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Abstract Cofactor of BRCA1 (COBRA1) is an integral component of the human negative elongation factor (NELF), a
four-subunit protein complex that inhibits transcription elongation. Previous in vivo work indicates that COBRA1 and the
rest of the NELF complex repress estrogen-dependent transcription and the growth of breast cancer cells. In light of the
COBRA1 function in breast cancer-related gene expression, we sought to examine regulation of COBRA1 expression in
both established breast cancer cell lines and breast carcinoma tissues. We found that COBRA1 expression was inversely
correlated with breast cancer progression, as tumor samples of patients who had distant metastasis and local recurrence
expressed very low levels of COBRA1 mRNA when compared to those who were disease free for over 10 years (P¼ 0.0065
and 0.0081, respectively). Using both breast and prostate cancer cell lines, we also explored the possible mechanisms by
which COBRA1 expression is regulated. Our results indicate that the protein abundance of COBRA1 and the other NELF
subunits are mutually influenced in a tightly coordinated fashion. Small interfering RNA (siRNA) that targeted at one NELF
subunit dampened the protein levels of all four subunits. Conversely, ectopic expression of COBRA1 in the knockdown
cells partially rescues the co-depletion of the NELF subunits. In addition, our study suggests that a post-transcriptional,
proteasome-independent mechanism is involved in the interdependent regulation of the NELF abundance. Furthermore, a
lack of COBRA1 expression in breast carcinoma may serve as a useful indicator for poor prognosis. J. Cell. Biochem. 103:
1798–1807, 2008. � 2007 Wiley-Liss, Inc.
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Cofactor of BRCA1 (COBRA1) was first
identified based on its ability to interact with
the breast/ovarian cancer susceptibility gene

product BRCA1 [Ye et al., 2001]. The physical
interaction between the two proteins prompted
the initial characterization of COBRA1 in breast
epithelial/carcinoma cells. Immunohistochem-
istry (IHC) using normal human mammary
ducts indicates that COBRA1 is preferentially
expressed in the nuclei of luminal breast
epithelial cells rather than myoepithelial cells,
which coincides with the expression pattern of
estrogen receptor a (ERa) in mammary gland
[Aiyar et al., 2004]. Functional studies demon-
strate that COBRA1 physically binds to the
ligand-binding domain (LBD) of ERa and
inhibits ligand-dependent transcription activa-
tion by ERa at a subset of ERa-responsive genes
in breast carcinoma cells [Aiyar et al., 2004].
Consistent with its role as a transcriptional
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corepressor in estrogen-mediated gene expres-
sion, ectopic expression of COBRA1 inhibits,
whereas its partial depletion accelerates, the
proliferation of an ERa-positive breast cancer
cell line [Aiyar et al., 2004].

COBRA1 has also been identified through an
independent study as an integral subunit of the
human negative elongation factor (NELF) com-
plex, which functions to repress transcription
elongation by stalling RNA Polymerase II
(RNAPII) [Yamaguchi et al., 1999; Wada et al.,
2000]. The NELF complex is composed of four
functionally important subunits (NELF-A, -B,
-C, and -E), with NELF-B identical to COBRA1
[Yamaguchi et al., 1999, 2002; Narita et al.,
2003]. In support of the in vitro biochemical
findings, COBRA1 and the other NELF sub-
units are simultaneously recruited to multiple
ERa-regulated genes in an estrogen-dependent
manner [Aiyar et al., 2004]. Depletion of either
COBRA1 or NELF-E gives rise to a similar
effect on estrogen-dependent transcription and
cell growth [Aiyar et al., 2004], suggesting an
intimate functional interdependence of the
NELF subunits.

In light of the implication of COBRA1 in the
control of estrogen-dependent transcription and
breast cancer cell growth, we examined regu-
lation of COBRA1 expression in breast cancer
cells. Our results reveal an interesting corre-
lation between reduced COBRA1 expression
and breast cancer progression. In addition,
our study also shows that the protein abun-
dance of COBRA1 and the other NELF subunits
are tightly coordinated in an interdependent
manner.

MATERIALS AND METHODS

Cell Lines and Culture

T47D, HeLa, ES2, MCF10A, SKBR3, H118,
SKOV3, LNCaP, and HEK293T cells lines
were obtained from the American Type Culture
Collection (Manassas, VA). The KGN cell line
was a generous gift from Dr. Hajime Nawata.
The growth conditions for various cell lines are
as follows: T47D, HeLa, MCF7, and HEK293T
in DMEM supplemented with 10% fetal bovine
serum (FBS); ES2 cells in McCoy’s 5A supple-
mented with 1 mM sodium pyruvate and 10%
FBS; SKBR3 and SKOV3 cells in McCoy’s 5A
supplemented with 10% FBS; KGN cells in
DMEM-F12 supplemented with 10% FBS;
MCF10A cells in DMEM-F12 supplemented

with 5% horse serum, 20 ng/ml EGF, 500 ng/ml
hydrocortisone, 100 ng/ml cholera toxin, and
10 mg/ml insulin; H118 cells in RPMI 1640
supplemented with 0.5 mM sodium carbonate,
1 mM sodium pyruvate, and 10% FBS. LNCaP
was maintained in phenol red-free RPMI
1640 supplemented with 5% FBS. Penicillin
(100 units/ml) and streptomycin (100 mg/mL)
were supplemented in all above-mentioned
culture media.

Antibodies and Plasmids

The generation of anti-COBRA1 and anti-
NELF-E antibodies was previously described
[Aiyar et al., 2004]. To generate anti-NELF-A
and -C polyclonal antibodies, His-tagged full-
length NELF-A and NELF-C proteins were
expressed and purified from Escherichia coli
and used for immunization in rabbits. The
following antibodies were commercially avail-
able: anti-a-tubulin antibody (EMD Chemicals,
San Diego, CA), anti-c-Jun (Santa Cruz Bio-
technology, Santa Cruz, CA), and anti-Ran
antibody (BD Biosciences, San Jose, CA). The
recombinant adenovirus expression vector for
COBRA1 was cloned by inserting the COBRA1
cDNA into an adenoviral expression vector
pAdTrack-CMV (a gift from Dr. B. Vogelstein),
and the resulting construct was verified by
sequencing.

Immunoblotting

Cells were lysed in a modified protein sample
buffer (50mM Tris pH6.8, 2% SDS, and 10%
glycerol), supplemented with a cocktail of
protease inhibitors (Sigma–Aldrich, St. Louis,
MO). Protein concentration was determined by
the BCA assay (Pierce Biotechnology, Rockford,
IL) and an equal amount of whole cell lysate was
resolved by 10% SDS–polyacrylamide gel elec-
trophoresis (SDS–PAGE). Western blot was
performed according to standard protocols
and the proteins of interest were visualized
with SuperSignal West Pico kit (Pierce Bio-
technology).

RT-PCR

Total RNA was isolated from cultured cells
with Trizol reagent (Invitrogen, Carlsbad, CA)
according to the manufacture’s instruction. One
microgram of RNA was used to synthesize
cDNA with ImPromp II kit (Promega, Madison,
WI). The steady state mRNA level of NELF
subunits was determined by real-time PCR
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analysis using the 7900HT Real-Time PCR
System (Applied Biosystems, Foster City, CA).
The level of GAPDH mRNA was measured as
the internal control. The real-time PCR primers
for the NELF subunits and GAPDH will be
provided upon request.

The real-time PCR condition used for analyz-
ing COBRA1 mRNA levels in primary tumor
tissues was the same as previously described
[Cai et al., 2006]. The sequences for the real-
time PCR primers are: COBRA1F2: CTGGAC-
GTGGGTGAAATC, COBRA2ZR2: ACTGAAC-
CTGACCGTACACTCTTGCTGTCCACGAAC.
A Taqman detection kit for b-actin was pur-
chased from Perkin-Elmer (Surrey, UK). The
cellularity of the tissues was assessed using
CK19. The CK19 forward and reverse primers
were 50-CAGGTCCGAGGTTACTGAC-30 and
50-ACTGAACCTGACCGTACACACTTTCTGC-
CAGTGTGTCTTC-30, respectively.

siRNA Transfection

siRNAs for NELF-A (M-012156-00), COBRA1
(M-015839-00), NELF-C (M-020811-00), NELF-
E (M-011761-00), and the negative control
luciferase GL3 duplex (D-001400-01-20) were
purchased from Dharmacon (Chicago, IL) and
resuspended according to the manufacture’s
instruction. Transfection of the siRNA duplex
in T47D or LNCaP cells was carried out by
using the transfection reagent Lipofectamine
RNAiMAX (Invitrogen). Briefly, approximately
2.5� 105 cells were transfected with 50 nM of
siRNA using 5 ml of RNAiMAX reagent. Cells
were subsequently cultured for 72 h and then
harvested for protein or RNA analysis.

Adenovirus Infection

COBRA1-expressing adenovirus was pro-
duced and purified according to manufacture’s
instruction (Q-Biogene, BD Biosciences). T47D
cells were first transiently transfected with
siRNA and cultured for 48 h. The transfected
cells were then infected with 50 MOI of LacZ
(control) or COBRA1 expression recombinant
adenovirus for 2 h. Fresh growth medium was
supplemented and the culture was incubated
for an additional 48 h before harvesting.

Human Specimens

A total of 87 ductal carcinoma tissue samples
were collected immediately after mastectomy

and stored in liquid nitrogen until use. The
procedure for tissue procurement was approved
by the local ethical committee at Cardiff Uni-
versity, Cardiff, UK. Patients were followed
clinically for an average of 120 months after
surgery (June 2004). Detailed clinical informa-
tion on patients in this study is given in
Supplemental Table I. The normal human
tissue array was obtained from NCI Coopera-
tive Human Tissue Network (CHTN).

Immunohistochemistry (IHC)

IHC for COBRA1 was performed as previ-
ously described [Aiyar et al., 2004]. Frozen
sections of breast tumor and background tissue
were cut at a thickness of 6 mm using a cryostat.
The sections were mounted on super frost plus
microscope slides, air-dried, and then fixed in a
mixture of 50% acetone and 50% methanol.
The sections were then placed in ‘‘Optimax’’
wash buffer for 5–10 min to rehydrate. Sections
were incubated for 20 min in a 0.6% BSA
blocking solution and probed with the polyclo-
nal COBRA1 antibody, and without primary
antibody as a negative control. Following
extensive washings, sections were incubated
for 30 min in the secondary biotinylated anti-
body (Multilink Swine anti-goat/mouse/rabbit
immunoglobulin, Dako, Inc.). Following wash-
ings, the Avidin Biotin Complex (Vector Labo-
ratories, Peterborough) was then applied to
the sections, followed by extensive washing
steps. Diamino benzidine chromogen (Vector
Labs) was then added to the sections, and
incubated in the dark for 5 min. Sections were
then counter stained in Gill’s Haematoxylin and
dehydrated in ascending grades of methanol
before clearing in xylene and mounting under a
cover slip. Immunohistochemical analysis of
COBRA was conducted on a portion of the breast
tumors (n¼ 33) and background normal tissues
(n¼ 32), due to the availability of tissue
sections.

Statistical Analysis

The results of the COBRA1 mRNA analysis
from the clinical samples were analyzed using
non-paired Student’s t-test. COBRA1 transcript
values generated in the study are shown as
mean copy number þSD. A P-value less than
0.05 was defined as statistically significant.
Survival analysis (overall and disease free) was
conducted using SPSS program (version 12.2).
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RESULTS

Expression of COBRA1 in Established Cancer
Cell Lines and Clinical Samples

Given the well-documented functional and
physical association among the NELF subunits,
we sought to simultaneously examine by immu-
noblotting the expression pattern of these
proteins in multiple established human cell
lines representing different tissue origins. Poly-
clonal antibodies that were raised against
recombinant NELF subunits recognized the
corresponding proteins ectopically expressed
in HEK293T cells (lane 10; Fig. 1A), as well as
the endogenous proteins with the expected
molecular weights in most of the cell lines
examined (lanes 1–9; Fig. 1A). Intriguingly,
both NELF-A and -B (COBRA1) were expressed
at low levels in SKBR3 (lane 6), an ERa-
negative breast cancer cell line with aggressive
growth and metastatic phenotypes. This is in
contrast to the expression of the NELF subunits

in a non-cancerous breast epithelial cell line
MCF10A (lane 4) and a less invasive, ERa-
positive breast cancer cell line T47D (lane 5).

Next, we used clinical samples to examine
NELF expression in normal and tumor tissues.
Of all available NELF-specific antibodies raised
in our lab, the polyclonal antibody against
COBRA1 is most suitable for IHC. We first
performed IHC on a normal tissue array that
included most tissue and cell types present in
the human body. Consistent with the cell-line
study (Fig. 1A), COBRA1 protein was detected
in most primary tissues (Fig. 1B, and Supple-
mental Table II). Stronger expression of
COBRA1 is more evident in the epithelium than
stroma of most organs. The intensity and
prevalence of COBRA1 expression vary among
different organs. For example, several organs of
the gastrointestinal tract, such as stomach,
small intestine, and colon, express COBRA1 in
virtually 100% of their epithelial cells, whereas
only a portion of these cells in prostate and

Fig. 1. NELF expression in established cell lines and clinical
tissues. A: Western blot analysis of NELF expression in multiple
cell lines. The blots were probed with anti-NELF-A, anti-
COBRA1 (NELF-B), anti-NELF-C, and anti-NELF-E antibodies,
respectively. Ran was used as a loading control. B: Normal tissue
array was immunostained with a COBRA1-specific polyclonal
antibody. Several representative images of selective tissues are
shown on the right. The images were taken at �100 magnifica-
tion. Abbreviations are as following: GFEN, endocervix; GFES,
endometrium, secretory; GIGA, gastric mucosa, antral; GISI,

small intestine, mucosa; GFFT, fallopian tube; GIC, colon,
mucosa; BE, breast epithelium; and HPG, gallbladder.
C: Representative staining pattern of COBRA in normal
mammary (panels A,B) and in tumor tissue (panels C,D).
Mammary epithelial cells showed a strong nuclear pattern of
staining of COBRA, whereas breast cancer cells showed a
markedly reduced staining compared with normal epithelial
cells. The panels are shown with �100 magnification, and the
insets with �400 magnification. The arrows indicate the areas
where the magnified insets come from.
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seminal vesicle were positive for COBRA1
staining. In the COBRA1-expressing cells, the
immunostaining signal was predominantly
found in the nucleus, which was in line with
its known function in gene regulation.
Figure 1C shows the representative staining
pattern of COBRA in normal mammary (A,B)
and in tumor tissue (C,D). Mammary epithelial
cells showed a strong nuclear pattern of stain-
ing of COBRA. In contrast, breast cancer cells
showed a markedly reduced staining compared
with normal epithelial cells.

Low Level of COBRA1mRNA is Associated
With Metastatic Breast Cancer

Prompted by the finding of the relatively low
levels of COBRA1 protein in the aggressive
breast cancer cell line and breast tumor tissues
(Fig. 1), we examined COBRA1 expression in
a cohort of ductal carcinoma samples (n¼ 87)
from patients with known clinical outcomes. In
a 120-month follow-up study, the patients from
whom the tumor samples were collected were
divided into the following four groups: those
who remained disease-free, had metastasis or
local recurrence, and those who died of breast
cancer (those who died of conditions unrelated
to breast cancer were excluded in the analysis).
As shown in Figure 2A, patients with meta-
stasis or local recurrence had significantly lower
levels of COBRA1 mRNA expression than the
disease-free group (P¼ 0.0065 and 0.0081).

Those who had poor prognosis also displayed
lower levels of COBRA1 than the disease-free
group (Fig. 2B). Kaplan–Meier survival analy-
sis revealed an interesting trend that low levels
of COBRA1 transcript were associated with a
shorter survival (116 (96–137, 95%CI) months)
compared with high levels of COBRA1 (128
(115–142, 95%CI) months)(Fig. 2C). This differ-
ence nonetheless was not statistically signifi-
cant (P¼ 0.101), perhaps due to the relatively
small size of the study cohort.

Interdependent Protein Stability
of the NELF Subunits

During the analyses of COBRA1 expression
in cell lines and clinical samples, we noticed that
the fluctuation in COBRA1 protein level was
not always correlated with the changes at the
mRNA level, For example, the SKBR3 cells
expressed extremely low levels of the COBRA1
and NELF-A proteins (Fig. 1A), yet the corre-
sponding mRNA levels were similar to those in
other breast cancer cell lines (data not shown).
This suggests that the deregulation of COBRA1
expression can occur at a post-transcriptional
step. In addition, the concurrent reduction of
NELF-A and COBRA1 protein in SKBR3 cells
also raised the possibility of mutual influence of
the protein abundance by the NELF subunits.
To test this possibility, we individually knocked
down each NELF subunit by siRNA and
examined the steady-state levels of the NELF

Fig. 2. Quantitative RT-PCR analysis of COBRA1 mRNA expression in human ductal carcinoma tissues.
A: Relationship between COBRA1 expression and clinical outcome over a 10-year follow-up period. There is
a strong correlation between low COBRA1 levels and patients with metastasis or local recurrence
(*P¼0.0065 and 0.0081, respectively). B: Comparison between those patients who remained disease free
and those who developed further disease progression (metastasis, recurrence, and motality combined).
C: Kaplan–Meier survival curve for a disease free survival. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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proteins. As shown in the second panel in
Figure 3A, siRNA oligos that targeted NELF-
A, -C, or -E all reduced the levels of COBRA1
(NELF-B) as did the COBRA1-specific oligos,
albeit to different degrees (compare lanes 1 and
2 with 3–6). Interestingly, this co-depletion
phenomenon was not restricted to the COBRA1
protein. In fact, reduction of any of the four
NELF subunits led to reduction of expression
for all four proteins (lanes 3–6). A similar co-
depletion of the NELF subunits by siRNA was
also observed in a prostate cancer cell line
LNCaP (Fig. 3B) and breast cancer cell line
MCF7 (data not shown), suggesting the exis-
tence of a cell type-independent mechanism

that governs the interdependency of the NELF
subunits.

To obtain more insight into the mechanism
underlying the co-depletion, we performed a
time course experiment to examine the kinetics
of reduction of the individual NELF subunits
following the COBRA1-specific siRNA trans-
fection. As shown in Figure 4A, the protein
level of COBRA1 began to decrease 24 h after
siRNA transfection and its reduction continued
throughout the entire 4-day time course. Intri-
guingly, the other three NELF subunits were
depleted at similar rates as that for COBRA1,
suggesting a rapid response to any compro-
mised integrity of the NELF complex.

Fig. 3. Protein levels of NELF subunits in control and NELF knockdown cells. T47D (A) and LNCaP (B) cells
were transfected with siRNA oligos for the control or the individual NELF subunits. Whole cell extracts were
prepared 72 h after transfection and an equal amount of the extract was resolved by 10% SDS–PAGE. Protein
levels of each NELF subunits were determined by Western blot analysis with the corresponding antibodies.
a-tubulin was used as the loading control.

Fig. 4. Further characterization of the interdependency of the
NELF subunits. A: Time course study of the NELF subunits
following COBRA1 siRNA knockdown. T47D cells were trans-
fected with the control or COBRA1 siRNA duplex and harvested
for whole cell extract preparation at 24, 48, 72, and 96 h after
transfection. Protein levels of the individual NELF subunits were

determined as described in Figure 3. B: Partial rescue of the NELF
co-depletion with ectopic expression of COBRA1. T47D cells
were first transfected with siRNA duplex for 48 h. Transfected
cells were then infected with the recombinant adenovirus for
the control protein LacZ or COBRA1. Whole cell extract was
analyzed for the expression of the NELF subunits.
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To examine whether the reduction of NELF
subunits was reversible, T47D cells were first
transfected with the COBRA1-specific siRNA.
48 h after the siRNA transfection, cells were
infected with either control (Ade-LacZ) or
COBRA1-expressing recombinant adenovirus
(Ade-COBRA1). When compared with the mock
or Ad-LacZ-infected COBRA1-knockdown cells
(lanes 4 and 5; Fig. 4B), infection with the
COBRA1-expressing adenovirus resulted in
partial rescue of the expression of COBRA1 as
well as the other three subunits (lane 6). This
lends further support to the notion that the
abundance of the four NELF subunits is highly
interdependent.

In order to determine whether the coordi-
nated expression of the individual NELF sub-
units was due to changes in the levels of the
corresponding mRNA, we examined the mRNA
levels of the four NELF subunits in each siRNA-
mediated knockdown set by quantitative RT-
PCR analysis. As shown in Figure 5, when cells
were transfected with siRNA that targeted one
NELF subunit, only the mRNA of the corre-
sponding subunit was substantially reduced.
The mRNA levels of the other three subunits
remained largely unaffected. This result indi-
cates that post-transcriptional mechanisms
play an important role in the coordinated
expression of the NELF subunits.

To test whether protein degradation was
responsible for this co-depletion phenomenon,
we first used the cycloheximide treatment to
compare the half-lives of NELF-A, -C, and -E
in cells transfected with either control or
COBRA1-specific siRNA. Intriguingly, the
half-lives of the NELF-A and -E subunits in
COBRA1 knockdown cells were comparable to
those in the control cells, whereas the protein
stability of NELF-C in the absence of COBRA1
was significantly decreased (Fig. 6A). This
suggests that the interdependent coordination
of different NELF subunits may be regulated by
distinct post-transcriptional mechanisms. To
explore the possible protein degradation path-
ways responsible for the NELF-C degradation,
we treated the control and COBRA1-depleted
cells with inhibitors for the proteasome-
(MG132) and lysosome-mediated (ALLN) pro-
tein degradation machineries. As expected,
treatment with neither drug in COBRA1-
depleted cells could significantly stabilize
NELF-A or -E subunits (compare lane 1 with
lanes 4–6; Fig. 6B). However, it is somewhat

surprising that the drug treatment did not fully
restore the protein levels of NELF-C to those in
the control siRNA-transfected cells either. As a
positive control, c-Jun protein level was drasti-
cally elevated upon the treatment of either
drug. Thus, this result suggests that neither
proteasome- nor lysosome-mediated protein
degradation pathway is likely to serve as the
major mechanism for the regulation of NELF
protein stability.

DISCUSSION

COBRA1, first identified as a BRCA1-inter-
acting protein [Ye et al., 2001], has been shown
in subsequent tissue culture studies to be

Fig. 5. Examination of the mRNA levels of the NELF subunits in
control and NELF knockdown cells. T47D cells were transfected
with control or siRNA specific for the individual NELF subunits.
Total RNA was extracted and analyzed for mRNA expression of
each subunit by quantitative RT-PCR. Relative expression level
was determined by normalization against the levels of GAPDH
mRNA.
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involved in estrogen-dependent and independent
transcription in breast cancer cells [Aiyar
et al., 2004, 2007]. Furthermore, COBRA1
inhibits the growth of ER-positive breast cancer
cells in vitro [Aiyar et al., 2004], which is
consistent with the finding that COBRA1
expression is reduced in several established
breast cancer cell lines [Zhu et al., 2004]. In
the current study, we extended the previous
studies by establishing a link between reduced
COBRA1 expression and breast cancer progres-
sion. In particular, our data suggest that low
COBRA1 expression is strongly associated with
metastatic breast cancer. Taken together, these
data are in line with the notion that COBRA1
may play a role as a tumor/metastasis suppres-
sor in breast cancer development. Aberrant
expression of other steroid receptor coregula-
tors has been linked with breast cancer develop-
ment as well. For example, overexpression of
ER coactivators such as SRC-3/AIB1 in breast
cancer has been documented [Anzick et al.,

1997]. On the other hand, low expression of the
corepressor N-CoR has been shown to be
valuable in predicting resistance to endocrine
therapies [Lavinsky et al., 1998; Girault et al.,
2003]. It will be of interest, therefore, to
evaluate in future the COBRA1 expression in
patients with various degrees of resistance to
endocrine therapies.

Our tissue array data indicate that COBRA1
is predominantly expressed in epithelia of
multiple tissues. Therefore, its involvement in
tumorigenesis may not be restricted to breast
tissue. In fact, recent studies indicate that
higher expression of COBRA1 and NELF-E is
associated with tumorigenesis in upper gastro-
intestinal tract [Midorikawa et al., 2002;
McChesney et al., 2006], which contrasts with
its implicated role as a potential tumor sup-
pressor in breast cancer. The molecular basis
for this potential tissue-specific function of
COBRA1 remains to be elucidated. However,
it is possible that, through its interactions

Fig. 6. Mechanistic study of the interdependency of the NELF
subunits. A: Evaluation of the protein half-lives of NELF-A, -C,
and -E in the control and COBRA1 knockdown T47D cells. T47D
cells were first transfected with control or COBRA1 siRNA.
Seventy-two hours post-transfection, cells were treated with
cycloheximide (100 mg/ml) for 0, 2, 4, 6, 8, and 12 h. Whole cell
extract was prepared and analyzed for the levels of the individual
NELF subunits by Western blot analysis. Protein bands were
quantified with ImageQuant V5.2 and relative intensity was used

for plotting the graphs. B: Effect of proteasome and lysosome
inhibitors on the stability of the NELF subunits. T47D cells were
first transfected with control or COBRA1 siRNA, and then treated
with proteasome inhibitor MG132 (5 mM) or lysosome inhibitor
ALLN (200 mM) for 8 h. Whole cell extract was prepared and
protein level of each NELF subunits was determined by Western
blot analysis. c-Jun was used as a positive control for the drug
effects. a-tubulin was used as a loading control.
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with different site-specific transcription factors
[Zhong et al., 2004; McChesney et al., 2006],
COBRA1 may modulate distinct transcription
programs in different cell types. Alternatively,
the same COBRA1-regulated genes may play
different physiological roles under different cell
and tissue contexts.

The long-term follow-up study has demon-
strated that COBRA1 is correlated with meta-
stasis and local recurrence, as patients with
both conditions had a markedly reduced level
of COBRA1 transcripts. In this regard, it is
important to point out that many of the
COBRA1-regulated genes identified in our
previous gene expression profiling study are
associated with advanced breast cancer [Aiyar
et al., 2004, 2007]. For example, as a tran-
scription corepressor, COBRA1 is physically
associated with, and regulates the activity of,
the promoters of the trefoil factor (TFF) gene
family (TFF1–3) [Aiyar et al., 2007]. Notably,
both TFF1 and TFF3 are associated with breast
cancer metastatic to bone [Smid et al., 2006] and
advanced prostate cancer [Vestergaard et al.,
2006]. Thus, reduction of COBRA1 expression
may lead to over-expression of its cancer-
associated target genes, which may in turn
contribute to the metastasis and/or local recur-
rence of the disease. The intriguing correlation
observed in the current study merits further
validation with larger sample pools.

Our study clearly indicates an interdepend-
ent regulation of the protein abundance of the
NELF subunits. This is consistent with the
control of other known homomeric or hetero-
meric protein complexes [Buchler et al., 2005].
While the current manuscript is under prepa-
ration, the same co-depletion phenomenon was
also reported in NELF-E knockdown HeLa cells
[Narita et al., 2007]. It is reasonable to postulate
that the lack of one NELF subunit hampers
the proper formation of the remaining NELF
complex, which would subsequently expose
the other subunits for protein degradation.
Although this scenario could account for the
decreased half-life of NELF-C observed in
COBRA1-knockdown cells, the minimal change
of the protein half-lives for NELF-A and -E in
the same knockdown cells argues that addi-
tional mechanisms must be involved in the
regulation of the latter two NELF subunits. It is
conceivable, for example, protein translation
may serve as a regulatory step for the expres-
sion of some NELF subunits.

While ectopic expression of COBRA1 in
COBRA1-depleted cells partially restored the
protein expression of the other subunits, the
same adenoviral infection of the parental T47D
cells significantly increased the protein level of
COBRA1, but not the other NELF subunits
(Fig. 4). This may reflect a tight control of the
NELF abundance under normal cellular con-
texts. It is also worth noting that the stability of
various subunits is affected to different degrees
by the knockdown of a particular subunit. This
could be explained by the relative configuration
of the individual subunits in the NELF complex.
For example, previous biochemical study sug-
gests that NELF-A in the complex directly
interacts with NELF-C but not NELF-E [Narita
et al., 2003]. Consistent with this scenario,
NELF-A knockdown displays a greater impact
on the level of NELF-C than that of NELF-E
(Fig. 3A). In light of the observation that
multiple cell lines show similar interdepend-
ency of the NELF subunits, it is somewhat
surprising that only the protein levels of
COBRA1 and NELF-A, but not those of NELF-
C and -E, are significantly reduced in the
SKBR3 cells. Given the aggressive nature of
SKBR3 in tumorigenesis, it is possible that the
mechanism that dictates the co-regulation of
individual NELF subunits may be disrupted at
advanced stages of the breast cancer. It is also
conceivable that the remaining subunits/com-
plex could act as a gain-of-function mutant to
promote cancer progression.

In conclusion, the current work provides
compelling evidence for a tight interdependent
regulation of the abundance of the NELF
complex, loss of which may contribute to the
reduced COBRA1 expression in advanced
breast cancer. The finding of reduced expression
of COBRA1 in breast cancer patients with
metastasis and local recurrence points to the
potential of COBRA1 as a useful clinical marker
in predicting clinical outcome. Together with
findings from the earlier biochemical and tissue
culture work, the current study supports the
notion that COBRA1 may play an important
role in suppression of breast tumor progression.
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