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Abstract

COP1 is a p53-targeting E3 ubiquitin ligase that is downregulated by DNA damage through
mechanisms that remain obscure. Here we report that COP1 is not downregulated following DNA
damage in 14-3-3c null cells, implicating 14-3-3o as a critical regulator in the response of COP1
to DNA damage. We also identified that 14-3-3c, a p53 target gene product, interacted with COP1
and controlled COP1 protein stability after DNA damage. Mechanistic studies revealed that
14-3-3c enhanced COP1 self-ubiquitination, thereby preventing COP1-mediated p53
ubiquitination, degradation, and transcriptional repression. Additionally, we found that COP1
expression promoted cell proliferation, cell transformation, and tumor progression, manifesting its
role in cancer promotion, whereas 14-3-3oc negatively regulated COP1 function and prevented
tumor growth in a mouse xenograft model of human cancer. Immunohistochemical analysis of
clinical breast and pancreatic cancer specimens demonstrated that COP1 protein levels were
inversely correlated with 14-3-3o protein levels. Together, our findings define a mechanism for
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posttranslational regulation of COP1 after DNA damage that can explain the correlation between

COP1 overexpression and 14-3-3c downregulation during tumorigenesis.
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Introduction

Constitutive photomorphogenic 1 (COP1) is an evolutionarily conserved E3 ubiquitin ligase
containing RING-finger, coiled-coil, and WD40-repeat domains. COP1 has been identified
as a crucial mediator to block photomorphogenesis in the dark through the ubiquitinated
proteasomal degradation of light-induced transcription factor HY5 in Arabidopsis (1). In
mammalian cells, COP1 regulates various cellular functions, such as proliferation and
survival, by facilitating the degradation of physiological substrates through ubiquitin-
mediated protein degradation. The ubiquitinated targets of COP1 include stress-responsive
transcription factors p53 tumor suppressor (2) and ¢c-JUN (3-5), transducer of regulated
CREB activity 2 (TORC2, a glucose metabolite regulator) (6), FOXOL1 (7), and nucleosome
remodeling factor MTAL (8). COP1 plays an important role in DNA damage response (2),
but COP1 is quickly downregulated following DNA damage (9). However, the mechanism
involved in downregulation of COP1 after DNA damage remains elusive.

The 14-3-3 proteins are a family of regulatory chaperone molecules involved in many
diverse physiological functions, including signaling transduction, stress response, apoptosis,
and cell cycle checkpoint regulation (10, 11). Binding by 14-3-3 proteins mediates stability
and/or subcellular localization of target proteins (10, 12, 13). 14-3-30 is characterized as a
human mammary epithelial-specific marker (HME1) (14), and is later found to be an
essential regulator of apoptosis, cell migration, cell cycle, and DNA damage response (15—
18). In contrast to the other 14-3-3 family members (B, €, -y, C, 1, and t), which are able to
form both homo- and heterodimers with other members, 14-3-3c can form only homodimers
(19). This unique characteristic implies that 14-3-3a has exclusive functions and behaviors.
14-3-3a, but not other family members, has been found to be frequently lost or decreased in
various human cancers (20) and functions as a potential tumor suppressor. In response to
DNA damage response, 14-3-3c is known to be a p53 downstream target and may serve as a
regulator to prevent oxidative and DNA-damaging stress-induced mitotic checkpoint
dysfunction (21). Although 14-3-3c may play an important role in protecting cells from
DNA damage, the detailed mechanism by which 14-3-3a modulates the DNA damage
response remains not well characterized.

Given that both COP1 and 14-3-3c are involved in DNA damage response, we examined the
role of 14-3-3c in DNA damage-mediated COP1 downregulation. We found that 14-3-3c
physically interacted with COP1 and accelerated COP1-mediated self-ubiquitination,
thereby destabilizing COP1 protein, which in turn reduced COP1-mediated p53
ubiquitination. Our studies also indicate the applicability of employing 14-3-30-COP1-p53
axis as a therapeutic intervention in COP1-overexpressing cancers.

Materials and methods

Cell culture and reagents

HCT116 14-3-30~/~ and 14-3-30/* cells (provided by Dr. Bert Vogelstein) were
authenticated with western blot routinely. Human 293T, A549, H1299, HCT116, and U20S
were from ATCC (authenticated by short tandem repeat analysis). Cells were transfected
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with DNA using FUGENE HD (Roche) reagents. Antibodies used: Flag (M2 monoclonal
antibody, Sigma), tubulin (Sigma), COP1 (Bethyl Laboratories), 14-3-3c (RDI), p53 (FL393
and DO1, Santa Cruz Biotechnology), Myc (mouse monoclonal 9E10, Santa Cruz
Biotechnology; rabbit polyclonal, Sigma), HA (12CAS5, Roche), His (Cell Signaling), and
ubiquitin (Zymed Laboratories, Inc.).

pCMV5-Flag-COP1 was provided by E. Bianchi. pPCDNAG6-Myc-COP1 was constructed by
our lab. pCMV5-Flag-14-3-30, pPCMV5-His-p53, pCMV5-p53, Ad-p-gal, and Ad-14-3-3c
were previously described (15). COP1-C136S/C139S mutant was generated using PCR-
directed mutagenesis. The pET15b plasmids expressing Flag-tagged COP1 (1-226 aa, 216—
420 aa, 392-731 aa) were generated using PCR.

Immunoprecipitation, immunoblotting, FACS Cell cycle analysis

Cell lysates were immunoprecipitated with indicated antibodies, followed by
immunoblotting for detecting proteien-protein association or regulation. Samples were
analyzed using a BD Facscanto Il flow cytometer (BD Biosciences) for analyzing the
distribution in different cell cycle phases (FACS). These experiments were performed as
previously described (18).

In vitro binding assay

35 Slabeled COP1 was prepared by /n vitro transcription and translation using TNT system
as previously described (10). TNT products of COP1 were incubated with GST or
GST-14-3-30. Also, the Flag-COP1 (aa 1-226, 216-420 or 392-731) was expressed using
PET15b vector and purified for binding assay.

In vivo ubiquitination assay

293T cells were transiently cotransfected with the indicated plasmids to detect exogenous
COP1 and p53 ubiquitination. Cells were treated with 5 pg/mL MG132 (Sigma) for 6 hr and
lysed. The ubiquitinated COP1 was immunoprecipitated by anti-Myc (9E10) or anti-COP1,
and immunoblotted by anti-HA or anti-ubiquitin. The ubiquitinated p53 was
immunoprecipitated with anti-p53 (DO-1) and immunoblotted with anti-ubiquitin or anti-
HA.

In vitro ubiquitination assay

Flag-COP1 and the Flag-COP1 RING mutant (C136S, C139S) proteins were prepared using
TNT system and were incubated with a combination of 200 pmol ubiquitin, 2 pmol E1, 10
pmol E2 (UbcH5a/5b), 2 mM ATP and purified GST-14-3-3¢ in a total volume of 50 pL for
1 hr at 37°C. The ubiquitinated COP1 was immunoprecipitated with anti-Flag as described
(18) and immunoblotted with anti-ubiquitin. E1 and E2 were purchased from Biomol
International.

Quantitative PCR

Primers for real-time quantitative PCR of p53 target genes—CDKN1A, SFN, BAX; and
PUMA were as referenced in Primer Bank (http://pga.mgh.harvard.edu/primerbank/). 1 g
RNA was used for producing cDNA by iScript cDNA Synthesis Kit (Bio-Rad). Quantitative
real-time PCR analyses were performed using iQ SYBR Green Super mix (Bio-Rad,
170-8882) and the iCycler iQ Real-time PCR detection system.
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Luciferase assay

The BDS2-3X-luc reporter containing a p53 responsive element (15) was co-transfected
with the indicated expressing vectors into H1299 cells. Luciferase activity was assayed with
the dual luciferase assay system (Promega).

Generation of stable transfectants

HCT116 cells were infected by Mission lentiviral ShRNA transduction particles (Sigma)
containing either control shRNA, or two specific 14-3-3c shRNA. After infection, cells
were selected with 2 pg/mL puromycin for 2 weeks. HCT116 and U20S cells were
transfected with indicated plasmids for the generation of overexpression stable transfectants.

Soft agar colony formation, Foci formation, MTT assay

These experiments were used to analyze anchorage-independent growth, transformation
phenotype, and cell growth in COP1-overexpressing cells respectively. They were
performed as previously described (10).

Nude mice experiment

nu/nu mice were xenografted with vector control stable cell lines, COP1 expressing cells left
uninfected, and COP1-expressing cells infected with Ad-B-gal (MOI = 100) or Ad-14-3-3c
(MOI =100) for 48 hr. Cells were harvested and injected into the flank of each mouse.
Tumor volumes were measured and recorded and collected.

Immunohistochemistry

Immunohistochemistry was performed on a tissue microarray consisting of 121 cases of
primary pancreatic carcinoma specimens from patients who underwent initial
pancreaticoduodenectomy at The University of Texas M. D. Anderson Cancer Center
between 1990 and 2004. Immunochistochemical staining for 14-3-3¢ and COP1 was
performed on 5-pum unstained sections from the tissue microarray blocks. Sections were
incubated for 90 min at 37°C with primary antibodies against 14-3-3c (RDI) or COP1
(Bethyl Laboratories) at a 1:100 dilution. Standard avidin-biotin immunohistochemical
analysis of the sections was done (Vector Laboratories). The staining results were evaluated
by a board-certified pathologist (H.W.). The COP1 staining in the tumor cells was scored as
0 (no nuclear staining), 1 (< 10% nuclear staining), 2 (10%-50% nuclear staining), and 3 (>
50% nuclear staining).

Results

14-3-30 is required for DNA damage-mediated COP1 downregulation

DNA damage induces p53 stabilization, which in turn induces the 14-3-3c expression to
execute cell cycle arrest (21). In a DNA damage response study using lung adenocarcinoma
Ab549 cells expressing wild-type p53, we found that DNA damage caused by doxorubicin
treatment led to the induction of 14-3-3c. At the same time, COP1 expression was
downregulated by the DNA damage (Fig. 1A, left panel). Moreover, MG132 rescued
doxorubicin-induced COP1 downregulation (Fig. 1A, right panel), implying that ubiquitin-
mediated proteasome degradation was involved in doxorubicin-mediated COP1
downregulation. We also found that the downregulation of COP1 upon doxorubicin-induced
DNA damage observed in HCT116 14-3-3c** cells was absent in HCT116 14-3-30~/~ cells
(Fig. 1B). Consistently, DNA damage-mediated COP1 downregulation was also
compromised when 14-3-3c was knocked down (Fig. S1). These results suggest that
14-3-3c plays a role in DNA-damage-mediated COP1 downregulation. To investigate the
impact of 14-3-3c on the expression of COP1, we investigated the steady state expression of
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COP1 when 14-3-3c was depleted by sShRNA, or overexpressed. 14-3-3c depletion by
shRNA led to accumulation of COP1 (Fig. 1C), while 14-3-3c overexpression led to COP1
downregulation (Fig. 1C). Like DNA damage-mediated COP1 downregulation, 14-3-3c-
mediated COP1 downregulation was rescued by MG132 treatment (Fig. 1D, left panel). In
the absence of de novo protein synthesis (cycloheximide treatment), the protein turnover rate
of endogenous COP1 over time was reduced more in HCT116 14-3-307/~ cells than in the
HCT116 14-3-30*/* cells (Fig. 1D, right panel), implying that 14-3-3c controls COP1
protein stability. Together, we conclude that 14-3-3c is involved in DNA damage-mediated
COP1 downregulation.

14-3-3o directly interacts with COP1 and promotes COP1 ubiquitination

To further clarify the relationship between 14-3-3c and COP1, we showed that DNA
damage-induced 14-3-3c interacts with COP1 (Fig. 2A). We also demonstrated the direct
binding between 14-3-3c and COP1 /n vitro (Fig. 2B). We define the region on COP1
required for binding to 14-3-3¢ by performing GST pull-down assays. The results showed
that 14-3-3c bound to the N-terminus of COP1 (aa 1-226 and 216-420) but not the C-
terminus of COP1 (aa 392-731 containing WD40 repeats) (Fig. 2C). These data indicate that
14-3-30 binds to the COP1 N-terminal RING and coiled-coil domain.

In the presence of MG132, increased expression of 14-3-3c significantly accelerated COP1
polyubiquitination (Fig. 3A). Consistently, more polyubiquitinated COP1 was detected in
HCT116 14-3-30*/* cells than in HCT116 14-3-367/~ cells in the presence of MG132 (Fig.
3B), while stable knockdown of 14-3-3¢ decreased endogenous COP1 ubiquitination (Fig.
3C). In vitro ubiquitination assay also revealed that COP1 has the self-ubiquitination activity
and that the self-ubiquitination of COP1 was enhanced by the presence of purified
GST-14-3-30 but abolished by mutations in the RING domain of COP1 (C136S, C139S)
(Fig. 3D). We conclude that 14-3-3c interacts with COP1 directly and facilitates COP1 self-
ubiquitination, a process that requires the RING domain of COP1.

14-3-30 antagonizes COP1-mediated p53 degradation

Because p53 tumor suppressor is an ubiquitination target of COP1 (22), we further evaluated
whether 14-3-3o0—mediated COP1 downregulation has an impact on p53 stability and
ubiquitination. We first showed that COP1 was able to reduce steady-state levels of p53 and
that 14-3-3c antagonized this process in a dose-dependent manner (Fig. 4A). Next, we found
that increasing amounts of 14-3-3c antagonized COP1-mediated polyubiquitination of p53
in a dose-dependent manner (Fig. 4B). To exclude the contribution of MDM2 in the
polyubiquitination of p53 in this setting since 14-3-3o is able to block MDM2-mediated p53
ubiquitination, we performed similar experiments by transfecting p53~/~ MDM2~/~ MEF
cells and achieved similar results: 14-3-3c reduced COP1-mediated polyubiquitination of
p53 even in the absence of MDM2 (Fig. 4C). Subsequently, 14-3-3c can accelerate the
turnover of COP1, which translates into decelerating p53 turnover in p53~~ MDM2~/~ MEF
cells (Fig. S2). These data suggest that 14-3-3g-COP1 axis is independent of 14-3-3o-
MDM2 axis in terms of p53 ubiquitination.

To address the biological consequence of 14-3-3¢’s impact on COP1-mediated p53
degradation/ubiquitination, we sought to analyze the gene expression of p53 targets. We
demonstrated that overexpressing Myc-COP1 or RFP-COP1 decreased the gene expression
of p53 transcriptional targets, including CDKN1A, SFN, BAX, and PUMA, as measured by
quantitative PCR in two p53-positive cell lines (colon carcinoma HCT116 and osteosarcoma
U20S), while adenoviral overexpression of 14-3-3c in these COP1-overexpressing cells
increased the p53 target gene expression when compared with adenoviral overexpression of
[B-galactosidase in controls (Fig. 4D, left panel). To verify the role of COP1 axis in
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14-3-3c¢’s positive impact on p53 target genes expression, we demonstrated that 14-3-3a’s
activity in upregulating p53 transcriptional targets was compromised in COP1-depleted cells
(Fig. S3). Also, in a luciferase reporter gene assay 14-3-3o antagonized COP1-mediated p53
transcriptional repression (Fig. 4D, right panel). Therefore, 14-3-3a’s negative impact on
COP1 can be translated into reducing p53 ubiquitination/degradation as well as increasing
p53 transcriptional activity.

14-3-30 suppresses COP1-mediated proliferation, survival, and anchorage-independent

growth

Since COP1 can antagonize the activity of p53, COP1 may have a role in cell cycle
regulation. We showed that stably expressing Myc-COP1 promoted cell growth of HCT116
cells as determined by MTT assay (Fig. 5A). The infection of Ad-14-3-3o in these COP1-
overexpressing HCT116 cells inhibited the increase in the number of live cells when
compared with Ad-B-gal controls (Fig. 5A). COP1’s impact on p53 has led to COP1-
expressing cells resistant to IR-inducing cell death (2); therefore, we investigated whether
14-3-3c can sensitize COP1-expressing HCT116 cells to IR-mediated cell death.
Importantly, Myc-COP1-expressing HCT116 cells infected with Ad-14-3-3c had a greater
reduction in the number of live cells than did Ad-B-gal-infected cells when cells were
treated with IR (Fig. 5B, right two bars). The result indicates that 14-3-3a can potentiate IR-
mediated cell death in COP1-expressing HCT116 cells.

Fluorescence-activated cell sorting analysis showed an average of 28% of Myc-COP1-
overexpressing HCT116 cells were in the S phase, while only 18% of HCT116/vector
control cells were in the S phase. This indicates that the overexpression of COP1 promotes
progression to S phase (Fig. 5C, left panels). To investigate whether 14-3-3o affects the cell
cycle distribution of COP1-expressing HCT116 cells, we found that the average percentage
of cells in the G2 phase was higher for Ad-14-3-3o-infected COP1-expressing HCT116 cells
than for Ad-p-gal-infected control cells and untreated control cells (Fig. 5C, right panels).
These data suggest that 14-3-3¢ can inhibit COP1-mediated cell proliferation by causing G2
arrest.

More numbers of foci were observed in Myc-COP1-overexpressing cells than in control
cells (Fig. 5D, left panel). Infecting these Myc-COP1-overexpressing cells with Ad-14-3-3c
reduced the numbers of foci in these cells compared with the numbers in Ad-p-gal-infected
control cells (Fig. 5D, left panel). Similar results were obtained for anchorage-independent
growth as assessed by a soft agar colony formation assay (Fig. 5D, right panel). Therefore,
these functional analyses demonstrate the important roles of the 14-3-30-COP1 axis in
cancer cell proliferation, IR-mediated cell death, and cell transformation.

14-3-30 suppresses COP1-promoted tumorigenicity

To confirm the above results /n vivo, we examined the impact of COP1 overexpression on
tumorigenicity in a nude mouse xenograft model. HCT116 cells stably transfected with
either control plasmid (empty vector) or plasmid expressing Myc-COP1 were
subcutaneously injected into the flanks of nude mice. COP1-overexpressing HCT116 cells
have a faster tumor growth rate than HCT116 control cells (Fig. 6A, left panel). At the end
of the experiments, the mice were euthanized and the xenografts were removed and
measured. Myc-COP1-expressing HCT116 xenografts grew to an average weight of 0.590 g,
while control xenografts grew to an average weight of only 0.190 g (Fig. 6A, middle panel),
indicating that Myc-COP1 HCT116 cells formed larger tumors than HCT116/vector control
cells (Fig. 6A, right panel).
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Since 14-3-3o had affected the growth of COP1-expressing cells (Fig. 5A), we sought to
determine whether 14-3-3o expression can antagonize COP1-promoted tumor growth. The
infection of Ad-14-3-3o in these COP1-overexpressing HCT116 cells decelerated the
xenograft tumor growth when compared with infection of Ad-p-gal controls (Fig. 6B, left
panel). The Ad-14-3-3c infected tumors later removed from the mice were smaller than the
ones formed by Ad-p-gal-infected cells (Figure 6B, middle and right panels), with average
tumor weights of 0.337 g and 0.618 g, respectively. Xenografts were fixed and processed for
immunohistochemistry. Levels of the proliferation marker Ki67 were lower and levels of
p53 and the apoptotic marker cleaved caspase-3 were higher in Myc-COP1 HCT116 cells
infected with Ad-14-3-3o than in the control Ad-p-gal-infected cells (Fig. 6C). Thus, COP1
overexpression accelerates tumor formation and increases tumor size /in vivo, but 14-3-3c
antagonizes COP1-promoted tumorigenicity.

COP1 and 14-3-30 are inversely correlated in primary breast cancer and pancreatic cancer

specimens

We analyzed 14-3-3c and COP1 protein expressions in 24 human primary breast cancer
specimens by immunoblot analysis. 14-3-3c expression was inversely correlated with COP1
expression (p < 0.001; Fig. 7A). We further studied this inverse relationship between
14-3-30 and COP1 by examining 121 human pancreatic cancer specimens. High COP1
expression was detected in 40 (72.2%) of the 55 pancreatic cancer specimens with low
14-3-3c expression, and COP1 expression was inversely correlated with 14-3-3c expression
(p < 0.005; Fig. 7B, Supplementary Table S1). Therefore, the inverse relationship between
COP1 and 14-3-3c was detected in at least two types of human cancer, suggesting that the
negative regulation of COP1 by 14-3-3a may be a clinically relevant regulatory pathway in
human cancers.

Discussion

COP1 drives the ubiquitination and proteasomal degradation of p53, thereby maintaining
low steady-state levels of p53 in unstressed cells (22). COP1 is downregulated in response to
DNA damage (9), but detailed mechanistic regulation remains to be characterized. In this
study, our results indicate that 14-3-3¢ is a negative regulator for COP1 in response to DNA
damage.

At issue is how p53 protein accumulates via regulation of COP1 after DNA damage. It is
conceivable that the inhibition of p53 E3 ligases is an important step for p53 stabilization
after DNA damage, but it is not clear how COP1 behaves in response to DNA damage. Here
we are able to provide critical insights. First, our results show that COP1 downregulation
correlates with the induction of 14-3-3a, suggesting that 14-3-3c may have an impact on the
expression of COP1. The impact of 14-3-3c on COP1 is here documented by showing that
14-3-3c deficiency leads to compromised downregulation of COP1 in response to DNA
damage (Fig. 1B) and reduced turnover rate of COP1 (Fig. 1D). Second, 14-3-3c associates
with COP1 directly and the interaction between 14-3-3c and COP1 is mapped to the coiled-
coil domain (Fig. 2C), which is different from other COP1-associated proteins such as c-
JUN (3-5) and FOXO1 (7). JUN and FOXO1 bind to COP1 at the WD40 repeats and are
substrates degraded by COP1. The major function of WD40 motifs is to mediate the
interaction between the E3 ligase and its substrates (23) to facilitate the degradation of
substrates. In our study, 14-3-3c does not bind to WD40 motif. One may speculate that
14-3-3c binds to the coiled-coil region of COP1 to regulate the activity of COP1 as opposed
to act as a substrate of COP1. Because the coiled-coil region is known to be a protein-
protein interaction domain and is involved in dimerization of COP1 (24), it is possible that
14-3-30 affects the self-association of COP1 or interferes with the binding of other COP1-
associated proteins, thus potentially affecting COP1’s activity. Such a possibility remains to
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be investigated. We recently identify that 14-3-3o preferentially binds to S387 of COP1
(25). This site (RTAS387QL) is indeed located within the fragment containing coiled-coil
region (Fig. 2C). Third, 14-3-3a is essential for the ubiquitination of COP1 as 14-3-3c
deficiency compromises ubiquitination of COP1 (Fig. 3), thereby decelerating turnover rate
of COP1 (Fig. 1). /n vitro ubiquitination study indicates that COP1 is self-ubiquitinated and
14-3-3o facilitates such a process (Fig. 3D). These mechanistic studies provide insights into
how 14-3-3c inversely correlates with the expression of COP1 in response to DNA damage
(Fig. 1A) and how loss of 14-3-3c attenuates the DNA damage-mediated downregulation of
COP1 (Fig. 1B). Consequently, 14-3-3c impedes the COP1’s important biological function
—p53 ubiquitination (Fig. 4B). Importantly, COP1 ubiquitinates p53 in a MDM2-
independent manner (Fig. 4C), and this process can still be inhibited by the expression of
14-3-3c (Fig. 4C). These data suggest that the COP1-p53 axis is independent of the MDM2-
p53 axis in terms of regulating p53 ubiquitination. Together, it is important to point out that
14-3-3c regulates both the MDM2-p53 axis (our previous study) (15) and the COP1-p53
axis (this study). These findings highlight the complexity of the p53 ubiquitination process
and demonstrate that 14-3-3c exerts its negative impacts on two p53 ubiquitin ligases to
stabilize p53. Lastly, in addition to previous observation that COP1 is overexpressed in a
high percentage of ovarian adenocarcinoma (2), we have now shown that COP1 is also
deregulated in pancreatic cancer and breast cancer samples (Fig. 7). Together, these data
suggest that COP1 may have a role in carcinogenesis. The deregulated expression of COP1
could be a potential pathological effect in other types of cancer, which remains to be
investigated. However, how COP1 executes its oncogenic activity has not been
demonstrated. For the first time, we have shown that COP1 overexpression leads to
increased cell proliferation, cell transformation, cell survival, and promoting tumor
formation (Fig. 5 and 6), attesting to its oncogenic role. Significantly, 14-3-3a is able to
antagonize these activities of COP1 (Fig. 5 and 6). Consistently, our clinical sample studies
indicate that COP1 is overexpressed in a high percentage of the pancreatic cancer samples in
which the expression of 14-3-3c is low. Also, our set of breast cancer samples shows an
inverse correlation between the protein levels of COP1 and 14-3-3a. Together, our results
demonstrate that COP1 promotes tumorigenesis. This report fills this gap in knowledge by
demonstrating the inverse relationship between COP1 and 14-3-3o in response to DNA
damage, the molecular mechanism of 14-3-3¢ in regulating COP1 ubiquitination and protein
stability, and the biological significance of this 14-3-30-COP1 regulatory process in
tumorigenesis. Therefore, our research paves the path to future investigation of the 14-3-3c-
COP1 axis as a target for novel anticancer therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 14-3-3e negatively regulates COPL1 stability

A, A549 cells were treated with 1 pg/mL doxorubicin (DOX) for the indicated hours.
Lysates were analyzed by immunoblotting with indicated antiboies (Left). A549 cells were
treated with 1 pg/mL doxorubicin (DOX) for the indicated hours and treated with or without
MG132 for 3 hr. Lysates were immunoblotted with the indicated antibodies (Right).

B, Indicated cells were treated with 1 pg/mL doxorubicin (DOX) for the indicated hours.
Cell lysates were immunoblotted with the indicated antibodies. The protein levels of COP1
in response to DNA damage at the different time points were determined (Right).

C, HCT116 cells were knocked down with two specific 14-3-3a shRNA (1 & 2) or control
Luciferase shRNA (C). Lysates were immunoblotted with anti-COP1, and anti-14-3-3c
(Left). 293T cells were transfected with the indicated expression vectors. Equal amounts of
cell lysates were immunoblotted with the indicated antibodies (Right).

D, 293T cells were transfected with the indicated plasmids. Cells were treated with or
without proteasome inhibitor MG132 before lysates were collected. Lysates were
immunoblotted with the indicated antibodies (Left). Indicated cells were treated with
cycloheximide (CHX) for the indicated hours. Cell lysates were immunoblotted with
indicated antibodies. The protein levels of COP1 over time are shown (Right).
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Figure 2. 14-3-3c directly interacts with COP1

A, A549 cells were treated with 1 pg/mL doxorubicin overnight. Before harvesting, cells
were treated with MG132. Equal amounts of cell lysates were immunoprecipitated with
either rabbit 1gG (as control) or anti-COP1, and immunoblotted with anti-14-3-3a (upper
panel). Lysates were also immunoprecipitated with the indicated antibodies and
immunoblotted with anti-COP1 (bottom panel). WCL: whole cell lysate.

B, 35S-labeled COP1 proteins were translated /7 vitro and incubated with either GST- or
GST-14-3-30 for binding assay. The bottom panel shows the input of GST proteins
analyzed by Coomassie Blue staining. PD: pull down.

C, Bacterially purified Flag-COP1 domains were incubated with GST-14-3-3c, and then
was subjected to GST pull-down (PD) followed by immunoblotting using anti-Flag. Specific
interaction of COP1 domains with 14-3-3c is indicated by arrows. The asterisks indicate
non-specific bands.
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Figure 3. 14-3-3¢ promotes COP1 ubiquitination

A, 293T cells were cotransfected with the indicated plasmids and increasing amounts of
Flag-14-3-3a. The cells were treated with MG132 for 6 hr before harvesting, and the
ubiquitinated COP1 was immunoprecipitated with anti-Myc and immunobltted with anti-
HA. Equal amounts of whole cell lysate (WCL) were immunoblotted with the indicated
antibodies.

B, Indicated cells were treated with MG132 for 6 hr before harvesting. Polyubiquitinated
COP1 was detected by immunoprecipitating with anti-COP1, followed by immunoblotting
with anti-ubiquitin.

C, HCT116 cells were knocked down with two specific 14-3-3a shRNA (1 & 2) or control
Luciferase shRNA (C). Lysates were immunoprecipitated with anti-COP1 and
immunoblotted with anti-ubiquitin.

D, Flag-COP1 and Flag-COP1 RING mutant (C136S, C139S) proteins were made using an
in vitro Transcription/Translation system (TNT) and then incubated with the indicated
purified GST proteins. Polyubiquitinated COP1 was examined by immunoprecipitating with

Cancer Res. Author manuscript; available in PMC 2012 May 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suetal.

Page 14

anti-Flag, followed by immunoblotting with anti-ubiquitin (middle panel). The bottom panel
shows the input of GST proteins (Coomassie Blue staining).
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Figure 4. 14-3-3o antagonizes COP1-mediated p53 degradation

A, 293T cells were cotransfected with the indicated plasmids. Lysates were immunoblotted
with the indicated antibodies.

B, H1299 cells were cotransfected with the indicated plasmids. Cells were treated with
MG132 before harvesting. The polyubiquitinated p53 were immunoprecipitated with anti-
p53 and immunoblotted with anti-HA. Lysates were also immunoblotted with the indicated
antibodies.

C, p53/"MDM2~~ MEF cells were cotransfected with the indicated plasmids. Cells were
treated with MG132 before harvesting. Polyubiquitination of p53 was detected by
immunoprecipitation with anti-p53 and immunoblotting with anti-ubiquitin. Lysates were
also immunoblotted with the indicated antibodies.

D, The mRNA levels of the indicated p53 target genes, including CDKN1A, SFN, PUMA,
and BAX; were detected by real-time PCR in indicated cells stably expressing the control
vector, Myc-COP1, or RFP-COP1 and normalized to GAPDH mRNA levels. Cells were
also infected with the indicated Ad-B-gal (control) or Ad-14-3-3c. The expression levels of
the indicated p53 target genes were measured, and the data are presented as a heat map
(Left). Statistic analysis for the heap map using Student’s t-test, p<0.05. The BDS2-3X-luc
reporter containing a p53-responsive element was transfected with the indicated plasmids.
Relative luciferase activity was shown (Right). Error bars represent 95% confidence
intervals.
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Figure 5. 14-3-3e suppresses COP1-mediated proliferation, survival, and anchorage-
independent growth

A, The number of live HCT116/Myc-COP1 cells, HCT116/vector control cells, COP1-
expressing cells infected with Ad-p-gal or Ad-14-3-3a, was estimated by MTT assay every
day for 7 days. Optical density at 570 nm (OD570) absorbance of each group is shown. This
experiment was done in triplicate. Error bars represent 95% confidence intervals.

B, HCT116/Myc-COPL1 cells were infected with Ad-B-gal or Ad-14-3-3c on day 1. Infected
cells were treated with or without 10 Gy IR on day 2. Live cells were detected as dye-
excluding cells and counted after trypan blue staining on day 4. The bar graph shows the
percentage of live cells. Error bars represent 95% confidence intervals.

C, Indicated cells were analyzed for cell cycle distribution using fluorescence-activated cell
sorting (left panel). HCT116/Myc-COP1 cells were left uninfected (-) or infected with Ad-p-
gal or Ad-14-3-3c, followed by fluorescence-activated cell sorting for cell cycle analysis.
The percentages of representative cells in each phase of the cell cycle are shown for each
treatment group (right panel). This experiment was done in triplicate.

D, Indicated cells were analyzed for foci formation. HCT116/Myc-COP1 cells infected with
Ad-p-gal or Ad-14-3-3o were subjected to foci formation (left panel). The bar graphs show
the average of the foci numbers in these cells. Error bars represent 95% confidence intervals.
HCT116/Myc-COP1 and HCT116/vector cells were analyzed in a soft agar assay, as were
HCT116/Myc-COP1 cells infected with Ad-B-gal or Ad-14-3-30o (right panel). The average
number of colonies per plate is represented. Error bars represent 95% confidence intervals.
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Figure 6. 14-3-3g suppresses COP1-promoted tumorigenicity

A, Myc-COP1-overexpressing HCT116 stable transfectants and HCT116/vector control
transfectants were injected subcutaneously into the flank regions of female nude mice.
Tumor volumes were monitored for 40 days. Tumor growth curves are shown (left panel).
Error bars represent 95% confidence intervals. Tumors were dissected and weighed 40 days
after cell injection (middle panel). Bar graph shows tumor weights. Error bars represent 95%
confidence intervals. The photograph shows size of representative tumors (right panel).

B, Myc-COP1-overexpressing HCT116 stable transfectants were infected with Ad-14-3-3c
and Ad-B-gal. Cells were injected subcutaneously into the flanks of nude mice. Tumor
growth curves were plotted and tumor weights and sizes were measured in the same manner
as in (A). Error bars represent 95% confidence intervals. Tumors were dissected and
weighed (bar graph) 40 days after injection. Error bars represent 95% confidence intervals.
The photograph shows size of representative tumors obtained.

C, Serial tumor sections from (B) experiment were immunostained with anti-cleaved
caspase-3 (left panel), anti-Ki67 (middle panel), and anti-p53 (right panel). Bar graphs show
the percentage of cells with positive signals from each staining. Error bars represent 95%
confidence intervals. Scale bar, 50 pm.
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Figure 7. COP1 and 14-3-3c areinversely correlated in primary breast cancer and pancreatic
cancer specimens

A, Protein levels of COP1 and 14-3-3c were analyzed by immunoblotting in malignant
human breast cancer specimens. The integrated optical intensity of COP1 was plotted
against that of 14-3-3c0. Spearman rank order correlation was used to demonstrate the
inverse correlation between COP1 and 14-3-3c protein levels (p < 0.001). Spearman
correlation=-0.61.

B, Pancreatic cancer specimens were immunostained with anti-14-3-3c and anti-COP1. Two
representative cases of the 121 examined are shown. Consecutive tissue sections from tumor
case | showed a low level of 14-3-3o but a high level of COP1. In contrast, consecutive
sections from tumor case 1l showed abundant 14-3-3¢ but scanty COP1 (original
magnification, 200x). Scale bar, 50 pLm.
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