finally, we found that the 3′ untranslated region of MAPK14 was 

directly targeted by miR-141 or miR-200a, and we identified 

the genuine binding site of these miRNAs in humans and mice 

(Supplementary Fig. 3). These data show that miR-141 and miR-200a  

are key direct regulators of p38α.

miR-141 and miR-200a promote tumorigenesis in mouse models

Because miR-141 and miR-200a have homologous sequences, we 

tested whether the downregulation of p38α by miRNA could affect 
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transformation in Kras-transformed fibroblasts overexpressing 

miR-141. We confirmed the accumulation of miR-141 in these sta-

ble clones (Supplementary Fig. 4a). When plated in soft agar, cells 

overexpressing miR-141 showed a markedly enhanced plating effi-

ciency and growth rate compared to controls (Fig. 3a), indicating 

that miR-141 facilitates cell growth without substrate attachment. In 

addition, overexpression of miR-141 significantly increased the tumor 

size in xenografted nude mice (Fig. 3b). Analyzed when they reached 

the same size, tumors overexpressing miR-141 had a lower amount 

of p38α protein than control tumors (Fig. 3c). Furthermore, these 

tumors had a higher mitotic index and a greater number of large blood 

vessels compared to controls (Fig. 3c), as was previously shown for 

p38α-deficient tumors in a Ras-dependent context10.

Because we detected marked effects for miR-141 and miR-200a 

in human ovarian carcinomas (see below), we assessed their effect 

on xenografted ovarian tumors. Ovarian cells stably overexpressing  

miR-141 or miR-200a (Supplementary  

Fig. 4b) gave rise to larger tumors when com-

pared to control tumors (Fig. 3d). Tumors 

expressing miR-141 or miR-200a appeared 

earlier and grew faster than control tumors 

(Fig. 3e). Histological analyses confirmed 

that tumors overexpressing miR-141 or miR-

200a had low amounts of p38α protein and 

were associated with a high mitotic index 

(Fig. 3f). Therefore, these data suggest that miRNA-dependent down-

regulation of p38α has a positive role in tumorigenesis.

miR-200a controls p38α and stress response in ovarian cancers

Because the miR-200s have been shown to accumulate in aggres-

sive human ovarian adenocarcinomas38–44, we investigated whether 

p38α is a predictive marker for these tumors. We analyzed a large 

set of human ovarian adenocarcinomas that included mostly serous- 

subtype and high-grade tumors. Clinical details and subject information 

are given in Supplementary Table 1 and Supplementary Table 2. We 

observed that there was no correlation between MAPK14 mRNA level 

and the amount of p38α protein (Fig. 4a and Supplementary Table 2).  

Notably, the miR-200a expression rate was significantly inversely  

correlated with the amount of p38α protein (Spearman correlation 

coefficient (R) = −0.37, P = 6 × 10−3) (Fig. 4b and Supplementary 

Table 3). We observed this same tendency with miR-141, although 
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representative dishes and individual colonies 

from Kras-transformed fibroblasts stably 

transfected with a control miRNA (Ras  

+ control) or miR-141 (Ras + miR-141).  

Middle, relative number of visible colonies  

in soft agar formed from control and miR- 

141–overexpressing clones. Right, percentage 

of visible colonies arranged according to their  

size: small, ≤ 2.2 mm2; 2.2 mm2 < medium ≤ 

4.5 mm2; large, > 4.5 mm2. Data are means ± 

s.e.m. (b) Tumor volumes 9 d after xenografting 

of control or miR-141–overexpressing Ras-

transformed fibroblasts. Values are means ± 

s.e.m. n = 10 in each group. (c) Representative 

immunohistochemistry of each type of tumor 

using specific antibodies. Indicated in each 

category are the numbers of mitotic cells per 

mm2 (mm−2) (P = 0.032 by Student’s t test) 

and large (width >15 µm) blood vessels per 

mm2 (P = 0.039 by Student’s t test). (d) Tumor 

volumes 20 d after xenografting of control 

and miR-141− or miR-200a–overexpressing 

ovarian cancer cells. n ≥ 17 in each group. 

(e) Left, Kaplan-Meir tumor-free survival 

curves from control and miR-141− or miR-

200a–overexpressing mice (log-rank test). 

Right, tumor growth curves (Student’s t test). 

Data are means ± s.e.m. (f) Representative 

immunohistochemistry of control and miR-

141− or miR-200a–overexpressing ovarian 

tumors using specific antibodies. Indicated in 

each category are the numbers of mitotic cells 

per mm2. Control compared to miR-141, P = 

0.0008 and control compared to miR-200a, 

P = 0.0017 by Student’s t test. *P ≤ 0.05, 

**P ≤ 0.01, ***P ≤ 0.001. NS, not significant 

(Student’s t test). Scale bars, 50 µm.
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the correlation was not significant (R = −0.25,  

P = 0.07). Tumors with high miR-200a expres-

sion showed faint p38α staining, and, con-

versely, tumors with low miR-200a expression 

showed bright p38α epithelial staining (Fig. 4c). Thus, in high-grade 

ovarian adenocarcinomas, regulation of p38α occurs, at least in part, 

in a miR-200a–dependent manner.

We next identified transcriptomic signatures associated with miR-

200a in these tumors. Consistent with the function of miR-200 in MET, 

genes involved in MET-related pathways were significantly negatively 

correlated with miR-200a expression (Fig. 4d and Supplementary 

Table 4). Notably, the only relevant pathway significantly positively 

correlated with miR-200a expression was involved in oxidative stress 

response (Fig. 4d and Supplementary Table 4), indicating that the 

link between oxidative stress and miR-200a we uncovered in vitro is 

also relevant in a human-tumor context.

miR-200a-dependent signatures predict subject survival

We defined ‘stress’ and ‘fibrosis’ signatures by the genes that were 

positively and negatively correlated with miR-200a, respectively. The 

use of this dual signature allowed us to build a hierarchical cluster 

of ovarian tumors and to stratify subjects into two groups (Fig. 4e). 

Subjects classified as having the stress pattern (stress high, fibrosis low)  

had longer PFS and overall survival than those who had the fibrosis 

pattern (stress low, fibrosis high) (Fig. 4f). In contrast, using each 

single signature to stratify subjects did not allow to observe a dif-

ferential in subject survival (data not shown), suggesting that both 

stress and fibrosis processes are required for fully recapitulating 

miR-200–dependent survival. Overall survival was significantly dif-

ferent according to the level of p38α-targeting miR-200s (miR-141 

or miR-200a), and PFS tended toward the same observation (Fig. 4f). 

Notably, we validated the stress and fibrosis signatures in another 

set of individuals with ovarian cancer (from the Australian Ovarian 

Cancer Study (AOCS))45 (Fig. 4g) and saw better prognoses for sub-

jects with the stress pattern (Fig. 4h).

Although overexpression of miR-141 or miR-200a increased 

tumor growth in mice (Fig. 3da–f), subjects with the stress pattern 

(high miR-200a expression) had better prognoses than subjects with 

the fibrosis pattern (low miR-200a expression) (Fig. 4e–h). This 

apparent paradox might be explained by different tumor aggressive-

ness or varying responses to treatment. We observed no correlation 

between signature and tumor grade (Table 1), probably because 
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Figure 4 miR-200a and oxidative stress 

response predict good prognosis in patients with 

ovarian cancer. (a,b) Scatter diagrams showing 

the p38α immunohistochemistry (IHC) score 

relative to MAPK14 mRNA (a) and miR-200a 

levels (b) in ovarian tumors (Spearman test).  

(c) Representative views of p38α immunostaining  

in tumors with low or high miRNA-200a levels. 

(d) Cellular pathways positively or negatively 

correlated with miR-200a levels in ovarian 

tumors. An unsupervised comparative analysis 

was done using a Fisher’s exact test. P values 

were adjusted using a Benjamini-Hochberg 

multiple-testing correction. (e) An unsupervised 

hierarchical clustering of the stress and fibrosis 

signatures from the microarray ovarian cancer 

data set from the Institut Curie. Each row 

represents a tumor, and each column represents 

a gene. Red and blue indicate gene expression 

in a single tumor above and below the mean, 

respectively. The color saturation indicates the 

magnitude of the deviation from the mean. 

Genes cluster together according to the stress 

and fibrosis signatures (shown at the bottom of 

the matrix). The dendrogram of samples (on the 

left of the matrix) allows for the classification 

of subjects according to these signatures. Gene 

symbols and names are listed in Supplementary 

Table 4. (f) Kaplan-Meier curves of PFS and 

overall survival (OS) according to the two 

signatures (n = 51 for the stress signature, and 

n = 56 for the fibrosis signature) or to miR-

200a or miR-141 expression (n = 46 for high 

expression and n = 45 for low expression).  

(g) Unsupervised hierarchical clustering of the 

signatures from the AOCS microarray data set. 

(h) Kaplan-Meier curves of PFS and overall 

survival of subjects from the AOCS data set 

according to the stress (n = 158) and fibrosis  

(n = 128) signatures. A log-rank test was used 

for the Kaplan-Meier curves. Scale bars, 50 µm.
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there is a bias toward high-grade tumors in the cohorts from the 

Institut Curie and the AOCS (Supplementary Table 1). The fibrosis 

pattern was associated with partial debulking and high-stage tumors 

(Table 1). In addition, when considering tumor residual volume after 

the first round of treatment (as evaluated by plasma concentrations 

of cancer antigen 125, also called carbohydrate antigen 125, CA-

125), we observed that the CA-125 concentrations were significantly  

lower in subjects with the stress pattern compared to those with 

the fibrosis pattern (Table 1). Similarly, physicians considered the 

clinical response, defined by variation in tumor mass after treat-

ment, to be ‘complete’ (with significant reduction of tumor mass) in a 

large proportion of subjects with the stress pattern (Table 1). Finally, 

a multivariate analysis that included the miR-200a–dependent  

signatures (stress or fibrosis), age, tumor grade, histology and 

chemotherapy type showed that the signatures had an independent 

association with PFS (Supplementary Table 5). These observations 

suggest that the stress and fibrosis signatures defined by miR-200a 

may act on a patient’s response to treatment.

We next investigated the effect of paclitaxel, a ROS-producing chemo-

therapeutic agent, on ovarian cancer cells overexpressing miRNA. 

Overexpression of miR-141 or miR-200a enhanced cell apoptosis  

after treatment with paclitaxel, whereas it protected cells against death 

in untreated conditions (Fig. 5a). As expected, the same results were 

obtained by inactivation of p38α (Fig. 5a). Moreover, we prevented 

the miR-141- and miR-200a–dependent effects on apoptosis by using 

antioxidants or inhibitors specific to miR-141 or miR-200a, further 

confirming the role of ROS, miR-141 and miR-200a in the sensitivity of 

cancer cells to paclitaxel (Fig. 5a). Notably, we observed similar effects 

in vivo. Whereas overexpression of miR-141 or miR-200a significantly 

increased tumor growth in untreated conditions (Figs. 5b and 3d–f), 

mice with ovarian tumors overexpressing miR-141 or miR-200a were 

significantly more sensitive to paclitaxel than control mice (Fig. 5b–d). 

Therefore, expression of miR-141 or miR-200a promotes tumor growth 

but also increases sensitivity to chemotherapy. Our data prompted us 

to establish a proposed model, as described in Figure 5e.

DISCUSSION

Ovarian cancers are the most lethal gynecologic malignancies, and 

determining the molecular mechanisms involved in their development 

is a pressing need. The miR-200s were previously shown to accumulate 

in ovarian cancer38–41,46,47. Here we identify an miR-200a–dependent  

dual signature involved in oxidative stress and fibrosis that has  

predictive value. The fibrosis signature, defined by genes negatively 

correlated with miR-200a expression, corroborates its previously 

identified function on ZEB1 and ZEB2. Indeed, by inhibiting ZEB1 

and ZEB2, ectopic expression of the miR-200s causes upregulation of 

E-cadherin and reduces cell motility22–27,33,41. The stress signature, 

defined by genes correlated with miR-200a expression, is the novel 

feature of our study. The fibrosis and stress signatures predict survival 

only when both are taken into account. Stratifying subjects with the 

fibrosis signature alone did not predict survival, further indicating 

that the stress component is a key effector of miR-200a and miR-141 

in ovarian tumors. The miR-200s were shown to be highly expressed 

in localized tumors and downregulated in metastases, defining a 

two-stage model of miR-200 expression48–50. Our data are consistent 

with this model in two ways: we observed (i) a stage of high miR-200 

expression, which provided a selective advantage to cancer cells but 

was associated with high sensitivity to treatment, in part by modulat-

ing the stress response, followed by (ii) a dissemination stage during 

which miR-200 expression was lost, further facilitating the spread of 

cancer cells and conferring resistance to chemotherapeutic agents. 

Consistent with our signatures, several studies have shown that high 

miR-200s expression is linked to a favorable prognosis40,41,51, with 

downregulation of the miR-200s being associated with relapse in 

patients with ovarian cancer52. The segregation of high-grade ovarian 

carcinomas into miR-200a–dependent stress and fibrosis subgroups is 

associated with short- and long-term prognoses, specifically in regard 

to clinical response and disease progression. Our findings have broad 

implications for applications in clinical research. One could specu-

late that tumors with the stress pattern may be best treated with an 

optimal combination of ROS-producing chemotherapy and maximal 

surgery. In contrast, tumors with the fibrosis pattern, characterized by 

a low debulking efficiency and reduced treatment response, should 

be subjected to alternative approaches based on further molecular 

characterization. Future clinical trials may consider our results to  

generate prospective confirmation data. Such approaches could 

greatly enhance the multidisciplinary strategy currently applied in 

ovarian carcinomas.

In this paper we show a new mechanism of action for miR-141 and 

miR-200a in oxidative stress response by identifying p38α MAPK as 

one of their relevant targets. Alignments of MAPK14 3′ untranslated 

region sequences from various species indicate that Mpk2, the p38α 

homolog in Drosophila, is predicted to be a target of miR-8, the miR-141  

and miR-200a ortholog53–55. Because miR-8 regulates the osmotic 

stress response, the crosstalk between miR-200, p38α and stress could 

be conserved through evolution. p38α MAPK was previously shown 

to reduce tumorigenesis by acting on cell proliferation, survival and 

stress response14,15. miRNA-dependent downregulation of p38α mim-

ics the phenotype observed in p38α deficiency10. In addition, inacti-

vation of p38α, either pharmacologically or genetically, is associated  

Table 1 Characteristics of subjects and tumor samples associated with the stress and fibrosis signatures

Grade Stage Debulking status Biological response Clinical response

1 2 3 I II III IV Optimal Suboptimal Log CA-125 Complete Incomplete

Institut Curie Stress 4 17 30 15 7 26 3 25 26 1.52 ± 0.10 28 14

Fibrosis 3 17 36 6 3 33 14 13 43 1.92 ± 0.11 23 26

P NS P = 0.004 P = 0.008 P = 0.010 P = 0.059

AOCS Stress 9 56 82 16 16 108 8 95 29

Fibrosis 10 41 82 8 2 109 14 65 41

P NS P = 0.002 P = 0.014

Association of the stress and fibrosis signatures with clinical characteristics and remission status of patients in the Institut Curie and AOCS cohorts, when available. The biological 

response was evaluated by CA-125 after the first round of treatment. The clinical response was evaluated by the evolution of the mass of the tumor, determined by monitoring 

patients through their chemotherapeutic treatment; treatment was considered incomplete in patients with no or partial response to treatment. Debulking status was defined as 

optimal for tumor residues ≤1 cm in diameter after resection and as suboptimal for tumor residues >1 cm in diameter. Data are means of log values ± s.e.m. The P values were 

determined using χ2 (for grade, stage and clinical response), Fischer exact (for debulking status) or Student’s t (for CA-125) tests. NS, not significant.
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with ROS accumulation and the subsequent 

stimulation of antioxidant defenses mediated 

in part by Nrf2 (refs. 10,56). Nrf2-dependent 

genes are also markedly upregulated in ovarian  

tumors with high miR-200a expression and 

subsequent low amounts of p38α. miR-200a  

overexpression, as well as p38α inactivation, 

sensitizes ovarian cancer cells to paclitaxel, which is prevented with 

the use of antioxidants, further confirming the essential role of ROS 

in sensitivity to paclitaxel34–36,57. Recently published results show-

ing that miR-200b, miR-200c and miR-429 target class III β-tubulin 

provided a molecular clue into the increased paclitaxel sensitivity 

in ovarian tumors overexpressing miR-200 (refs. 42,58). Our study 

provides new findings about other miR-200 family members, specifi-

cally miR-200a and miR-141, that increase paclitaxel sensitivity in an 

ROS-dependent manner by targeting p38α. To our knowledge, this 

is the first time that the effects of miR-141 and miR-200a have been 

shown on tumor growth and chemosensitivity using mouse models 

of ovarian cancer that corroborated human clinical data. Our results 

show a new function for miR-200 miRNAs and strengthen their direct 

implications in the antineoplastic effect of paclitaxel.

Our data indicate that oxidative stress has a dual role: it increases 

the growth rate of tumors and further promotes tumorigenesis, but it 

also potentiates the effect of ROS-producing therapeutic agents, for 

example, paclitaxel. These data may also provide new insights into 

clinical trials showing the lack of an obvious positive effect of anti-

oxidant supplementation at pharmacological doses in the treatment 

of cancer. Conversely, it has been shown that cancer cells are very 

sensitive to ROS-producing agents, including piperlongumine59. The 

oxidative stress signature identified here could therefore be used as a 

predictive marker of response to treatment and survival. In conclusion,  

we identified a new reciprocal interaction between the miR-200s 

and the oxidative stress response that affects human ovarian carcino-

genesis and prognosis.

METHODS

Methods and any associated references are available in the online  

version of the paper at http://www.nature.com/naturemedicine/.

Accession codes. The Institut Curie’s ovarian cancer microarray 

data set is freely accessible in the Gene Expression Omibus under 
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Figure 5 miR-141 and miR-200a enhance the 

response to chemotherapeutic reagents.  

(a) Histograms showing the percentage of 

apoptotic (annexin V positive and DAPI  

negative) SKOV3 cells transfected with miR-141,  

miR-200a or siRNA-p38 (si-p38) with  

or without treatment. NAC, N-acetylcysteine.  

(b) Growth curves of control, miR-141− or miR-

200a–overexpressing tumors under untreated 

conditions (solid lines) or after treatment with 

paclitaxel (dashed lines). (c) Percentage of 

tumor growth inhibition after 8 d of treatment 

with paclitaxel. n ≥ 11 tumors in each category 

for each condition (treated or untreated).  

(d) Percentage of tumor growth inhibition per 

tumor after 8 d of treatment with paclitaxel.  

(e) In normal cells (left), the reciprocal crosstalk 

between miR-141 or miR-200a, p38α and ROS 

allows for a mutual balance of each partner, 

further ensuring the integrity of the MAPK stress 

response pathways and low concentrations of ROS.  

In cancer cells, two successive stages can be 

considered, as has been previously stated48–50. 

At the early stage (middle), one can postulate 

that concentrations of ROS rise because, at 

least in part, of oncogenic transformation and 

metabolic alterations. High concentrations of 

ROS promote the accumulation of the miR-

200s, which, in turn, reduce p38α. Chronically 

elevated ROS and miR-200s drive a persistent 

oxidative stress response, which is associated 

with an improved sensitivity to paclitaxel. 

At the advanced tumor stage (right), the 

downregulation of the miR-200s directly boosts 

p38α and ZEB1 or ZEB2 activity, thus restoring 

the normal stress response and inducing 

an epithelial-mesenchymal transition–like 

phenotype, which could be part of the fibrosis 

signature. Data are means ± s.e.m. *P ≤ 0.05, 

**P ≤ 0.01, ***P ≤ 0.001 (Student’s t test).
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the accession number GSE26193. H2O2-induced miRNA in the mouse 

fibroblast microarray data and data from fibroblasts overexpressing 

miR-141 or miR-200a are freely accessible in the Gene Expression 

Omnibus with the following accession numbers: GSE26194  

and GSE26113.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS
Ovarian cancer sample collection. Ovarian tumors were obtained from a cohort 

of patients treated at the Institut Curie between 1989 and 2005. The median age 

of the patients was 57.8 years (with a range of 31–86 years). Ovarian carcinomas 

were classified according to the World Health Organization histological clas-

sification of gynecological tumors. Pathological analysis identified 82 serous 

tumors, 8 mucinous tumors, 8 endometrioid tumors, 6 clear-cell carcinomas,  

2 carcinosarcomas and 1 malignant Brenner tumor. One-hundred subjects were 

classified as having a high (grade 2 and 3) histological grade, and seven subjects 

were classified as having a low (grade 1) histological grade. Thirty-one subjects 

(29%) were considered to be in the early stages (International Federation of 

Gynecology and Obstetrics (FIGO) I–IIc) and 76 subjects (71%) were considered 

to be in an advanced stage (III or IV) of disease. Patients were treated with a 

combination of surgery and chemotherapy, the latter of which included alkylat-

ing or alkylating-like agents with or without taxane as a first-line treatment. The 

study was approved by the Institutional Review Board and Ethics committee of 

the Institut Curie. Before inclusion in the study, patients were informed that 

their biological samples could be used for research purposes and that they had 

the right to refuse if they so wished. Analysis of tumor samples was performed 

according to the relevant national law on the protection of people taking part 

in biomedical research.

qRT-PCR of mRNA and miRNA in ovarian tumors and cell lines. For the 

mRNA analysis, 1 µg of total RNA was reverse transcribed using an iScript Reverse 

Transcription Kit (Bio-Rad), and qRT-PCR was performed using Power SYBR 

Green PCR Master Mix (Applied Biosystems) on a Chromo4 System (Bio-Rad).  

Data were analyzed using an Opticon Monitor (Bio-Rad) and normalized 

to GAPDH mRNA (cell lines) or to the average of hypoxanthine guanine 

phosphoribosyl transferase (HPRT), Ribosomal protein large P0 (RPLP0),  

glyceraldhyde-3-phosphate dehydrogenase (GAPDH) and β-2 microglobu-

lin (B2M) mRNA levels (ovarian tumors) (see Supplementary Table 6 for 

sequences). Mature miRNA levels were quantified using TaqMan miRNA Assays 

(Applied Biosystems) and normalized to the average of U6 small nucleolar 

RNA and miR-16 (cell lines) or to the average of U6B, U6, RNU24, RNU49 and 

RNU48 small RNA levels (ovarian tumors); fold changes were calculated using 

the 2−∆∆Ct method. Relative miR-200a and miR-141 levels were quantified from 

RNA from a subset of 82 ovarian tumors.

Ovarian microarray data sets and gene expression profiling. Ovarian tumor 

samples were analyzed on a Human Genome U133 Plus 2.0 array (Affymetrix) 

according to the manufacturer’s procedures60. Transcriptome data were normal-

ized using the Guanine Cytosine Robust Multiarray Analysis (GCRMA) algo-

rithm. Only probes with a log intensity value greater than 3.5 (log2) in at least 

80% of the samples were kept for further analysis. The microarray normalization 

and analysis were performed using Partek Genomic Suite software (Partek). The 

dataset from the Institute Curie, from which we determined miR-200a expres-

sion values, the correlation between mature miR-200a levels and the detected 

probe sets, was calculated using a Pearson correlation coefficient. The probe 

sets, identified as either positively or negatively correlated with miR-200a, were 

submitted to analysis using IPA software. Enriched canonical pathways were 

selected using a Fisher exact test, and adjusted P values (P ≤ 0.05) were calcu-

lated using a Benjamini-Hochberg multiple-testing correction. For the probe 

sets that were correlated with miR-200a, the most significant Ingenuity canoni-

cal pathway was “Nrf2-mediated oxidative stress response,” and for probe sets 

anticorrelated with miR-200a, the most significant Ingenuity canonical pathway 

was “Hepatic fibrosis–hepatic stellate cell activation.” Genes composing the stress 

and fibrosis signatures are listed in Supplementary Table 4.

Immunohistochemistry from human ovarian carcinomas. A tissue micro-

array from 56 ovarian serous adenocarcinomas was created using two cores of 

tumor tissue per subject (each 1 mm in diameter) hybridized simultaneously. 

Sections of paraffin-embedded tissue (3 µm) were stained using the streptavidin-

 peroxidase protocol (Benchmark Immunostainer, Ventana) with specific anti-

bodies recognizing p38α (1:50 dilution; 9218, Cell Signaling). For quantification, 

two sections from distinct areas of each tumor were evaluated independently 

by two different investigators. An immunohistochemistry score (ranging from  

0 to 4) was calculated as follows: (staining intensity × percentage of positively 

labeled cells)/100.

miRNA microarray data from mouse fibroblasts and fibroblasts overexpress-

ing miR-141 or miR-200a. The methods used for this analysis are described in 

the Supplementary Methods.

Xenograft experiments. The cell lines and antibodies used in these experiments 

are described in the Supplementary Methods. Graft experiments were per-

formed by subcutaneous injection of 2 × 105 fibroblasts or 3 × 106 exponentially 

growing SKOV3 cells into 6-week-old nude female mice. The mice were checked 

daily for tumor growth using calipers. Tumor volume was determined using the 

following equation: 0.5 × (length × width2). When tumors reached a volume of 

75 mm3, paclitaxel treatment was triggered using a single intraperitoneal injec-

tion of paclitaxel (Hospira) at 30 mg per kg of body weight. The percentage of 

tumor growth inhibition was calculated using the following formula: 100 − 100 ×  

(tumor volume from untreated mice/tumor volume from paclitaxel-treated 

mice). The Institut Curie’s ethical committee approved all mouse experiments.

Apoptosis assays. Apoptosis was monitored by annexin V (561012, BD 

Biosciences) and DAPI (1 µg ml−1) staining according to the manufacturer’s 

instructions. Where indicated, cells were treated with 20 nM paclitaxel for 48 h 

and with 4 mM NAC daily. Apoptotic cells were defined as the population that was 

positive for annexin and negative for DAPI. FACS experiments were conducted 

on an LSRII cytometer, and data were analyzed using FlowJo 9.1 software.

Statistical analyses. All experiments were performed in triplicate, and data 

shown are means ± s.e.m. (unless otherwise specified) from at least three inde-

pendent experiments. Differences were considered to be statistically significant 

at values of P ≤ 0.05 by Student’s t test or Mann-Whitney test. Single, double and 

triple asterisks indicate statistically significant differences: *P ≤ 0.05; **P ≤ 0.01; 

***P ≤ 0.001. All survival analyses were carried out using Kaplan-Meier method 

and log-rank test in R. Univariate or multivariate Cox proportional hazards 

regression was conducted with SPSS 19.0 software using the enter method.

60. Meyniel, J.P. et al. A genomic and transcriptomic approach for a differential 

diagnosis between primary and secondary ovarian carcinomas in patients with a 

previous history of breast cancer. BMC Cancer 10, 222 (2010).
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