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DNA Damage Drives an Activin A-Dependent Induction of
Cyclooxygenase-2 in Premalignant Cells and Lesions

Colleen Fordyce, Tim Fessenden, Curtis Pickering, Jason Jung, Veena Singla, Hal Berman, and Thea Tlsty

Abstract

Cyclooxygenase-2 (COX-2) catalyzes the rate-limiting step in the synthesis of prostaglandins. Its overex-
pression induces numerous tumor-promoting phenotypes and is associated with cancer metastasis and
poor clinical outcome. Although COX-2 inhibitors are promising chemotherapeutic and chemopreventa-
tive agents for cancer, the risk of significant cardiovascular and gastrointestinal complications currently out-
weighs their potential benefits. Systemic complications of COX-2 inhibition could be avoided by
specifically decreasing COX-2 expression in epithelial cells. To that end, we have investigated the signal
transduction pathway regulating the COX-2 expression in response to DNA damage in breast epithelial
cells. In variant human mammary epithelial cells that have silenced p16 (VHMEC), double-strand DNA
damage or telomere malfunction results in a p53- and activin A-dependent induction of COX-2 and con-
tinued proliferation. In contrast, telomere malfunction in HMEC with an intact p16/Rb pathway induces
cell cycle arrest. Importantly, in ductal carcinoma in situ lesions, high COX-2 expression is associated with
high yH2AX, TRF2, activin A, and telomere malfunction. These data show that DNA damage and telomere
malfunction can have both cell-autonomous and cell-nonautonomous consequences and can provide a
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novel mechanism for the propagation of tumorigenesis. Cancer Prev Res; 3(2); 190-201. ©2010 AACR.

Introduction

Cyclooxygenase-2 (COX-2) is one of two enzymes
that catalyze the rate-limiting step in the synthesis of
prostaglandins. In contrast to the widespread constitu-
tive expression of COX-1, COX-2 is strongly inducible
by a variety of agents in a limited number of cell types,
including neoplastic tissues (1, 2). Through the produc-
tion of prostaglandins, COX-2 plays a significant role in
cancer by increasing proliferation, motility, invasion,
angiogenesis, and resistance to apoptosis, while also re-
pressing host immune response to tumors (3-6). COX-2
has a profound effect on every aspect of breast cancer
including initiation, progression to invasive disease,
and finally, metastasis. For example, high COX-2 in be-
nign atypical hyperplasia lesions is associated with the
increased risk of developing breast cancer (7). COX-2
is associated with mammographic density, a significant
risk factor for breast cancer (8). In combination with
p16/Rb pathway malfunction, high COX-2 expression
predicts progression of preinvasive ductal carcinoma
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in situ (DCIS) lesions to invasive ductal carcinoma
(IDC; ref. 9). COX-2 enhances breast cancer metastasis
to bone in mouse models (10) and is associated with
bone marrow and brain metastasis (11, 12). Conse-
quently, high COX-2 expression is associated with poor
prognosis in both DCIS and IDC (9, 13, 14).

COX-2 is an ideal target for chemopreventatives and
chemotherapeutics. Nonselective COX-2 inhibitors (non-
steroidal anti-inflammatory drugs), such as aspirin, and
COX-2-specific inhibitors (coxibs) decrease cancer mor-
tality, recurrence, and incidence (15-18). However, the
use of these drugs is associated with gastrointestinal
and cardiovascular complications (1, 19). One plausible
explanation for these side effects is the eicosanid imbal-
ance theory, i.e., the inhibition of COX-2 in the vascula-
ture decreases the vasodilator PGI2, without reducing
COX-1-dependent vasoconstrictive thromboxanes (1,
19). Decreasing COX-2 expression in a single cell type
might mitigate these side effects; for instance, loss
of COX-2 in breast epithelial cells could reduce breast
cancer incidence and progression without inducing
the complications associated with nonsteroidal anti-
inflammatory drugs or coxibs. Such an approach requires
a detailed understanding of the cell type-specific
mechanisms that govern COX-2 expression. We have
identified a subpopulation of epithelial cells within the
human breast that upregulates COX-2, an event that
coincides with increased genomic instability, telomere
malfunction (3, 20), and accumulation of the telomere-
binding protein, TRF2. Here, we identify the upstream
pathways responsible for this COX-2 induction and
unmask novel biology that has cell-autonomous as
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well as cell-nonautonomous repercussions for tumor
progression.

Materials and Methods

Cell culture

HMEC were isolated from disease-free breast tissue of
nine individuals (CM7, RM9, RM15, RM16, RM18,
RM40, RM45, RM46, and RM146). Epithelial cells
were propagated as described in ref. (20). Activin A
and the p38 inhibitor, SB203580 (Sigma), were added
to culture medium for 48 and 24 h, respectively, before
harvest at the doses shown in Figs. 2 and 4. Etoposide
and NU7026 (Sigma) were added to the culture medium
for the times indicated in Figs. 1 and 3. The medium was
removed before exposure to UVC and was immediately
replaced.

Expression of TRF2, hTERT, and short hairpins

The TRF2 gene, provided by Dr. T. De Lange (Rockefeller
University, New York, NY), was inserted into the pWwP1
lentiviral expression vector obtained from Dr. D. Trono
(Swiss Federal Institute of Technology, Lausanne, Switzer-
land). The pWP1-hTERT construct was provided by Dr. E.
Blackburn (University of California, San Francisco, San
Francisco, CA). The pWP1-TRF2 and pWP1-hTERT con-
structs were packaged in 293T cells. Infection efficiency
was monitored using green fluorescent protein expression
driven by an IRES sequence. The control luciferase short
hairpin (pGL3) and the pLKO vector were provided by
Dr. M. McManus (University of California, San Francisco,
CA). The activin A short hairpin (5’-GAACTGTTGCTCTCT-
GAAA-3’) was designed using PSICO Oligo Maker. ATM
and p53 short hairpins were published previously (21,
22). Infected cells were maintained in 2 pg/mL puromycin
(Sigma).

Wound closure assay
Wound closure assays were performed as described in
ref. (23).

Quantitative PCR

Quantitative PCR was done using standard methods.
Primer-probe sets for COX-2 (Hs00153133), TRF2
(Hs00194619), hTERT (Hs00162669), activin A/inhibin A
(Hs00170103), ATM (HS00175892), p53 (Hs99999147),
and p21 (Hs00355782) were obtained from ABI. Glucoro-
nidase B (IDT) expression was used to normalize for var-
iances in input cDNA.

Microarray analysis

RNA was purified (RNeasy, Qiagen) and amplified using
the MessageAmp II-Biotin kit (Ambion). Amplified RNA
was labeled using the enzo BioArray High Yield RNA tran-
script labeling kit (Affymetrix). Microarray hybridization
and analysis were done at the J. David Gladstone Institutes
Core Genomics Laboratory.

Western blotting and ELISA

Western blots were done as described in ref. (4). Activin
A protein and prostaglandin levels were measured using
the Duo-Set Activin ELISA kit (R&D Systems) and the
Prostaglandin E, E1A Elisa kit (Cayman).

Tissue samples

High-grade (n = 7) and low-grade (n = 8) nonrecurrent
DCIS specimens were obtained with institutional review
board approval from the Helen Diller Comprehensive Can-
cer Tissue Core (University of California, San Francisco).
Patients were identified through anonymous reference
numbers in accordance with federal guidelines.

Telomere PNA hybridization

Chromosome spreads were prepared, processed, and an-
alyzed as described in ref. (20). An average of 75 nuclei
each were evaluated for parent, pWP, and TRF2-vHMEC
and hTERT-vHMEC.

Tissue preparation and immunohistochemistry

Five-micrometer sections were cut from paraffin-embed-
ded tissue blocks adjacent to sections used for telomere
DNA content determination. Immunohistochemistry was
performed using standard protocols. Microwave antigen
retrieval was accomplished using 0.001 mol/L EDTA
(pH = 8) for COX-2; Antigen Unmasking Solution (Vector
Laboratories) was used for TRF2; and 0.01 mol/L citrate
buffer (pH = 6.0) was used for activin A and YH2AX. Anti-
bodies against COX-2 (1:200; DAKO), TRF2 (1:20; Imge-
nex), YH2AX (1:150; Upstate), and activin A (1:100; AbD
Serotech) were used. A blocking step (0.01% Triton-X 100
in PBS for 1 h) was done before the addition of the TRF2
antibody. Evaluation of yH2AX, TRF2, COX-2, or activin A
staining intensity was done in a blinded fashion. For COX-
2 and activin A, staining intensity was scored as low to ab-
sent (low) or moderate to strong (high). The number of
yH2AX- or TRF2-positive nuclei were counted in at least
500 cells and expressed as a percentage of the total num-
ber of nuclei per DCIS lesion. The mean number of
vYH2AX-positive (28%) or TRF2 (29%)-positive nuclei
was used to divide the lesions into high- or low-expression
groups.

Telomere DNA content determination

For each case, a 5-um tissue section was stained
with H&E, and cellular morphology was evaluated
and used to guide microdissection of 6 x 25 um serial
sections. Telomere content was determined as described
previously (24).

Statistical methods

Two-sided ¢t tests assuming unequal variance were used
to test the relationships between gene expression or activin
A protein or prostaglandin levels in cells overexpressing
vector, TRF2, or hTERT, or exposed to drugs, and the rela-
tionship between telomere DNA content and yH2AX,
TRF2, activin A, and COX-2. x? test was used to evaluate

www.aacrjournals.org
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the relationship between staining intensity (high or low)
for yH2AX, TRF2, and activin A or COX-2. The Jmp 7.0
statistical package (SAS Institute) was used for all analyses.

Results

Double-strand DNA damage, in contrast to single-
strand DNA damage, is a potent inducer of COX-2 in
mammary epithelial cells with a compromised p16/Rb
pathway

Several types of DNA damage induce COX-2 (3, 4) in
variant human mammary epithelial cells with a compro-
mised p16/Rb pathway (VHMEC). To more fully elucidate

these observations, we exposed VHMEC to agents that in-
duce double-strand (etoposide) or single-strand (UVC)
DNA breaks. Treatment of vHMEC with etoposide (0,
10, and 100 pmol) and UVC (0, 30, 60, and 120 J/m?)
induced a cell death of ~5.6% (100 pmol etoposide)
and 3.5% (60 J/m? of UVC), respectively, after 24 hours.
COX-2 mRNA levels, measured by quantitative PCR, were
greater in cells treated with 10 and 100 umol etoposide
(3.1- and 4.6-fold; P = 0.009 and P = 0.0005, respectively)
compared with controls and exhibited a sustained induc-
tion. In contrast, exposure to 60 or 120 J/m? UVC
decreased COX-2 mRNA levels 3.7- and 3.6-fold compared
with controls (P = 0.0006 and P = 0.0006, respectively)
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(pWP1). D, COX-2 mRNA levels in
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RM18) infected with lentivirus
containing either hTERT or empty
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Fig. 2. TRF2 induces COX-2 through a phospho-p38—dependent mechanism. A, mean COX-2 mRNA levels in untreated parent vVHMEC, pWP1,
TRF2-vHMEC, or hTERT-vHMEC (hatched columns, shown in Fig. 1C) or treated with the phospho-p38 inhibitor SB203580 for 24 h (gray columns).

B, representative immunoblot showing COX-2, phospho-p38 (p-p38), and actin (loading control) protein levels for the conditions described in A. C, mean
levels of prostaglandins in conditioned medium (left). Wounding assay for parent, pWP, or TRF2-vHMEC (right).

after 24 hours. We then compared the kinetics of COX-2
induction in vHMEC exposed to 100 umol etoposide or
60 J/m? of UVC for 6, 12, 24, and 48 hours (selected treat-
ment conditions were based on the similar cytotoxicity
and significant changes in COX-2 mRNA levels described
above). Exposure to both treatments resulted in a biphasic
induction of COX-2 mRNA; expression peaked at 6 to
12 hours and 48 hours (Fig. 1A). However, the magnitude
of induction was lower and of shorter duration following

exposure to UVC compared with etoposide, suggesting
that double-strand DNA (dsDNA) breaks are more potent
and sustained inducers of COX-2 in vVHMEC than single-
strand DNA breaks.

Endogenously induced dsDNA damage, through
telomere malfunction, induces COX-2

As VHMEC proliferate, they lose telomeric DNA, accu-
mulate genomic instability, and upregulate COX-2

www.aacrjournals.org
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(3, 20). We hypothesized that telomere malfunction, a
type of dsDNA damage, which occurs early and nearly
universally in epithelial cancers, might also induce COX-
2. Based on a report showing that inhibition of DNA-PK
kinase activity by NU7026 resulted in telomere malfunc-
tion (25), we tested the effect of this treatment (0.055
pumol/mL NU7026) on COX-2 expression in VHMEC. We
observed a 10.8% cell death and a 3.2-fold increase in
COX-2 mRNA 24 hours after exposure (Fig. 1A). Subse-
quent kinetic experiments showed that treatment with
NU7026 also resulted in a biphasic induction of COX-2
mRNA with peak expression at 6 hours (1.5-fold) and
48 hours (4.32-fold).

To directly assess if telomere malfunction induced
COX-2 in vHMEC, we modulated telomere function by

overexpressing two telomere-binding proteins: TRF2 and
hTERT (Supplementary Fig. S1). TRF2 is a negative reg-
ulator of telomere length (26-29), whereas hTERT is the
reverse transcriptase that lengthens telomeres (Supple-
mentary Fig. S1). Consistent with previous reports,
TRF2 overexpression, to levels observed in cancer cell
lines and tissues, induced telomere malfunction and a
>6-fold increase in abnormal metaphase spreads includ-
ing duplications, deletions, translocations, and chromo-
some breaks (P < 0.0001). Cells exhibited a concomitant
accumulation of the DNA damage protein yH2AX. In
stark contrast, hTERT, when expressed in these cells,
maintained telomere function (Supplementary Fig. S2)
and failed to induce significant chromosomal abnormal-
ities. Mean COX-2 mRNA and protein levels increased
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~3-fold in vHMEC overexpressing TRF2 (TRF2-vHMECQC)
compared with vector (P = 0.01; Figs. 1C and 2B). In
contrast, COX-2 mRNA and protein levels were signifi-
cantly downregulated (3.2 units, P = 0.02) in VHMEC
overexpressing hTERT (hTERT-vHMEC; Figs. 1D and
2B). Thus, proteins that affect telomere function modu-
late COX-2 expression.

COX-2 overexpression resulting from TRF2-induced
telomere malfunction alters cellular phenotypes
Next, we determined if TRF2-vHMEC displayed altera-
tions of known COX-2-dependent phenotypes, i.e., pro-
duction of prostaglandins and cell motility. Mean levels
of prostaglandins increased ~6-fold in TRF2-vHMEC com-
pared with vector (P < 0.0001; Fig. 2C), illustrating that
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even a moderate COX-2 overexpression can result in dra-
matic downstream events. Cell-wounding assays revealed
that TRF2-vHMEC were more motile, filling a “wound”
in 8 hours, whereas parent and vector required 12 hours
(Fig. 2C). Thus, increased COX-2 expression in TRF2-
vHMEC alters cellular phenotypes.

Upregulation of COX-2 induced by TRF2 is
phospho-p38 dependent

Phosphorylation of p38 is necessary for COX-2 mRNA
stabilization and, consequently, for increased protein le-
vels in late-passage VHMEC (3, 4). Phospho-p38 was
upregulated in TRF2-vHMEC and repressed in hTERT-
vHMEC (Fig. 2B). To determine if phospho-p38 was
necessary for COX-2 induction in response to TRF2,
we exposed early-passage parent, vector, and TRF2-
vHMEC to the phospho-p38 inhibitor SB203580. Expo-
sure to 0.02 or 0.04 umol/L SB203580 reduced mean
COX-2 mRNA levels by 49% and 71% (P = 0.007), re-
spectively, in TRF2-vHMEC. Correspondingly, COX-2
and phospho-p38 protein levels were decreased follow-
ing exposure to SB203580, showing that phospho-p38
was indeed necessary for TRF2 to induce COX-2 in
vHMEC.

Telomere malfunction induces activin A

Gene expression profiling analysis for genes showing
at least a 1.4-fold expression change in TRF2-vHMEC
compared with vector (Supplementary Table S1) enabled
us to identify candidate molecules upstream of p38 in
TRF2-vHMEC. Among the upregulated genes was an at-
tractive candidate, activin A. Activin A is a secreted
member of the transforming growth factor-p (TGF-B)
superfamily and can promote p38 phosphorylation
(30, 31). Quantitative PCR validated the upregulation
of activin A mRNA in TRF2-vHMEC and its downregula-
tion in hTERT-vHMEC compared with vector control
(Fig. 3C). Consistent with this, activin A protein is
elevated in conditioned medium from TRF2-vHMEC
and is reduced in conditioned medium from hTERT-
vHMEC compared with control (P = 0.007 and P =
0.01, respectively).

Because telomere function can be impaired by the
progressive loss of telomere DNA during cellular replica-
tion, we predicted that activin A would increase during
continued propagation of vHMEC. We found that acti-
vin A protein and mRNA levels increased 4- to 5-fold
in late versus early-passage vVHMEC (Fig. 3B). Similarly,
treatment with NU7026, which induces telomere mal-
function, increased activin A mRNA and protein levels
(Fig. 3A).

We then asked if DNA damage caused by etoposide or
UVC could also induce activin A. Activin A mRNA and
protein were significantly upregulated in vHMEC exposed
to either agent (Fig. 3A). However, activin A levels were
greater in VHMEC treated with etoposide or NU7026
than with UVC. As observed for COX-2, activin A mRNA
and protein induction was biphasic and peaked at similar

intervals. Collectively, these data showed that activin A
mRNA and protein were preferentially induced by
dsDNA damage and coincided with the expression of
COX-2.

Activin A is necessary and sufficient for COX-2
induction

Next, we assessed whether activin A was necessary for
COX-2 induction. TRF2-vHMEC, parent, and vector were
infected with lentivirus expressing either a control short
hairpin RNA (shRNA) against luciferase (pGL3) or a
shRNA against activin A to reduce its expression. Basal ac-
tivin A mRNA and protein levels were reduced by 79% and
75% (P < 0.001 and P < 0.0001), respectively, compared
with control shRNA (Fig. 4A). Activin A shRNA reduced
basal COX-2 mRNA in vHMEC by 27%, but was not sta-
tistically significant (Fig. 4A). In contrast, mean COX-2
mRNA levels decreased 46% in TRF2-vHMEC expressing
activin A shRNA compared with TRF2-vHMEC expressing
pGL3 (P = 0.002). We then investigated whether activin A
was sufficient to induce COX-2 by exposing VHMEC to
exogenous activin A or to conditioned medium from
either TRF2-vHMEC or controls. At the two highest doses
of activin A (30, 32), mean levels of COX-2 mRNA were
increased ~3-fold (P = 0.04 and P = 0.01, respectively;
Fig. 4B). Likewise, VHMEC propagated in conditioned
medium from TRF2-vHMEC had increased COX-2 mRNA
(P = 0.008) and protein (Fig. 4B) compared with vHMEC
propagated in conditioned medium from vector. COX-2
and phospho-p38 protein levels were also increased by
both treatments (Fig. 3B). Thus, activin A is both necessary
and sufficient for COX-2 expression, showing that secreted
activin A can act in a cell-nonautonomous fashion to
induce COX-2 in absence of DNA damage.

The dsDNA damage response effectors ATM and p53
are necessary for COX-2 induction

ATM and p53 are two essential members of the dsDNA
damage response. Importantly, p53 is necessary for COX-2
induction (33). Using shRNAs, we repressed ATM and p53
expression by 68% and 93%, respectively, in control and
in TRF2-vHMEC (Supplementary Fig. S3). ATM or p53 si-
lencing decreased basal levels of COX-2 mRNA, activin A
mRNA, and activin protein in vVHMEC by 40%, 41%, and
53%, and 42%, 36%, and 61%, respectively, compared
with control shRNA (Fig. 4C). Similarly, repression of
ATM and p53 in TRF2-vHMEC decreased COX-2 mRNA,
activin A mRNA, and activin protein by 16.5%, 41%,
and 48%, and 43%, 51%, and 71%, respectively, com-
pared with TRF2-vHMEC expressing a control shRNA
(pGL3).

COX-2 is induced by DNA damage in p16-competent
HMEC

Previously, we reported that exogenous expression of
COX-2 in HMEC, with an intact p16/pRb pathway,
results in cell cycle arrest and induction of p16 and
p21 (9), implying that HMEC and vHMEC might
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respond differently to DNA damage. Upon treatment of
HMEC with etoposide or UVC, COX-2 mRNA, activin A
mRNA, and activin A protein were induced, although at a
lower level than in VHMEC. Consistent with our observa-
tions in vVHMEC, HMEC treated with etoposide exhibited
a biphasic induction of COX-2 and activin A with peaks
at 6 to 12 hours and 48 hours. Exposure to UVC induced
COX-2 and activin A, both of whose expression peaked
at 6 hours, but in contrast to treatment with etoposide,

then returned to basal levels after 24 hours (Fig. 5A).
Thus, COX-2 is induced by DNA damage in HMEC with
an intact p16/Rb pathway.

COX-2 overexpression in p16-competent HMEC is
growth suppressive

We then examined how HMEC (pl16 competent)
would respond to sustained DNA damage induced by
TRF2 overexpression. When compared with vector,
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TRF2-HMEC had a statistically significant increase in
COX-2 (P = 0.006) and activin A (P = 0.005) mRNAs
(Fig. 5B). However, TRF2-HMEC also upregulated p16
and p21 (Fig. 5B), displayed flattened vacuolated mor-
phology, entered growth arrest (Fig. 5C), and exhibited
a decreased fraction of cells in S phase (Supplementary
Fig. S4), all phenotypes consistent with senescence.
Thus, in the context of an intact p16/Rb pathway,
DNA damage results in increased activin A and COX-
2, but also in induction of growth arrest. These data
show that in contrast to vVHMEC, the cellular response
to COX-2 in HMEC is both self-limiting and growth
suppressive.

COX-2 expression in DCIS is associated with
manifestations of a dsDNA damage response and
increased TRF2 and activin A expression

COX-2 is often upregulated in DCIS (34) where it has
prognostic significance (9, 13). Additionally, DCIS is the
earliest stage in breast cancer at which loss of telomere
DNA can be widely detected (35). We used a pilot co-
hort of 15 DCIS cases to determine whether changes in
telomere content, a proxy for telomere length (24), were
associated with alterations in yH2AX, TRF2, activin A,
and COX-2 expression. DCIS lesions were microdis-
sected to produce enriched populations of tumor cells
that were used for DNA purification. Telomere content
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Fig. 6. Telomere content is inversely associated with TRF2, activin A, and COX-2 expression in DCIS. A, yH2AX, TRF2, activin A, and COX-2 protein levels
were evaluated by immunohistochemistry. Lesions were divided into two groups based on staining intensity for each protein. Telomere content in

DCIS lesions was expressed as a percentage of placental DNA. Box plots show the relationship between yH2AX (far left), TRF2 (left), activin (right), and
COX-2 (far right) and telomere content in high- and low-expression lesions. Inset, P values for each comparison. B, examples of serial sections for
high- and low- expression DCIS lesions (x20) stained with H&E, and yH2AX, TRF2, activin A, and COX-2 antibodies. Nuclei counterstained with hematoxylin
(blue) and primary antibodies against each antigen detected using AEC (red). C, contingency tables showing the number of cases with high or low
COX-2 levels versus the number of cases with high or low yH2AX, TRF2, and activin A.
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was measured in 9 of the 15 lesions from which suffi-
cient DNA was obtained.

Expression levels of yH2AX, TRF2, activin A, and COX-2
were evaluated by immunohistochemistry in serial sec-
tions of the 15 DCIS cases (Supplementary Table S2)
and were used to divide lesions into two groups (see Ma-
terials and Methods). DCIS lesions with high yH2AX,
TRF2, or COX-2 expression had lower telomere content
than those with low yH2AX, TRF2, or COX-2 expression
(P = 0.001, P = 0.001, P = 0.001, respectively). Although
not statistically significant, mean telomere content was
reduced in three of the four lesions with high activin A
(Fig. 6). Moreover, COX-2 expression levels were correlat-
ed with those of yH2AX (x? = 0.005), TRE2 (x? = 0.005),
and activin A (x? < 0.0001). Thus, our findings in vitro are
recapitulated in vivo: DNA damage induced by telomere
malfunction and characterized by low telomere content,
high yH2AX, and high TRF2 expression, is associated with
increased activin A and COX-2 expression.

Discussion

Here, we show for the first time that dsDNA damage
and telomere malfunction in human breast epithelial cells
results in a p53- and activin A-dependent COX-2 induc-
tion. By identifying signaling events leading to COX-2 in-
duction, this study complements our previous work
establishing a direct link between COX-2 and malignant
phenotypes (3). Strikingly, COX-2 expression, and its asso-
ciated phenotypes, are not confined to the initial cell with
telomere malfunction, but are also induced in cells in the
absence of DNA damage through the cell-nonautonomous
action of activin A (Fig. 5D). Although induction of this
pathway is self-limiting (i.e., leading to cell cycle arrest)
in HMEC (intact p16/Rb pathway), it is not in vHMEC (si-
lenced p16), where cells continue to proliferate. Finally,
we show in vivo that high COX-2 expression is associated
with high levels of YH2AX, TRF2, and activin A in a pilot
cohort of DCIS lesions.

Our study highlights the coordinated action of p53, ac-
tivin A, and p38 in inducing COX-2 following dsDNA
damage. To our knowledge, this is the first report of an
activin A-dependent COX-2 induction in human cells. A
similar observation has been reported in rat macrophages
(36). Multiple stimuli can induce COX-2 including mito-
gens, cytokines, hormones, irradiation, oncogene activa-
tion, and inflammation (33, 37). Many of these factors
induce p53, which can in turn increase COX-2 expression.
Interestingly, COX-2 induction decreases p53-dependent
apoptosis in VHMEC, suggesting that COX-2 represses
p53 function (38). This feedback loop may explain the bi-
phasic activin A and COX-2 induction in response to DNA
damage described here.

Activin A is a TGF-p superfamily member whose signal-
ing requires receptor dimer formation and downstream ef-
fectors including Smads, mitogen-activated protein
kinases, extracellular signal-regulated kinase, and p38
among others. The effects of activin A signaling are cell

context dependent. For example, through interaction with
p53, activin A can induce either dorsal or ventral meso-
derm formation during Xenopus embryogenesis (39), ery-
throid differentiation (40), or cell cycle arrest through p21
induction and CDK4 downregulation (41).

In breast tumor cell lines, activin A induces growth ar-
rest and inhibits hepatocyte growth factor-induced tubule
formation in primary mammary epithelial cells grown in a
collagen matrix (32, 42). However, the role of activin A in
breast tumorigenesis remains ambiguous. Activin A mRNA
and protein are frequently upregulated in DCIS and in
IDC compared with normal breast. Moreover, breast tu-
mors with local recurrence or metastasis to lymph nodes
have the highest levels of activin A expression (43, 44),
highlighting the potential predictive value of activin A as
biomarker. Gains in chromosomes 3p, 7p, 12q, and 15q,
which contain the genes encoding the activin A type II
receptor, activin A, two other activin family members,
and Smad 3, are often observed in breast cancer (45-
48). Last, activin A overexpression increases tumor volume
by inhibiting apoptosis in mouse xenographs (49). This
paradox is reminiscent of that described for TGF-R. The in-
duction of growth arrest described here in HMEC (intact
p16) and elsewhere (32, 50) supports that activin A acts
as a barrier to tumor initiation. In contrast, the observa-
tion that activin A is frequently upregulated in IDC and
metastatic breast lesions suggests that activin A, such as
TGF-B, may facilitate tumorigenesis in the context of im-
paired growth-inhibitory response (for example, due to
loss of p16 in VHMEC) by decreasing immune response
and altering the tumor microenvironment. Despite the
similarity between activin A and TGF-p, these proteins
are not synonymous, since VHMEC arrest in response to
TGF-B (4). Inhibiting activin A, either through the induc-
tion of physiologic regulators (follistatin, inhibin A, or fol-
listatin-related protein FLRG) or use of inhibitors
(SB432542 or type I and 1II receptor antibodies), is an at-
tractive therapeutic approach to ablate the COX-2 overex-
pression triggered by DNA damage, although side effects
of such therapies remain to be investigated.

DNA damage is an early and nearly universal event in
epithelial cancers. It is well appreciated that in the absence
of cell cycle checkpoints (e.g., p53 or p16/Rb), DNA dam-
age generates genomic instability and, consequently, may
result in random loss of tumor suppressors, gain of onco-
genes, and clonal expansion. Thus, DNA damage indirectly
contributes to tumorigenesis through the generation of ge-
nomic instability. Here, we show that DNA damage may
also directly contribute to tumorigenesis through a sepa-
rate mechanism, the specific induction of activin A and
COX-2. Because activin A and the prostaglandins are se-
creted, DNA damage in one cell could drive tumorigenic
phenotypes in an adjacent pl16-compromised precursor
cell or lead to proliferative arrest in an adjacent p16-intact
cell. We postulate that these cell-nonautonomous effects
might provide a proliferative advantage to precursor le-
sions and facilitate the expression of premalignant pheno-
types. Understanding how DNA damage contributes to
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cell-autonomous and cell-nonautonomous events will fur-
ther elucidate the tumorigenic process. For example, it
may provide novel insights into the ecology of breast tis-
sues and cell-cell interactions that modulate early events in
malignancy, identify people with an increased propensity
to develop aggressive tumors, or finally, provide an oppor-
tunity to prevent the progression of a precursor lesion to a
fully tumorigenic state.
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