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Abstract

The cyclin-dependent kinase inhibitor 1A (CDKN1A), p21/Cipl, is a vital cell cycle regulator,
dysregulation of which has been associated with a large number of human malignancies. One
critical mechanism that controls p21 function is through its degradation, which allows the
activation of its associated cell cycle promoting kinases, CDK2 and CDK4. Thus, delineating how
p21 is stabilized and degraded will enhance our understanding of cell growth control and offer a
basis for potential therapeutic interventions. Here, we report a novel regulatory mechanism that
controls the dynamic status of p21 through its interaction with Cdk5 and Abl enzyme substrate 1
(Cablesl). Cablesl has a proposed role as a tumor suppressor. We found that upregulation of
Cablesl protein was correlated with increased half-life of p21 protein, which was attributed to
Cables1/p21 complex formation and supported by their co-localization in the nucleus.
Mechanistically, Cablesl interferes with the proteasome (Prosome, Macropain) subunit alpha type
3 (PSMAB3) binding to p21 and protects p21 from PSMA3-mediated proteasomal degradation.
Moreover, silencing of p21 partially reverses the ability of Cablesl to induce cell death and inhibit
cell proliferation. In further support of a potential pathophysiological role of Cables1, the
expression level of Cablesl is tightly associated with p21 in both cancer cell lines and human lung
cancer patient tumor samples. Together, these results suggest Cablesl as a novel p21 regulator
through maintaining p21 stability, and support the model that the tumor suppressive function of
Cablesl occurs at least in part through enhancing the tumor suppressive activity of p21.
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Introduction

The cyclin-dependent kinase inhibitor p21 plays various critical physiological roles and
regulates many cellular processes such as cell division, cell differentiation, senescence and
apoptosis.l: 2 Due to its important biological functions, the expression and protein levels of
p21 are tightly controlled by both transcriptional and post-transcriptional mechanisms. As an
unstable protein with short half-life, p21 is degraded by both ubiquitin-dependent and -
independent proteasome pathways.! Three E3 ubiquitin ligase complexes SCFSkp2 3-5
CRL4CU2 6-8 and APC/CCUc20 9 have been reported to induce p21 ubiquitination and
degradation at specific stages of the cell cycle. Ubiquitin-independent p21 degradation is
mediated by its interaction with subunits of the proteasome such as the C8 subunit of the
20S proteasome (prosome, macrophain subunit alpha type3; PSMA3).10. 11 Sych p21
degradation is also promoted by MDM2 and MDM4 but independently of their E3 ligase
activities.}2 13 Thus, inhibition of these p21 degradation mechanisms is expected to result in
p21 stabilization. Interestingly, an Hsp90 binding tetratricopeptide repeat (TPR) protein
WISp39 stabilizes newly synthesized p21 protein by recruiting Hsp90 to prevent the
proteasomal degradation of p21.14 However, the respective contributions of the various p21
stabilization and degradation mechanisms remain to be elucidated.

Cablesl (Cdk5 and Abl enzyme substrate 1) is an adaptor protein which links the Cdks to
the nonreceptor tyrosine kinases and regulates the activity of Cdks by enhancing their Y15
phosphorylation. Cables1 promotes the phosphorylation of Cdk5 at Y15 by C-abl, resulting
in increased Cdk5 kinase activity, which is believed to positively regulate neurite outgrowth
in neurons.1® Cables1 also connects Cdk2 and Weel, resulting in increased Cdk2 Y15
phosphorylation, decreased Cdk2 kinase activity and reduced cell growth in proliferating
cells.18 It has been reported that Cables1 is also able to interact with and affect p53, p63 and
p73 function.1”: 18 Compared to Cables1*/* MEFs, Cables1~/~ MEFs exhibit increased
growth rate, delayed senescence and decreased serum dependence.1® Furthermore,
Cables1~/~ mice have an increased incidence of endometrial cancer and a reduced survival
rate in response to unopposed estrogen and an increased incidence of colorectal cancer in
response to 1,2-dimethylhydrazine.29: 21 Recently, Cables1 was shown to protect p63 from
proteasomal degradation to ensure deletion of cells after genotoxic stress.18 Loss of Cablesl
expression is found with high frequency in many types of human cancer,16: 20. 22-24 and also
enhances tumor progression in the ApcMi"* mouse model and activates the Wnt/B-catenin
signaling pathway.2> However, the mechanism that directly links the loss of Cables1 to
tumorigenesis remains to be established. Here we present evidence to support a novel
function of Cablesl in controlling the status of a master cell cycle regulator, p21.
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Results

Cablesl regulates the protein levels of p21

To investigate whether Cables1 affects the expression level of p21, we first overexpressed
Venus control and Venus-tagged Cablesl in HEK293T cells and examined protein
expression by Western blot. Compared with Venus alone, Venus-Cables1 expression
significantly increased the protein levels of p21. The expression of p21 is mainly controlled
by the tumor suppressor protein p53L. To exclude the effect of p53 on Cables1-induced p21
expression, we also overexpressed Venus and Venus-Cablesl in p53-null H1299 cells and
found that the protein levels of p21 were still increased after Venus-Cablesl overexpression
(Fig 1A). These data suggest that p21 upregulation by Cablesl is p53 independent. We then
examined whether p21 mRNA levels were also increased after Cables1 overexpression. The
results of RT-PCR showed that there was no change in p21 mRNA levels with or without
Cablesl overexpression (Figure 1B). Next, we detected p21 levels in both HEK293T and
H1299 cells whose endogenous Cablesl was stably silenced by two different Cablesl
shRNAs in pLKO vectors. As shown in Figure 1C, knocking down Cables1 by both
shRNAs dramatically decreased the protein levels of p21 in both HEK293T and H1299
cells. Similarly, p21 mRNA levels were not altered after Cablesl silencing (Figure 1D).
Thus, Cablesl regulates p21 at the protein level but not at the mRNA level.

Cablesl interacts with p21

To elucidate how Cablesl regulates p21 protein expression, we examined whether the two
proteins interact with each other. We co-transfected GST or GST-p21 and Venus-Cablesl
into HEK293T cells and performed a GST pull-down assay. As shown in Figure 2A, Venus-
p21 was detectable in the GST-Cables1 complex, but not in the GST complex. We also
reversed the fusions and co-transfected GST or GST-Cables1 and Venus-p21 into HEK293T
cells. Venus-p21 was detectable only in the GST-p21 complex, not in the GST complex
(Figure 2B). To further confirm the interaction of Cables1 with p21, we investigated their
endogenous interaction. Endogenous Cablesl and p21 were separately immunoprecipitated
from HEK293T cells and reciprocal protein detection was performed. As shown in Figure
2C and 2D, both Cablesl and p21 were detectable in their individual immunoprecipitated
complexes but not in the control IgG complexes. Additionally, both Cablesl and p21 were
co-localized in the nucleus (Figure 2E). From these data, we conclude that Cablesl and p21
interact with each other.

To determine the binding specificity and explore which regions in Cables1 mediate the
interaction of Cables1 with p21, we overexpressed GST, GST-Cablesl truncations 1-200,
201-368, full-length (FL) and Venus-p21 in HEK293T cells, and performed GST pull-down
and Western blot assays. Venus-p21 was present in the complexes for both full-length and
truncated GST-Cablesl, but not in the GST complexes (Figure 3B). This result indicates that
the regions of Cables1 responsible for its interaction with p21 are located in both Cables1
truncations 1-200 and 201-368. Next, we asked whether both of these truncations were able
to increase p21 protein levels through their interaction. As shown in Figure 3C,
overexpression of Venus-Cablesl truncations 1-200, 201-368 and full-length all
significantly increased p21 protein level when compared with Venus alone.
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To map the regions of p21 which interact with Cables1, we generated 10 p21 truncations
(Figure 3D) and examined their interaction with Cablesl by detecting Venus-Cables1 levels
in the GST-p21 truncation complexes from overexpressing lysates. Figure 3E shows the
presence of Venus-Cablesl in the complexes with GST-p21 truncations 46-164, 1-89, 1—
112, 1-138 and full-length, but not in the other truncation complexes. It is likely that the
region between amino acids 46-89 is involved in the Cablesl interaction. We then expressed
p21 truncation 46-89 to detect whether it could block the interaction of Cablesl with p21
and inhibit the Cablesl-induced increase of endogenous p21 protein. HEK293T cells were
co-transfected with GST-Cables1, Venus-p21 and the VVenus-p21 46-89 fragment, then a
GST pull-down assay and Western blot were carried out. The level of Venus-p21 in the
GST-Cablesl complex gradually decreased when the expression of Venus-p21 46-89
fragment was dose-dependently increased, and vice versa (Figure 3F). As shown in Figure
3G, compared with GST control, the GST-p21 46-89 fragment decreased the p21 protein
level in Venus-Cablesl overexpressing lysates. These results suggest the regions of p21 that
mediate its interaction with Cables1 are located in the region 46-89.

Cablesl affects the half-life of p21 protein

The protein level of p21 is controlled by multiple mechanisms?. To understand the
mechanism by which Cablesl increases p21 protein level, we addressed whether Cables1
directly affects the half-life of p21 protein in cells. HEK293T cells with exogenous Venus
and Venus-Cablesl were treated with the protein synthesis inhibitor cyclohexamine (CHX)
at the indicated time-points, and the levels of endogenous p21 protein were examined. The
Western blot results are shown in Figure 4A, and their quantification in Figure 4B.
Compared with Venus alone, Venus-Cablesl clearly increased the half-life of p21. We also
compared the half-life of endogenous p21 protein in HEK293T cells with or without
knocking-down endogenous Cables1. As shown in Figure 4C and D, after CHX treatment,
the half-life of p21 in Cablesl-silenced cells was significantly shorter than that in scramble
control cells. These results demonstrate that Cables1 stabilizes p21 by blocking its protein
turnover in cells.

Cablesl interferes with PSMA3 to bind to and inhibit p21 degradation

The degradation of p21 is mediated by both ubiquitin-dependent and -independent
proteasomal pathways!. To address whether stabilization of p21 by Cables1 occurs through
a ubiquitin-dependent or -independent mechanism, we treated both VVenus and Venus-
Cablesl cells with or without the proteasome inhibitor MG132 and examined p21
ubiquitination. In comparison to Venus alone, Venus-Cablesl did not alter the levels of
ubiquitinated p21 (Figure 5A). We also examined p21 ubiquitination in HEK293T cells with
or without knocking-down endogenous Cablesl. Similarly, after MG132 treatment, there
was no difference in the levels of ubiquitinated p21 between Cablesl-silenced and non-
silenced cells (Figure 5B).

It has been reported that the proteasome subunit PSMA3 mediates ubiquitin-independent
p21 degradation by directly interacting with and recruiting p21 into the proteasome for
degradation®: 11, To investigate whether PSMAZ3 is involved in the action of Cables1, we
introduced PSMAS3 with Venus or Venus-Cablesl into HEK293T cells and examined
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endogenous p21 protein levels in cells. As shown in Figure 5C, exogenous PSMA3
decreased endogenous p21 protein levels in both Venus and Venus-Cablesl cells. Next, we
examined whether Cables1 and PSMAS3 interferes with each other for the binding of p21.
HEK?293T cells were co-transfected with GST-p21, Venus-PSMA3 and Venus-Cablesl,
then GST pull-down assay and Western blot were carried out. The levels of Venus-PSMA3
in the GST-p21 complexes gradually decreased when the expression of Venus-Cables1 was
dose-dependently increased, and vice versa (Figure 5D). Taken together, these data suggest
that Cablesl stabilizes p21 by inhibiting PSMA3-dependent but ubiquitin-independent p21
degradation.

Cablesl induces apoptosis and inhibits growth partially through p21

In proliferating cells, Cables1 was reported to induce cell apoptosis and inhibit cell
growth.18. 26 To explore the role of p21 in these Cables1 biological functions, we used
shRNA to silence p21 expression in both Venus and Venus-Cablesl cells and examined the
degree of cell apoptosis and growth. The level of apoptosis in Venus positive cells was
determined by detecting Annexin V-positive cells and the protein levels of cleaved PARP by
Western blot. As shown in Figure 6A and B, the levels of cell apoptosis and PARP cleavage
were greater in Venus-Cablesl than in Venus alone cells. Levels of p21 protein were
significantly decreased in both Venus and Venus-Cables1 cells by the expression of p21
shRNA, while apoptosis and PARP cleavage were partially decreased in Venus-Cablesl
cells after p21 was silenced. We also counted the number of Venus-positive cells to monitor
cell growth. As shown in Figure 6C, Venus-Cables1 cells had lower cell numbers than
Venus alone either with or without p21 silencing, and knocking down p21 partially reversed
this Cablesl1-induced decrease in cell number. Furthermore, the tendency toward lower cell
number was enhanced with increasing culture time. Analyzing the cell doubling time from
these data showed the following order of cell doubling times: Venus-Cables1 plus scrambled
SshRNA (27 h) > Venus-Cablesl plus p21 shRNA (20 h) > Venus plus scrambled shRNA (17
h) > Venus plus p21 shRNA (13 h) (Figure 6D). These data suggest that knockdown of p21
only partially reverses Cables1-mediated cell growth inhibition, and that p21 is probably one
of several downstream effector molecules to mediate Cables1 tumor suppressor action.

Cablesl protein expression is correlated with that of p21 in lung cancer patient tumor

samples

Our results clearly demonstrate that p21 is regulated by Cables1 in cell culture. To
determine whether this is also the case in tumor tissues, we compared the levels of Cablesl
and p21 in 37 human lung cancer samples by immunostaining with specific antibodies
against Cablesl and p21. Positive Cablesl staining was present in 12 (32%) out of 37
samples, and positive p21 staining was present in 5 (14%) out of 37 samples. The expression
of p21 was highly correlated with the expression of Cables1 (Figure 7B). Results of three
representative samples are shown in Figure 7A. Sample 1 showed negative staining of both
Cablesl and p21. Sample 2 showed positive Cablesl staining but negative staining of p21.
Sample 3 showed positive staining of both Cables1 and p21. Thus, these results in human
lung cancer specimens support our proposed mechanism based on cell-culture experiments
that expression of Cablesl is able to enhance the protein expression of p21. Loss of Cablesl
may lead to p21 degradation and enhanced tumorigenesis in many lung cancer patients.
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Discussion

In the present study, we have identified Cablesl as a novel p21 regulator that maintains its
protein stability and suppresses its degradation. Our results showed that overexpression of
exogenous Cablesl increased p21 at the protein level, while silencing of endogenous
Cablesl had an inverse effect to decrease p21 at the protein level.

Our immunoprecipitation data indicated that Cablesl and p21 exist in the same protein
complex, and can interact with each other. The cyclin N domain of Cablesl is sufficient to
interact with p21 and increase p21 protein levels after their co-transfection. The region of
p21 that mediates its interaction with Cables1 was not located in the two cyclin-binding
motifs (Cy1, Cy2), although Cables1 contains a cyclin N domain at the C-terminus. This
suggests that the mechanism by which Cables1 stabilizes p21 may be different from the
known mechanisms by which some cyclins bind and stabilize p21. It has been reported that
cyclin D1 stabilizes p21 by interaction with its C-terminal cyclin-binding motif (Cy2),27
while cyclin E stabilizes p21 by interaction with its N-terminal cyclin-binding motif
(Cy1).28 The physiological role of p21 stabilization by cyclins is to promote assembly of
cyclin-CDK complexes.2” In our case, it is possible that p21 stabilization by Cables1 may
mediate the function of Cablesl as a tumor suppressor. This is partially supported by our
data showing that silencing of p21 was able to partially reverse the effect of Cablesl on
inducing cell apoptosis and inhibiting cell growth.

Most proteins degraded by the proteasome require ubiquitin conjugation for targeting via the
association of ubiquitin with the 198 lid of the proteasome.2® However, p21 protein can be
degraded by both ubiquitin-dependent and -independent proteasomal pathways.! Here, we
demonstrate that p21 stabilization by Cables1 occurs through a ubiquitin-independent
pathway based on our data showing that Cables1 did not alter the ubiquitination of p21.
Ubiquitin-independent degradation of p21 appears to involve the interaction of its C-
terminus with PSMA3.10: 11 Our results showed that PSMAS3 decreased the stabilization of
p21 by Cablesl, and Cablesl interferes with PSMAS3 for binding to p21. Although Cablesl
and PSMAZ3 bind to different regions of p21, their binding may induce a conformational
change in p21, leading to masking of the other binding site. Inhibition of p21 degradation by
masking of the PSMA3 binding site may represent a general mechanism of p21 stabilization.
For example, cyclin D1 stabilizes p21 by interaction with the Cy2 domain of p21, which
prevents p21 association with and subsequent degradation by PSMA3.27 However, the
respective contribution of the various stabilization and degradation mechanisms operating
on p21 requires further validation. Additionally, Cables1™~ MEFs showed decreased p16
and p27 comparing with Cables1*/* MEFs.19. This reported requirement of Cables1 for p16
and p27 proteins supports a broad regulatory role of Cablesl in the control of cell division.
Because of their central importance in determining cell fate, these CDK inhibitors are
regulated by different mechanisms at transcriptional, translational, and/or posttranslational
levels. Whether Cables1 regulates p16 and p27 in a mechanism analogous to p21 remains to
be established. Our findings provide strong a rationale to further examine the relationship
between Cablesl and other p21-like CDK regulatory proteins in the future, including
members of the INK4 family (p15, p16, p18, and p19) and Cip/Kip members (p21, p27, and
p57).
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Loss of Cablesl1 expression is observed with high frequency in many types of human
cancer.16. 20, 22-24 |5 hyman colorectal cancer tissues, Cables1 expression was seen in 35%
of samples.23 Zirbes, et al. showed that 67% of colorectal tumor samples were p21-staining
positive with significantly better survival.39 In human non-small cell lung cancer tissues,
Tan, et al. showed that 55% of samples were Cables1-staining positive without any
relationship to clinicopathologic parameters except histologic tumor type,24 while p21
expression was detected in 35% samples and was associated with longer survival time and
was found more frequently in stage I or Il compared with stage 111 disease.3! In this report,
we examined the expression of Cablesl and p21 in 37 human lung cancer tissues by
immunostaining and found that Cables1 was lost in 68% of samples, which showed
significant correlation with co-loss of p21 expression. Thus, it is possible that during
tumorigenesis, Cables1 suppresses the growth of tumors not only through decreasing the
activity of CDK2 to reduce cell cycle progression and enhancing the function of p53
families to induce cell apoptosis,16:17: 18 hut also through stabilizing the CDK inhibitor p21
to inhibit cell proliferation.

In summary, we have identified Cablesl as a novel p21 regulator that protects p21 from
proteasomal degradation. The tumor suppressive function of Cablesl is mediated partially
via regulating the protein level of p21. This enhanced understanding of the mechanism by
which Cables1 controls cell cycle progression may allow the identification of strategies to
manipulate its tumor suppressor function for future therapeutic discovery.

Material and Methods

Cells and reagents

HEK293T and H1299 cells were maintained in DMEM with 10% fetal bovine serum and
100 units penicillin-streptomycin at 37°C in a humidified atmosphere of 5% CO,. Anti-GST
and Hsp90 antibodies were from Santa Cruz Biotechnology. Anti-p21 and PARP antibodies
were from Cell Signaling Technologies. Anti-Cables1 and GFP antibodies were from
Abcam. Anti-f-actin and other chemical regents were from Sigma.

Plasmids and transfection

Cablesl and p21 cDNAs were amplified by PCR and cloned into the Gateway expression
vectors (Invitrogen). pLKO.1 Cablesl shRNA1 with target sequence (5’-
GCACTTACTTACTACTGGAAA-3’), pLKO.1 Cablesl shRNA2 with target sequence (5’-
CCTGGGAGACTTTATGGACTA-3), pLKO.1 p21 shRNA with target sequence (5’-
GTCACTGTCTTGTACCCTTGT-3’) and scrambled shRNA were purchased from
OpenBiosystems. Site-directed mutagenesis was performed essentially following the
manufacturer’s protocol (Stratagene). Transfections were performed using FuGene HD
(Roche).

Protein interaction assays

GST pull-down assay—_Cells were lysed in GST pull-down lysis buffer (1% Nonidet
P-40, 150 mM NaCl, 100 mM Hepes, 5 mM Na4P,07, 5 mM NaF, 2 mM NazgVO4, 1 mM
phenylmethylsulfonyl fluoride, 10 mg/L aprotinin, 10 mg/L leupeptin). Cleared cell lysates
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were incubated with glutathione-conjugated sepharose or the appropriate antibody and
Protein G conjugated sepharose for 2 hours at 4°C. Then the resin was washed 3 times with
GST pull-down lysis buffer and boiled in 6X SDS sample buffer for Western blot analysis.

Co-immunoprecipitation (Co-IP) assay—Cells were lysed in Co-IP lysis buffer (1%
Nonidet P-40, 150 mM NaCl, 100 mM Hepes, 5 mM NazP,07, 5 mM NaF, 2 mM NazVOy,
1 mM phenylmethylsulfonyl fluoride, 10 mg/L aprotinin, 10 mg/L leupeptin). Cleared cell
lysates were incubated with Protein A or G conjugated sepharose (GE Healthcare) and the
appropriate antibody for 2 hours to overnight at 4°C. Following incubation, the resin was
washed 3 times with Co-IP lysis buffer and protein samples were eluted by boiling in 6X
SDS sample buffer for Western blot analysis.

Western blot

RT-PCR

Proteins were separated on 12.5% SDS-PAGE gels and transferred to PVVDF membranes.
Membranes were blocked with 5% BSA and incubated with the indicated primary
antibodies. Corresponding horseradish peroxidase-conjugated secondary antibodies (Santa
Cruz Biotechnology) were used against each primary antibody. Proteins were detected using
West-Pico or West-Dura enhanced chemiluminescent detection reagents (Pierce) and a
Kodak imaging system or films.

Total RNA was extracted from cells and the reverse transcription reaction was performed
with the first strand cDNA synthesis kit (Invitrogen). The newly synthesized cDNAS were
amplified by PCR with Cables1 primers (5’-
CTCCGGAGATGTCGAGCTCTCTCAGGTTC-3’; 5’-
GCTCCCTGGGTGCCGGCTGCCCGGCCTATGGAG-3’), p21 primers
(5’CTTTGTCACCGAGGCGCCAGTGGAGGGTG-3%; 5’-
CAGGTCCACCTGGCGCCCCTTCAGCCTGC-3%), and B-actin primers (5°-
GCTCGTCGTCGACAACGGCTC--3’; 5’-CAAACATGATCTGGGTCATCTTCTC--3").
Aliquots of product were electrophoresed on 1.5% agarose gels, and PCR fragments were
visualized by ethidium bromide.

Apoptosis assay

Cells were harvested and washed with PBS 3 times, fixed with 70% ethanol, stained with
Annexin V-PE (BD), and finally analyzed with Guava flow cytometer (Millipore) to
determine the percentage of apoptotic cells.

Immunohistochemistry assay

Formalin-fixed, paraffin-embedded human lung cancer tissue array slides (ABXIS and
Biochain) were stained with anti-pCables1 T44, T150 (215t Century) and pAkt S473
(Epitomics) antibodies using a microwave-enhanced avidin-biotin staining method. For the
quantitation of protein expression, the following formula was used: IHC score = % positive
cells x intensity score. The intensity was scored as follows: 0, negative; 1, weak; 2,
moderate; and 3, intense. An IHC score of 100 or greater was considered as positive.
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Statistical analysis

A student’s t-test was used to compare individual data points among each group. Correlation
was analyzed using Fisher’s exact test. A P value of less than 0.05 was set as the criterion
for statistical significance.
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Figure 1. Cablesl regulates protein levels of p21
(A, B) Overexpressing Cablesl increases p21 at the protein level, but not at the mRNA

level. HEK293T and H1299 cells were transfected with Venus and Venus-Cablesl, then
after 2 days, cells were lysed. Proteins were examined by Western blot, and mRNASs were
examined by RT-PCR. (C, D) Knockdown of Cablesl decreases p21 at the protein level, but
not at the mRNA level. HEK293T and H1299 cells were transfected with pLKO.1 Cablesl
shRNA vectors and selected with puromycin (2 pg/ml) for 7 days, then cells were lysed.
Proteins were examined by Western blot, and mRNAs were examined by RT-PCR.
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Figure 2. Cablesl interacts with p21
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(A, B) Exogenous Cablesl interacts with p21. HEK293T cells were co-transfected with the
indicated vectors. GST pull-downs were performed from cell lysates and proteins were
detected by Western blot. (C-D) Endogenous Cablesl interacts with p21. Endogenous
Cablesl and p21 were immunoprecipitated from HEK293T cells and detected reciprocally.
(E) Cablesl co-localizes with p21 in the nucleus. HEK293T cells were transfected with
Venus-Cables1 and ECFP-p21. Two days after transfection, cells were monitored under a

fluorescence microscope.
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Figure 3. Interacting regions of Cablesl and p21
(A, B) The interacting regions of Cables1 with p21 were mapped. The indicated vectors

were transfected into HEK293T cells. GST pull-down and Western blot were performed
after 2 days. (C) Both Cables1 truncations 1-200 and 201-368 increased p21 protein levels.
Proteins were detected in HEK293T cells overexpressing Venus, Venus-Cablesl truncations
1-200, 201-368 and full length Cablesl. (D, E) The interacting regions of p21 with Cablesl
were mapped. The indicated vectors were transfected into HEK293T cells, then Venus-
Cablesl was detected in each GST pull-down complex. (F) The p21 46-89 fragment
interferes with p21 for Cablesl binding. HEK293T cells were co-transfected with GST-
Cablesl, Venus-p21 and Venus-p21 46-89 fragment. GST pull-down and Western blot were
performed after 2 days. (G) The p21 46-89 fragment inhibits Cablesl-induced increase in
p21 protein. HEK293T cells were co-transfected with VVenus or Venus- Cablesl and GST or
GST-p21 46-89 fragment. Cells were lysed after 2 days and proteins were examined.
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(A) Knockdown of Cablesl decreases the half-life of p21 protein. HEK293T cells were
expressedwith pLKO-Cables1 shRNA vectors and selected with puromycin (2 pg/ml) for 7
days, then cells were treated with CHX (50 pg/ml) for the indicated times. Then cells were
lysed and proteins were examined. (B) Quantified relative p21 protein levels are shown. (C)
Overexpression of Cablesl increases the half-life of p21 protein. Overexpressing Venus-
Cablesl HEK?293T cells were treated with CHX (50 pg/ml) at the indicated times. Then cells
were lysed and proteins were examined. (D) Quantified relative p21 protein levels are

shown.
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Figure 5. Cablesl interfereswith PSMA3 to bind to and inhibit p21 degradation
(A, B) Cablesl does not alter p21 ubiquitination. HEK293T cells were co-transfected with

the indicated vectors. GST pull-down and Western blot were performed after 2 days. (C)
PSMAZ3 decreases p21 protein levels. HEK293T cells were co-transfected with Venus-
PSMA3 and Venus or Venus-Cablesl. After 2 days, cells were lysed and proteins were
examined. (D) Cablesl competes with PSMA3 to bind to p21. HEK293T cells were co-
transfected with GST-p21, Venus-PSMA3 and Venus-Cablesl. GST pull-down and Western
blot were performed after 2 days. Left panel showed the effect of Cablesl overexpression on
the p21/PSMAS association while right panel showed the effect of PSMA3 on the p21/

Cablesl interaction.
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Figure 6. Cablesl induces apoptosis and inhibits growth partially through p21
(A, C) Knockdown of p21 partially reverses Cables1-induced cell apoptosis and growth

inhibition. Venus or Venus-Cables1 WT was co-transfected into HEK293T cells with or
without pLKO.1 p21 shRNA. After 2 days, cells were lysed and proteins were detected.
Cells were also stained with Annexin V-PE and the apoptosis of Venus-positive cells was
analyzed by flow cytometry. After every 2 days, Venus-positive cells were counted under
the fluorescence microscope. (B, D) Quantified data are shown. * and ** represent P<0.05

and P<0.01, respectively.
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Figure 7. Expression of Cablesl and p21 proteinsin lung cancer samples
The levels of Cablesl and p21 in 37 human lung cancer samples were examined by

immunostaining with specific antibodies. (A) Three representative samples are shown where
either Cablesl or p21 staining were negative or positive. (B) Summary of staining results
from 37 tumor tissue samples. Correlation between Cablesl and p21 expression was
analyzed using Fisher’s exact test.
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