
Abstract. The cyclin kinase inhibitor, p21, inhibits or arrests
cell cycle progression in response to DNA damage and
regulates the progression of apoptosis, either negatively or
positively depending on the situation. The stability of p21 is
regulated by its phosphorylation or through binding with
partner molecules, and, when cells grow without DNA damage,
the level of p21 is regulated by proteasome degradation. In this
study, we analyzed the mechanism by which the basal
expression level of p21 is stabilized. The transient expression of
various p21 deletion mutants revealed a specific mutant with a
deletion of 15-48 aa (¢15-48C) that was extremely unstable.
This mutant was stabilized by the proteasome inhibitor,
lactacystin. Since the cysteine in the region of the alanine
mutant did not destabilize p21, possible disulfide bonds formed
by cysteines in the region are not responsible for the
stabilization. The ¢15-48C was unstable in the cells stably
expressing the 1-60 aa region, indicating that the 1-60 aa region
did not function in trans. Fusion of the 1-60 aa fragment to
the N-terminal of ¢15-48C stabilized the product, indicating
that the 1-60 aa region in the molecule is effective for the
stabilization. We constructed cells that stably expressed ¢15-
48C. The ¢15-48C was unstable, but was stabilized by
lactacystin. Irradiation (5 Gy) enhanced the expression of ¢15-
48C without elevation of mRNA levels and increased the
binding with cyclin A or CDK2. Taken together, the 15-48 aa
region of p21 is essential for basal expression by preventing
degradation by the proteasome, which is distinct from the
mechanism induced by DNA damage.

p21 is a cell cycle regulatory protein that inhibits both cyclin-
dependent kinases (CDKs) and PCNA through direct protein
interaction. In accord with its molecular functions, the levels

of p21 are increased in growth inhibited cells through
transcriptional or post transcriptional mechanisms (1).

p21 is a short lived unstable protein and is degraded by the
proteasome in nuclei (2, 3). For degradation by the
proteasome, several characteristics have been reported: p21 is
ubiquitinated (3-5), a lysine-less unubiquitinated form of p21
is degraded by the proteasome (6), and p21 associates with the
proteasome 20S subunit directly (7). Furthermore,
ubiquitination of p21 occurs at the N-terminal of the molecule
(8, 9) and the N-terminal of p21 is acetylated immediately
after synthesis to protect it from ubiquitination (10). 

Phosphorylation of the p21 molecule has been considered
as a signal to regulate degradation. Phosphorylation by
ATM (Ataxia Telangiectasia Mutated)-Rad3-related protein
(ATR) after ultra violet irradiation or by cyclin-dependent
kinase 2 (CDK2) promotes degradation of p21 (11, 12).
Phosphorylation at serine-146 by a survival-promoting
serine-threonine kinase, AKT/protein kinase B (AKT/PKB),
prevents the degradation of p21 (13, 14). The association of
p21 with PCNA or cyclin D has been reported to prevent
proteasomal degradation (15, 16). When cells proliferate
exponentially without DNA damage, a basal level of p21 is
required for the proper formation of cyclin D/CDK4,6 as an
assembly factor (17). In addition, when cells are exposed to
DNA-damaging agents, p21 is stabilized through the
modulation of the molecule and functions as a cyclin kinase
inhibitor or a regulator of apoptosis. 

In order to maintain the basal level of p21, N-terminal
acetylation of the molecule or association with HSP90 has
been demonstrated to prevent proteasomal degradation (9,
18). In this report, we identify the region required for the
basal expression of p21.

Materials and Methods

Generation of expression plasmids. The p21 deletion fragments
were propagated by PCR using a p21 cDNA clone as a template
(19, 20). The site-directed mutants of p21 were propagated using
a transformer site-directed mutagenesis kit (BD Bioscience, NJ,
USA) with a p21 cDNA clone as a template (19). The generated
fragments were inserted into either pcDNA3.1/His or
pcDNA3.1/MycHis (Invitrogen, CA, USA), and transfected into
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JM109 (21). The transfectants were propagated and the plasmid
DNAs were extracted as described elsewhere (19, 22). A portion
of the plasmid DNA (3 Ìg) was used in DNA sequencing. The
sequencing reactions were performed using a Dual CyDye
Terminator Sequencing Kit (Bayer Health Care, CA, USA), and
results were analyzed on a Long-Read Tower (Bayer Health
Care) as described elsewhere (22). The sequence obtained was
compared with the p21 cDNA sequence to confirm that the
correct clone was constructed. 

Expression of p21 mutants. The human colon cancer cell line,
DLD-1, from the Health Science Research Resource Bank was
used for expression of the p21 mutants. Cells were cultured in
Dulbecco’s modified Eagle’s essential medium (DMEM)
containing 10% fetal calf serum (FCS) at 37ÆC in a humidified 5%
CO2 incubator. Cells were seeded at 1x106 cells in 10 cm diameter
dishes and passaged every third day. Exponentially growing cells
(2x107) were harvested, washed with ice-cold phosphate buffered
saline (PBS), and then resuspended in 0.5 ml of DMEM without
FCS on ice. Cell suspensions were transferred to electroporation
cuvettes (Bio Rad, CA, USA) that were chilled on ice. Supercoiled
plasmid DNA (150 Ìg for the transient expression and 10 Ìg for
the stable expression) was added to the cell suspension and the
mixture was incubated on ice for 5 min. Electroporation was
performed at 250 V with a 1000 ÌF capacitor. After
electroporation, the cuvette was placed on ice for 10 min.
Transfected cells were diluted into 10 ml DMEM with 10% FCS
and cultured at 37ÆC in a humidified 5% CO2 incubator for 48 h. 

In order to establish stably expressing cell lines, 400 Ìg/ml of
G418 was added to the medium after 48 h incubation. After two
weeks cultivation, colonies were isolated and the expression of the
p21 mutant in each clone was examined by Western blotting and

immunohistochemistry (19). Á-irradiation was performed at room
temperature using a Gammacell 3000 Elan (Nordion International,
Canada) with a 137Cs source emitting at a fixed dose rate of 2.7 Gy
min–1. The proteasome inhibitor, lactacystin (Kyowa Medex Co.,
Ltd., Tokyo, Japan) was maintained as a stock solution at a
concentration of 1x10–3 M in ethanol.

Western blot. For Western blot analysis, a total of 2x107 cells were
harvested by trypsinization, washed with PBS and then lysed in
3 ml of 2x10–2 M sodium phosphate, 5x10–1 M sodium chloride
pH 7.8, 5 Ìg/ml leupeptin, and 5 Ìg/ml aprotinin. The lysate was
homogenized by sonication at 100 W for 5 sec on ice, centrifuged
at 105000 xg for 30 min at 4ÆC and the supernatant was
collected. To the collected lysate, 1% sodium dodecyl sulfate
(SDS) and 2.5% ‚-mercaptoethanol were added and heated for 5
min at 100ÆC. The denatured samples were subjected to 10-20%
SDS-polyacrylamide gel electrophoresis using a running buffer of
2.5x10–2 M Tris-HCl, pH 8.3, 1.92x10–1 M glycine, 0.1% SDS. The
gels were electroblotted (5 mA/cm2, 2 h) onto a polyvinylidene
difluoride (PVDF) membrane (Bio Rad) in a transfer buffer of
2.5x10–2 M Tris-HCl, pH 8.3, 1.92x10–1 M glycine and 20%
methanol. The membranes were incubated with 10% non-fat dry
milk in 1x10–2 M Tris-HCl pH 8.3 and 5x10–1 M NaCl (TBS) for 1
h at 25ÆC, and then incubated with the first antibody diluted in
TBS for 1 h at 25ÆC. The blot was washed in TBS with 0.05%
Tween 20 (TTBS) to remove unbound antibody and incubated
with a biotinylated anti-rabbit IgG or biotinylated anti-mouse
IgG in TBS for 1 h at room temperature. The membrane was
again washed in TTBS and incubated in streptavidine-
biotinylated alkaline phosphatase complex. After washing
thoroughly, nitroblue tetrazolium chloride/5-bromo-4-chloro-3-
indolyl-phosphate substrate was used to visualize the bands. The
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Figure 1. Construction of p21 deletion mutants.



optical density (OD) of the bands was measured using a Gel-Pro
analyzer ver. 4.0 (Media Cybernetics, MD, USA) 

The primary antibodies were anti-p21 rabbit polyclonal
antibody (H164; 1:200, Santa Cruz Biotechnology, CA, USA),
anti-CyclinA monoclonal antibody (BF683; 1:1000, Upstate
Biotechnology, NY, USA), anti-CDK2 polyclonal antibody (H298;
1:200, Santa Cruz) and anti-Myc tag monoclonal antibody (1:2000;
Invitrogen), anti-Xpress tag monoclonal antibody (1:2000;
Invitrogen), anti-GFP monoclonal antibody (JL-8; 1:4000, BD
Bioscience), and anti-‚ actin monoclonal antibody (AC-15; 1:1000,
Abcam Ltd., Cambridge, UK).

Metal affinity chromatography using TALON (BD Bioscience) was
performed under native conditions as described elsewhere (22).
Approximately 100 Ìl of a 50% slurry TALON was added to the lysate
from 2x107 cells and the mixture was rocked gently for 1 h at 4Æ C.
The resin was subjected to the following series of washes: twice with
2x10–2 M sodium phosphate and 5x10–1 M sodium chloride pH 7.8,
and twice with 2x10–2 M sodium phosphate and 5x10–1 M sodium
chloride pH 6.0. After washing the resin, the recombinant protein was
eluted using 1.5x10–1 M imidazole, 2x10–2 M sodium phosphate, and
5x10–1 M sodium chloride pH 6.0. The eluents were dialyzed against
5x10–3 M Tris-HCl pH 8.0 and concentrated by vacuum concentration.
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Figure 2. Expression of the series of deletion mutants. Supercoiled plasmid DNA (150 Ìg) was transfected into 2x107 DLD-1 cells using electroporation
methods. Transfected cells were divided into two dishes, then cultivated in RPMI with 10% FCS at 37ÆC in a humidified 5% CO2 incubator. After 24
h cultivation, 2x10–6 M lactacystin was added to one dish and then incubated for 24 h. After 48 h cultivation from the transfection, cells were lysed in
native conditions, and the recombinant proteins were purified by metal affinity chromatography using TALON, as described in the Materials and Methods
section. Concentrated purified protein was subjected to SDS-PAGE and Western blot analysis using anti-p21 polyclonal antibody, anti-Xpress monoclonal
antibody or anti-GFP monoclonal antibody as indicated. A) Expression of Xpress tagged p21 in the serial 20 amino acid deletions. The optical density
of the bands was measured by Gel-Pro analyzer and is indicated at the bottom of the lane. B) Expression of Myc tagged or Xpress tagged ¢15-48C. C)
Construction of Xpress tagged ¢15-48C in pIRES2-GFP vector (Left). Expression of Xpress tagged full length p21(Xp164) and Xpress tagged ¢15-48C
in pIRES2-GFP vector (Right). The levels of p21 expression were normalized by comparison with GFP and are indicated as relative intensity at the
bottom of the lanes.



Northern blot. Total cellular RNA was isolated using the guanidine
method as described elsewhere (4). A 30 Ìg aliquot of RNA was
loaded onto a 1.2% agarose gel containing 6.6x10–1 M
formaldehyde, and, after electrophoresis, transferred to a nylon
membrane. After UV cross-linking at 0.15 J/cm2, the membrane
was incubated with either p21 or ‚-actin probes that were
digoxigenin-labeled by the random primer method. The hybridized
probes were immunodetected using anti-digoxigenin antibody, then
visualized with the colorimetric substrates, nitroblue tetrazolium
chloride/5-bromo-4-chloro-3-indolyl-phosphate. The levels of
expression were quantitated using a densitometer and normalized
by comparison with ‚-actin mRNA levels.

Immunohistochemistry. Cells were cultured in Lab-Tek chamber
slides (Nalige Nunc, IL, USA) and fixed with 4%
paraformaldehyde. The slides were incubated with anti-p21
polyclonal antibody (H164; 1:100) or pre-immune rabbit Ig for
negative control and then incubated with a horseradish peroxidase
conjugated goat anti-rabbit Ig to detect p21. The antibody reactivity
was visualized with 3,3-diaminobenzidine as the chromogen.

Results

Determination of the region responsible for the stable
expression of p21. In order to identify the region of p21
required for stable expression, we constructed a series of
deletion mutants that serially delete 20 amino acid from the
N-terminal, as shown in Figure 1. Each deletion mutant was
cloned into the N-terminal Xpress tagged vector,
pcDNA3.1.His and was transfected transiently to DLD-1
cells. The expression level was assessed with Western blot
using anti-Xpress antibody (Figure 2A, right). No bands
were detected using the empty vector transfection control,
indicating that the detected bands in the Western blot were
products of transfected DNA. 

The effect of lactacystin was examined to assess the
involvement of proteasome in the instability of the
deletion mutants. Lactacystin (2x10–6 M) was added to
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Figure 3. Expressions of cysteine to alanine mutants. The amino acid
sequence of the N-terminal 1 to 50 aa is indicated at the top of the figure.
The site directed mutants of cysteine18 to alanine (C18A), C34A or C34,
41A were constructed and cloned into pcDNA3.1MycHis. Supercoiled
plasmid DNA (150 Ìg) was transfected into 2x107 DLD-1 cells using
electroporation methods. Transfected cells were divided into two dishes
then cultivated in RPMI with 10% FCS at 37ÆC in a humidified 5% CO2
incubator. After 24 h cultivation, 2x10–6 M lactacystin were added to one
dish and then incubated for 24 h. After 48 h cultivation from the
transfection, cells were lysed in native conditions, and the recombinant
proteins were purified by metal affinity chromatography using TALON, as
described in the Materials and Methods section. Concentrated purified
protein was subjected to SDS-PAGE and Western blot analysis using anti-
p21 polyclonal antibody. The optical density of the bands was measured
using a Gel-Pro analyzer and are indicated at the bottom of the lane.

Figure 4. Cotransfection of ¢15-48C and (1-60 aa)x2 or (1-60 aa)x3. The
tandemly repeated N-terminal 1-60 aa region (A) were cloned into
pcDNA3.1His, referred to as Xp(1-60)x2 or Xp(1-60)x3. The
cotransfections were performed as Myc¢15-48C with Xp(1-60)x2, Myc¢15-
48C with Xp(1-60)x3 or Myc¢15-48C alone using 150 Ìg of each
construct. After 48 h cultivation, cells were lysed in native conditions, and
the recombinant proteins were purified by metal affinity chromatography
using TALON, as described in the Materials and Methods section.
Concentrated purified protein was subjected to SDS-PAGE and Western
blot analysis using anti-Myc and anti-Xpress monoclonal antibodies (B).



transfected cells at 24 h after transfection, then incubated
for 24 h. Substantial expression of Xp164, the full length
p21, was obtained without the addition of lactacystin, and
Xp164 expression was enhanced by the addition of
lactacystin by approximately 30% (OD=0.3 to 0.4)
(Figure 2A). The expression of both ¢21-40C and ¢41-
60C were faint (OD=0.01, 0.01), and the lactacystin
treatment increased the band intensity to 0.05 and 0.2,
respectively (Figure 2A). The expression of both 21C and
¢61-80C (OD=0.1 and 0.2, respectively) were obtained
without lactacystin treatment and were enhanced by
lactacystin to an OD of 0.2 and 0.3, respectively (Figure
2A). These results indicate that the deletion of the 21-40
aa or 41-60 aa region results in serious instability of the
p21 molecule and these deletion mutants are efficiently
degraded by the proteasome.

In the N-terminal region, a possible protein conformation
of an ·-helix is suggested with amino acid residues 15 to 48.
Thus, we constructed a mutant that deleted the region the
15-48 aa (¢15-48C) and examined its expression. The ¢15-
48C mutant was unstable and its expression was stablized
with lactacystin treatment (Figure 2B). 

In order to confirm that the differences of the expression
levels are due to regulation at the protein level, and are not
caused by the efficiency of the transfection or the efficiency
of the transcription, we constructed expression plasmids that
encode the p21 gene and the GFP gene as an expression
control in the same mRNA using pIRES2-GFP vector
(Figure 2C, left). In this system, mRNA that encodes the
p21 gene and the GFP gene was produced from the CMV
promoter, and p21, as well as GFP expression was
accomplished using the internal ribosome entry site (IRES).
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Figure 5. Expression of ¢15-48C in cells stably expressing (1-60 aa)x2 or (1-60 aa)x3. The 1-60 aa region was tandemly repeated twice or three times,
(1-60 aa)x2 or (1-60 aa)x3, and cloned into pcDNA3.1MycHis as a C-terminal tagged form or into pcDNA3.1His as an N-terminal tagged form. The
constructs were transfected into DLD-1 cells and stably expressing cells were cloned by examining the expression with Western blotting (A) and
immunohistochemistry (B). Myc¢15-48C (150 Ìg) was transfected into DLD-1 cells stably expressing (1-60 aa)x2 or (1-60 aa)x3. After 24 h incubation,
2x10–6 M lactacystin was added to the medium and then cultivated for 24 h. After 48 h cultivation, cells were lysed in native conditions, and the
recombinant proteins were purified by metal affinity chromatography using TALON, as described in the Materials and Methods section. Concentrated
purified protein was subjected to SDS-PAGE and Western blot analysis using anti-Myc and anti-Xpress monoclonal antibodies (C).



Thus, the number of molecules of the two gene products
should be closely correlated. Using this system, we are able
to estimate the stability of full length p21 and deletion
mutant p21 after translation by comparing the ratio of the
protein expression of p21 to that of GFP. We transfected
the pIRES2-Xp164,GFP or pIRES2-Xp¢15-48C,GFP into
DLD-1 cells, incubated for 24 h, then treated the cells with
or without 2x10–6 M lactacystin for 24 h. The expression of
p21 and GFP was assessed by Western blot using total
cellular lysate. The ratio of the Xpress tagged full length
p21 to GFP without lactacystin was 1.4, while the expression
of Xpress tagged ¢15-48C without lactacystin was faint at
0.2 (Figure 2C, right). Lactacystin treatment increased the
Xpress tagged ¢15-48C expression ratio to 0.6, while the
expression ratio Xpress tagged Xp164 was increased only
slightly to 1.6. These data suggest that p21 is degraded by
the proteasome. Given these results, we suggest that the
instability of ¢15-48C is due to the loss of stabilization of
the protein product. We obtained similar results in the
expression of N-terminal Xpress tagged and C-terminal Myc
tagged mutants. 

The disulfide bonds in the 15-48 aa region do not contribute
the stability. In order to determine the role of secondary
and/or tertiary structure in the stable expression of p21, we
examined the contribution of disulfide bonds in the 15 to 48
aa region. We constructed site directed mutants of
cysteine18, 34 or 41 to Alanine (Figure 3). We examined the
expression of these C/A mutants with or without the
addition of lactacystin. The expression of C/A mutant p21
was clearly observed without lactacystin treatment (Figure
3) as the full length p21 (Figure 2B), and the expression was
not enhanced with lactacystin (Figure 3). These data suggest
that the disulfide bonds formed by cysteine18, 34 or 41 are
not responsible for stable expression.

The N-terminal 1-60 aa region did not complement the
stability of ¢15-48C in trans. Since the deletion of the 15-48
aa region destabilized p21, the 15-48 aa region may prevent
the degradation of p21 by proteasome through either a trans
or cis mechanism. We examined the trans effect of the N-
terminal 1-60 aa region, which included the entire 15-48 aa
region, on the expression of ¢15-48C. A very low expression
of the 1-60 aa was detected, thus, we constructed tandem
repeated 1-60 aa, (1-60 aa)x2 and (1-60 aa)x3 mutants
(Figure 4A). Myc ¢15-48C and Xp(1-60)x2 or Xp(1-60)x3
were cotransfected and expression was assessed by Western
blotting using anti-Myc tag and Xpress tag antibodies. As
shown in Figure 4B, the expression level of ¢15-48C was not
enhanced by the presence of (1-60 aa)x2 or (1-60 aa)x3
tandem repeats.

We also examined the trans effect using cells stably
expressing the N-terminal 1-60 aa region. We first established

the cells expressing (1-60 aa)x2 or (1-60 aa)x3 tandem
repeats. The (1-60 aa)x2 was cloned as a C-terminal tagged
form in pcDNA3.1MycHis and (1-60 aa)x3 was cloned as an
N-terminal tagged form in pcDNA3.1His. The constructs
were transfected into DLD-1 cells and stably expressing cells
were cloned by examining expression with Western blotting
(Figure 5A) and immunohistochemistry (Figure 5B). As for
the transient expression, the expression of single 1-60 aa was
not observed in either the N-terminal tagged form or the C-
terminal tagged form. We transfected the Myc¢15-48C into
DLD-1 cells stably expressing (1-60 aa)x2, DLD(1-60)x2, or
(1-60 aa)x3, DLD(1-60)x3, and assessed the expression level
with or without lactacystin treatment. Without lactacystin
treatment, the expression of ¢15-48C was not enhanced in
DLD(1-60)x2 or DLD(1-60)x3 compared with the expression
observed in parent DLD-1 cells. With the lactacystin
treatment, the expression of ¢15-48C was enhanced (Figure
5C). Therefore, the 1-60 aa region did not directly interfere
with the proteasome-protein degradation system. Taken
together, the 1-60 aa region independently expressed in the
cells did not complement the instability of ¢15-48C. 

Fusion of the 1-60 aa region to ¢15-48C complements the
instability. In order to determine whether the N-terminal 1-
60 aa region in the molecule serves as a structure to escape
from degradation by the proteasome, we constructed a
fusion protein that consisted of ¢15-48C and the N-terminal
1-60 aa region. The N-terminal 1-60 aa region was fused to
either the N-terminal end (1-60, ¢15-48C) or the C-terminal
end (¢15-48C, 1-60) (Figure 6A).

The fusion constructs 1-60, ¢15-48C and ¢15-48C, 1-60
were cloned into both the N-terminal Xpress-His tag vector
(Xp 1-60, ¢15-48C or Xp ¢15-48C,1-60) and the C-terminal
Myc-His tag vector (Myc1-60, ¢15-48C or Myc¢15-48C,1-
60), and transfected into DLD-1 cells. The expression levels
were examined with or without lactacystin treatment. 

The protein concentrations of the cell lysate were
adjusted prior to the metal affinity chromatography,
therefore, we were able to compare the expression levels
with or without lactacystin by the intensity of the bands as
the ratio indicated at the bottom of the lane (Figure 6B).
The addition of the 1-60 aa region to the N-terminal of ¢15-
48C resulted in a thick band without lactacystin, and its level
was increased 50% with lactacystin (OD600=0.6 to 0.9) in
Xp 1-60, ¢15-48C or 40% with lactacystin (OD600=0.5 to
0.7) in Myc 1-60, ¢15-48C. When the 1-60 aa was fused to
the C-terminal of ¢15-48C, the band intensity of Xp ¢15-
48C,1-60 without lactacystin was 0.5 and increased to 1.0
(100% increase) with lactacystin and that of Myc¢15-48C,1-
60 increased from 0.4 to 0.8 (100% increase). Together,
these results suggest that the addition of the 1-60 aa at the
N-terminal is effective in increasing stable expression.
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¢15-48C is stabilized by Á-irradiation. In order to analyze the
characteristics of ¢15-48C, we constructed DLD-1 cells
stably expressing ¢15-48C, DLD-Myc¢15-48C. Myc¢15-48C
or empty vector was transfected and positive cells were
cloned. The transformants were cultured with or without
lactacystin and the expression levels were examined by
Western blotting using anti-p21 antibody. The expected
band size was obtained in the positive clone, DLD-Myc¢15-
48C, whereas this band was not detected in the cells
containing empty vector (Figure 7A). To confirm that
Myc¢15-48C is degraded by the proteasome, DLD-Myc¢15-
48C was cultured with 2x10–6 M lactacystin for 24 h and the

expression level was determined by Western blotting. The
expression of ¢15-48C was enhanced by the lactacystin
treatment (Figure 7A), consistent with the results in the
transient expression (Figure 2B). To examine the spatial
expression, immunohistochemistry was performed. The
expression of ¢15-48C was localized in the nuclei and
enhanced by lactacystin treatment in agreement with the
results obtained by Western blotting (Figure 7B).

We examined the stability and function of ¢15-48C in
DLD-Myc¢15-48C after Á-irradiation. Exponentially growing
DLD-Myc¢15-48C cells were Á-irradiated at a dose of 3 Gy
or 5 Gy, then cultured for 24 h. The expression of Myc¢15-
48C was determined by Western blotting using anti-p21
antibody. A portion of each cell lysate was applied to the
Western blot and detected with anti-‚-actin antibody to
confirm that the amount of protein in each cell lysate was
equivalent. The band intensities of p21 normalized with that
of ‚-actin are indicated at the bottom of the lane in Figure
8A. The expression of Myc¢15-48C was altered after Á-
irradiation dose dependently, as 0.4-fold in untreated cells,
1.3-fold with 3Gy and 3.5-fold with 5 Gy irradiation.

Since the transcription of Myc¢15-48C is driven by the
CMV promoter, the increase of p21 is not attributable to
transcriptional activation by p53 induced Á-irradiation. To
confirm that this increase was due to the stabilization of
protein products, we analyzed p21 mRNA by Northern
blotting to determine whether message accumulation
contributed to the elevated levels in Á-irradiated DLD-Myc
¢15-48C cells. Total RNA was isolated before and after Á-
irradiation, blotted, and then hybridized with p21 and ‚-
actin probe as described in the Materials and Methods
section. Transcript levels were quantified, corrected for ‚-
actin loading, and were shown as the relative intensity in
Figure 8B. In contrast to the large differences in protein
levels shown in Figure 8A, p21 transcript levels were similar
in untreated and Á-irradiated cells (1.8 in untreated, 1.6 in
3Gy and 1.7 in 5 Gy irradiation). Therefore, p21 levels are
considered to be elevated in DLD-Myc¢15-48C cells by Á-
irradiation primarily by inhibition of proteasome-mediated
degradation rather than by mRNA accumulation.

Further, we examined whether the Myc¢15-48C functions
as a cyclin kinase inhibitor after Á-irradiation by assessing
the association with cyclinA or CDK2. Exponentially
growing DLD-Myc¢15-48C cells were 5 Gy Á-irradiated and
cultivated for 24 h. Myc¢15-48C was purified from cellular
extracts by metal affinity chromatography under native
conditions, then applied to Western blots to quantify the
amount of cyclinA or CDK2 isolated with Myc¢15-48C. The
association of Myc¢15-48C with CDK2 or cyclinA was
increased after Á-irradiation, thus ¢15-48C is likely not to
be misfolded (Figure 8C).

We conclude that the DNA damage-induced stabilization
of the p21 occurs regardless of the N-terminal 15-48 region. 
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Figure 6. Expression of fusion constructs of ¢15-48C with the 1-60 aa
region. The N-terminal 1-60 aa region was fused to either the N-terminal
end (1-60,¢15-48C) or the C-terminal end (¢15-48C,1-60) (A). The
fusion constructs 1-60,¢15-48C and ¢15-48C,1-60 were cloned into both
pcDNA3.1His (Xp1-60,¢15-48C or Xp ¢15-48C,1-60) and
pcDNA3.1MycHis (Myc1-60,¢15-48C or Myc¢15-48C,1-60), then
transfected into DLD-1 cells. After 24 h incubation, 2x10–6 M lactacystin
was added to the medium and then cultivated for 24 h. After 48 h
cultivation, cells were lysed in native conditions, and the recombinant
proteins were purified by metal affinity chromatography using TALON, as
described in the Materials and Methods section. Concentrated purified
protein was subjected to SDS-PAGE and Western blot analysis using anti-
Myc and anti-Xpress monoclonal antibodies (B). The band intensity as
the expression level was indicated at the bottom of the lane.
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Figure 7. Establishment of cells stably expressing ¢15-48C. The pcDNA3.1 MycHis containing ¢15-48C, Myc¢15-48C, was transfected into DLD-1
cells. Cells harboring Myc¢15-48C were selected by Western blotting. The positive clone, DLD-Myc ¢15-48C, was treated with 2x10–6 M lactacystin for
24 h and the expression levels of Myc¢15-48C were compared with untreated cells. A: Western blotting, B: Immunohistochemistry 

Figure 8. Effect of Á-irradiation on the expression of ¢15-48C in cells stably expressing ¢15-48C. Exponentially growing DLD-Myc¢15-48C cells were
Á-irradiated at 3 Gy or 5 Gy and incubated for 24 h. A) Cells were lysed and subjected to SDS-PAGE and Western blot analysis using anti-p21 or anti-
‚-actin. The level of expression was normalized by comparison with ‚-actin and is indicated as relative intensity. B) Total cellular RNA was isolated
using the guanidine method. A 30 Ìg aliquot of RNA was loaded onto a 1.2% agarose gel containing 6.6x10–1 M formaldehyde and transferred to a
nylon membrane and fixed with UV cross-linking. The membranes were incubated with p21 or ‚-actin probe. The level of expression was normalized by
comparison with ‚-actin mRNA levels and is indicated as relative intensity of p21/‚-actin. C) Cells were lysed in native conditions, and the recombinant
proteins were purified by metal affinity chromatography using TALON, as described in the Materials and Methods. Concentrated purified protein was
subjected to SDS-PAGE and Western blot analysis using anti-CDK2 or anti-CyclinA antibodies.



Discussion

In the present report, we show that the region of the N-
terminal 15-48 aa residues is required for the stable basal
expression of p21. Several recent reports proposed that the
mechanisms of stabilization of p21 in normally growing cells
were distinct from the stabilization of p21 induced by DNA
damage-induced p38· or JNK1 (23). Basal expression of
p21 in normally growing cells is required to construct the
cyclinD-CDK4/6 complex as a cofactor (24). Coleman (15)
reported that when cell growth is initiated through Ras
activation, Ras induced cyclinD1 associates with the C-
terminal of p21 to stabilize p21.

As for the degradation of p21 by proteasome, several
unique characteristics have been reported, including that
ubiquitination at the lysine residue is not required for
proteasomal degradation (6), that the C-terminal of p21 has
a site to bind the 20S proteasome subunit, C8· (7), that
ubiquitination occurs at the N-terminal, and that
ubiquitination at the N-terminal is protected by acetylation
(9). Degradation by proteasome is inhibited by the
association of PCNA to the C-terminal of p21(16) and by
phosphorylation at Serine-146 by AKT/PKB (13, 14).
Further, for the stable expression of p21, HSP90 and its
adaptor protein, WISp39, have been reported (18). The
basal level of p21 is considered to be controlled by the
ubiquitin-independent degradation by proteasome (10). 

In this report, we identified the region required for the
stable expression of p21 in cells growing without DNA
damage. Our results indicated that the region spanning the
N-terminal 15-48 aa residues is required for the stable
expression. Possible disulfide bonds formed by cysteines in
the N-terminal 15-48 aa residues are not required for the
stability, since the cysteine to alanine mutants in the region
did not affect the stability. 

In an attempt to clarify whether the N-terminal region
interacts and inhibits the degradation machineries of p21,
the expression of ¢15-48C in the cells harboring the N-
terminal 1-60 aa region was examined. The expression of
¢15-48C was not stabilized, thus, we conclude that the N-
terminal 1-60 aa region does not interact directly with the
degradation pathway.

When the 1-60 aa region was joined to the N-terminal
or C-terminal of ¢15-48C, the products became stabilized.
Fusion to the N-terminal was more stable than fusion to
the C-terminal, consistent with the report that N-terminal
protection by the addition of a long Myc5-HA tag to the
N-terminal resulted in the stabilization of p21 protein (9).
At the beginning of protein synthesis, the deletion of the
N-terminal 15-48 aa residue may perturb the association
with chaperone protein. The association of the N-terminal
region of p21 and HSP90 and its adaptor protein, WISp39,
has been demonstrated (18). In this context, the N-

terminal addition was more effective than the C-terminal
addition in stabilization.

When cells harboring ¢15-48C were exposed to Á-
irradiation, ¢15-48C was stabilized at the protein level, since
the level of transcripts was not increased, consistent with the
introduced ¢15-48C being driven by the CMV promoter. In
addition, the stabilized ¢15-48C showed the ability to
associate with CDK2 and cyclinA as a cyclin kinase inhibitor.
In this respect, stabilization of p21 after DNA damage was not
dependent on the N-terminal region 15-48 aa, consistent with
the report that the modification of the molecule or the
association with the binding partners induced by DNA
damage stabilized the p21 protein (13, 14, 16, 23). 

In conclusion, we propose that the N-terminal 15-48 aa
region is responsible for the basal level of p21 expression. 
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