
30 The Open Proteomics Journal, 2009, 2, 30-39  

 

 1875-0397/09 2009 Bentham Open 

Open Access 

Impact of p21 Knockout on Topotecan-Induced Stress Responses in  
Human Colon Carcinoma Cells: A Proteomic Analysis 

Kyunghee Lee
1,§

 and Sayed S. Daoud
1,2,* 

1
Department of Pharmaceutical Sciences; 

2
Center for Integrated Biotechnology, Washington State University, Pullman, 

WA 99164-6534, USA and 
§
Current Address: Division of Applied Life Science (BK21 Program) Gyeongsang National 

University, Gazwa-dong, Jinju, Gyeongnam, 660-701, Republic of Korea 

Abstract: There are few reports describing the role of p21-dependent protein repression in cell death. To identify such 

cell death-associated proteins and to shed the light into the molecular mechanisms by which p21 is responding to pharma-

cological stress, we used a subcellular proteomic approach for the analysis of protein expression profiles of fractionated 

nuclei, mitochondria, and cytosols of isogenic p21 null (p21-/-) and wild-type human HCT-116 cells following treatment 

with sublethal doses (1μM) of the topoisomerase I inhibitor, topotecan (TPT). In total, 174 unique deregulated proteins 

were identified in HCT-116 cells following treatment with TPT, whereas only 146 proteins were identified in p21-/- cells. 

They contributed to multiple functional activities of stress signaling pathways, and that p21-/- cells are accelerated to be 

more responsive to topotecan-induced cell death due to the following: 1) down regulation of proteins involved in the tran-

scriptional and replication machinery of cells like DNA (cytosine-5)-methyltransferase 1, Matrin 3, DNA replication li-

censing factor MCM4, heterogeneous nuclear ribonucleoprotein Q, poly(Rc)-binding protein 1 and splicing factor argin-

ine serine rich 7; 2) the activation of a caspase-independent apoptosis by the upregulation of the Bcl2 inhibitor of tran-

scription (Bit1) protein; and 3) the activation of TNF  signaling by the upregulation of macrophage immigration inhibi-

tory factor (MIF), and 26S proteosome non-ATPase regulatory subunit 2 (TRAP2) proteins. We suggest that the upregula-

tion of these proteins are contributing factors to the molecular mechanisms of topotecan-induced cell death in p21-/- cells; 

and that the data present an opportunity for developing new therapeutic approaches for selective targeting of p21-

signaling pathways.  
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INTRODUCTION 

 The eukaryotic DNA-damage response (DDR) has 
evolved to optimize cell survival following damage to the 
genome. Key DDR regulators are the phosphatidylinositol 3-
kinase-like kinases (PIKKs) ataxia telangiectasia mutated 
(ATM), ATM and Rad3 related (ATR), and DNA-dependent 
protein kinase catalytic subunit (DNA-PKcs), which are ac-
tivated following DNA damage and then phosphorylate 
downstream targets [1-3]. Targets for ATM and ATR in-
clude transcription factor p53 and the checkpoint kinases 
CHK1 and CHK2; these in turn regulate the activities of 
downstream effort proteins controlling DNA repair, cell cy-
cle progression, or the initiation of apoptotic or senescence 
programs. 

 In addition to being an important target of ATM and 
ATR, p53 is the most frequently mutated protein known in 
human cancers; with loss of p53 function thought to contrib-
ute to tumorigenesis by fostering genome instability and the 
consequent acquisition of additional oncogenic mutations 
[4,5]. One of the major properties of p53 is that its level and 
transcriptional activity are markedly induced by DNA dam-
age and a range of other cellular stresses. Under normal con- 
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ditions, p53 activity is maintained at low, basal levels 
through the actions of HDM2 (originally MDM2). HDM2 
acts as a ubiquitin E3 ligase to transfer ubiquitin moieties 
into p53, thus promoting p53 degradation via the ubiquitin-
dependent proteasomal system [6]. In response to DNA 
damage, negative regulation of p53 by HDM2 is lifted, lead-
ing to stabilization of transcriptionally component p53. This 
control is brought about in part by ATM- and ATR-mediated 
phosphorylation of both p53 and HDM2, which impairs the 
interaction between the two proteins [7]. 

 A major consequence of p53 activation following DNA 
damage is the induction of cell-cycle arrest at the G1/S or 
G2/M transition stages. This is achieved primarily through 
p53-induced expression of target genes that encode factors 
such as p21

WAF1/CIP1
, a negative regulator of cyclin-

dependent kinases (CDKs) that induces G1/S arrest [8]. p21 
has also been found to be involved in a variety of other cellu-
lar events, such as proliferation [9], differentiation [10], se-
nescence [11], cell motility and tumor metastasis [12] as well 
as cell survival [13]. As for cell death (apoptosis), many con-
flicting data are published regarding the role of p21 in this 
active process. Cells lacking p21 function were shown to 
undergo normal p53-dependent apoptosis [14]. In contrast, 
p21 was found to protect cells from apoptosis [15]. Further-
more, p21 has differential effects on the sensitivity of cancer 
cells to ionizing radiation and chemotherapeutic agents. For 
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example, an increased level of p21 was shown to enhance 
sensitivity of hepatoma and osteosarcoma cells to cisplatin 
[16]. In contrast, in colon cancer and embryonic fibroblast 
cells, increased sensitivity to chemotherapeutic agents is 
associated with the lack of p21 [17,18]. Thus, there is a need 
for further studies to understand the molecular stress re-
sponses of p21 following DNA damage in cells. 

 The aim of the study was to analyze the role of p21 in 
stress-induced responses after DNA damage using a subcel-
lular mass spectrometry-based expression proteomic ap-
proach. We compared protein expression changes in the sub-
cellular fractions of the human colon carcinoma cell line, 
HCT-116, with those in an isogenic p21 knockout (HCT-116 
p21-/-, Ref. 18) after treatment with the topoisomerase I in-
hibitor topotecan (TPT). Topotecan (Hycamtin), a semi-syn- 
thetic water-soluble derivative of camptothecin, is a clini-
cally useful agent. It is approved for first-line therapy of cis-
platin-refractory ovarian cancer and second-line therapy of 
small lung cancer [19]. Like other camptothecins, topotecan 
converts topoisomerase I into a cellular poison by trapping 
topoisomerase I in a covalent complex with DNA. The cyto-
toxic lesions result from breaks, generated by collision of the 
complexes with DNA or RNA polymerase [20]. We ana-
lyzed protein expression profiles of fractionated nuclei, mi-
tochondria and cytosols of TPT-induced stress responses, 
compared to controls, in HCT-116 and HCT-116 p21-/- cells 
by one-dimensional (1D) sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE) coupled with liquid 
chromatography electrospray-ionization-tandem mass spec-
trometry (LC/ESI-MS/MS) tandem mass spectrometry) 
[21,22]. In total, 174 unique deregulated proteins were iden-
tified in HCT-116 subcellular fractions after TPT treatment, 
whereas only 146 total proteins were identified in HCT-116 
p21-/- subcellular fractions. These observations indicate that 
more proteins are induced in response to TPT treatment in 
the presence of functional p21 protein. The identified pro-
teins contributed to multiple biological activities such as cell 
cycle, apoptosis and oxidative stress, protein metabolism and 
modification, cell structure and motility, nuclei acid metabo-
lism, signal transduction and energy. The expression of some 
of these proteins in each cellular compartment, and their sig-
nificance in stress responses and apoptosis was discussed. 

MATERIALS AND METHODOLOGY 

Drugs and Materials 

 Topotecan was obtained from the Developmental Thera-
peutics Program, National Cancer Institute, NIH. Stocks 
were prepared in 100% dimethyl sulfoxide (DMSO) and 
stored in aliquots at -80°C. Primary antibody Bit1 was pur-
chased from ProSci (Poway, CA), and actin from Sigma (St. 
Louis, MO). The goat anti-rabbit and the donkey anti-goat 
secondary antibodies labeled with IRDye 38 were pur-
chased from LI-COR, Inc. Biosciences (Lincoln, NE) or with 
Alex680 from Molecular Probes, Inc. (Eugene, OR). All 
other chemicals were of reagent grade. 

Cell Culture, Drug Treatment and Cytotoxicity 

 Isogenic p21-null (HCT-116 p21-/-) and wild-type 
(HCT-116) human colon carcinoma cells, kindly provided by 
Dr. Bert Vogelstein [18] were grown as monolayers in 
DMEM (Life Technologies, Inc., Gaithersburg, MD) sup-

plemented with 10% fetal bovine serum (Hyclone, Logan, 
UT) as previously reported [23]. For cytotoxicity assays, 
cells from exponentially growing cultures were plated in 48-
well tissue culture plates in DMEM medium plus 10% fetal 
bovine serum at about 5x10

4
 cells per well for overnight. 

Cells were treated with graded doses of TPT for 24 hours. 
Each treatment was preformed in quadruplicate wells in two 
independent experiments. The wells were washed twice with 
pre-warmed medium, followed by the addition of 1.5 ml of 
drug-free medium. The plates were then incubated for a fur-
ther 3 days. The surviving fraction of cells was determined 
with the crystal violet assay, as previously reported [21]. The 
precision of this method with quadruplicate determinations is 
<10% (SD). The data were analyzed with Student’s two-
tailed t-test; P<0.01 was considered statistically significant. 
For protein expression profiling, exponentially growing cul-
tures at 80% confluence in 150 cm

3
 tissue culture flasks were 

treated for 24 hours with 1 μM TPT. Control cells were 
treated with an equivalent volume of DMSO. Cells were 
washed with pre-warmed media, and harvested. 

Protein Extraction and Separation 

 Harvested cells were subjected to subcellular (nuclear, 
mitochondrial, cytosolic) fractionation with the FOCUS  
protein extraction kit (Geno Technology, Inc., St. Louis, 
MO) in accordance with the manufacturer’s instructions, as 
previously published by our laboratory [22]. The harvested 
cells were pelleted by centrifugation at 800 x g for 1 min. 
Cell lysis was performed using a narrow opening (20 gauge) 
syringe needle on ice, gently pulling cell suspension up and 
down 10-30 times. The resultant high purity (>95%) of mito-
chondrial fractions was validated by a transmission elec-
tronmicroscopy (TEM) (data not shown). Protein concentra-
tions were determined with CB-X  Protein Assay kit (Geno 
Technology Inc., St. Louis, MO). An equal amount of each 
protein sample (30μg) was separated by SDS-PAGE (10-
20%). Gels were stained with Coomassie Brilliant Blue G-
250 (BioRad, Hercules, CA) 

In-Gel Enzymatic Digestion and Mass Spectrometry 

 Complete lanes of 1 cm each were cut into 18 pieces, and 
the protein bands were digested with trypsin (Promega, 
Madison, WI) as previously reported [30]. For tryptic pep-
tide separation a Waters Nanoacquity Ultra Performance LC 
(UPLC) was used. In-gel digested 2 μl samples were loaded 
into fused silica capillary Atlantis dC18, 3μm, 75μm x 
100mm nanoease-column in tandem with a pre-column; 
symmetry C18, 5μm, 180μm x 20 mm. The peptide mixture 
was separated using the following conditions: trapping for 3 
min using 100% solution A (100% water with 0.1% formic 
acid) at flow rate of 5 μl/min. Separation at 0.25 μl/min with 
following solvent gradients; Isocratic 97% solution A and 
3% mobile phase solution B (100% ACN with 0.1% formic 
acid) for 1 min; Gradient 60% solution A and 40% solution 
B for 90 min; Gradient 10% solution A and 90% solution B 
for 10 min; Isocratic 10% solution A and 90% solution B for 
10 min followed by gradient 97% solution A and 3% solu-
tion B in 1 min. Atlantis column effluent was delivered di-
rectly to the Q-TOF Premier  (Waters Corporation, Milford, 
MA) equipped with nanospray ion source. The mass spectra 
were acquired using the MassLynx Windows XP software, 
version 4.0 in the positive ion reflector mode. For data 
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analysis, ProteinLynx Global Server 2.2 and Protein Expres-
sion Informatics System software version 1.0 were used for 
MS/MS mass spectra analysis, peptide-sequencing and pro-
tein identification. We also used Mass-Lynx’s 4.0 Protein 
Sequencing modules for manual sequencing to confirm re-
sults obtained with ProteinLynx. After mass spectral data 
acquisition, the peak m/z values were extracted and used to 
search the SwissPort sequence database (ftp://ftp.expasy.ch/ 
databases/sp_nrdb/sport.fas.gz), as previously reported [21, 
22]. The assignments by ProteinLynx were further confirmed 
using the Mascot software (Matrix Science, London, UK) 
and/or manual interpretation. 

Database Searching 

 Using the combination of LC-MS/MS database search-
ing, a number of proteins were identified in each subcellular 
fraction. The protein identification was performed with Pro-
teinLynx Global Server (Waters) with SwissPort database 
and the MASCOT MS/MS ion search software (http://www. 
matrixscience.com). The maximum number of missed tryptic 
cleavages per peptide was set at one. Carbamidomethylation 
of cysteine and oxidation of methionine were allowed as 
fixed and variable modifications, respectively. Searches 
specified tryptic digestion used a peptide mass tolerance of 
100 ppm and a fragment ion tolerance of 0.1 Da. Peptide 
identifications were accepted if they could be established at 
greater than 95% probability as specified by the ProteinLynx 
Global Server 2.2. Protein identifications were accepted if 
they could be established at greater than 95% probability and 
contained at least 1 identified peptide. When several acces-
sion numbers in the database matched the same set of pep-
tides identified, the entries with the most descriptive name 
were reported. For all identifications based on one peptide 
sequence, the MS/MS spectrum was sequenced and reinter-
preted manually using Mass-Lynx 4.0 Protein Sequencing 
modules (PepSeq, Waters). 

Western Blotting 

 For immunoblotting, 20 μg protein samples were sepa-
rated by SDS-PAGE (4-20% polyacrylamide gradient gel) 
and transferred on nitrocellulose (Millipore, Bedford, MA). 
The membrane was developed in accordance with a protocol 
provided by LI-COR, Inc. Biosciences. Bit1 protein was 
identified using anti-Bit1 primary antibody. The reactive 
bands were revealed and detected with the Odyssey  Infra-
red Imaging System, as previously reported [21,22]. 

RESULTS AND DISCUSSION  

Cells Deficient in p21 are Hypersensitive to Topotecan 

 To determine the impact of p21 on the sensitivity of tu-
mor cells to topotecan, wild type and p21-/- HCT-116 cells 
were exposed for 24 hours to various doses of the drug. 
Cellular viability was determined by the crystal violet assay. 
As can be seen from the data in Fig. (1), p21-/- cells were 
much more sensitive to topotecan treatment than wild-type 
cells. The inhibitory concentration (IC50) of topotecan for 
HCT-116 cells was found to be 11.8 μM, compared to only 
1.15 μM for p21-/- cells. The disparity in antiproliferative 
responses of HCT-116 isogenic cells probably reflects the 
higher sensitivity of p21-/- cells to topotecan-induced cell 
death [24,25]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Topotecan sensitivity in human colon carcinoma cell 

lines. Dose-response curves of HCT-116 ( ), and HCT-116  

(p21-/-) ( ) cells following treatment with various concentrations 

of topotecan (TPT) for 24 h, as determined by the crystal violet 

assay. Data are mean values of two independent experiments, where 

each concentration of drug was assayed in four wells of a 48-well 

plate, and are expressed as mean percentages of optical density 

values compared with vehicle (DMSO) treated cells. 

Multidimensional Separation of Subcellular Fractions by 

SDS-PAGE 

 Cell cultures were treated for 24 hours with sub-toxic 
doses (1 μM) of topotecan. The use of this dose allows as-
sessing the role of p21 in topotecan-induced stress responses 
without the complications of excessive cell death. Enriched 
nuclei, mitochondrial, and cytosolic fractions of the isogenic 
cells were then separated by one-dimensional electrophoresis 
(SDS-PAGE) prior to protein identification by mass spec-
trometry. While primarily used to fractionate simple protein 
mixtures to homogeneity prior to identification of individual 
species by peptide mass mapping, SDS-PAGE has been used 
to identify large numbers of protein components in biologi-
cal complexes [26,27]. As summarized in Fig. (2), the entire 
gel lane was systematically cut into equal size pieces of 1 cm 
(18 slices) and each gel slice was digested separately with 
trypsin, as previously reported [21,22]. The extracted pep-
tides from the gel slices were analyzed using LC-ESI-
MS/MS to identify the proteins. The use of SDS-PAGE in 
the first dimension denatures the proteins and transforms one 
very complex mixture into several less complex mixtures. In 
addition, the technique is very effective at removing excess 
reagents such as salts from the original protein mixture prior 
to in-gel digestion. The molecular weight ranges of identi-
fied proteins in each gel slice were used to increase the con-
fidence of the identification. The predicted molecular 
weights of the identified proteins correlated well with the 
size range of the gel slices. 

Subcellular Protein Identification 

 Digested proteins in each gel slice were identified using 
MS/MS mass spectra analysis and peptide sequencing, as 
described in Materials and Methods. The complete list of 
proteins identified is summarized in Supplemental data  
Table 1; this table lists the number of peptides observed for 
each identified protein, the probability % of identification, 
and the accession number of each protein for each cell line 
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after treatment with either DMSO, or TPT. Totally, 174 
unique proteins were deregulated in HCT-116 following 
treatment with TPT, whereas only 146 proteins were identi-
fied in HCT-116 p21-/- cells. As can be seen from the data 
presented in Table 1, 79 (32.2%), 46 (28.9%), and 33 
(20.9%) uniquely up-regulated proteins were identified, re-
spectively, in nuclear, mitochondrial and cytosolic fractions 
of HCT-116 cells after TPT treatment; whereas 45 (26.2%), 
29 (35.8%), and 25 (24.8%) overexpressed proteins were 
identified, respectively, in nuclear, mitochondrial, and cyto-
solic fractions of HCT-116 p21-/- cells following drug 
treatment. Of the total 174 deregulated proteins identified in 
HCT-116 cells, 74 proteins (21.1%) were expressed from 
only control-treated cells and 100 proteins (26.6%) from 
TPT-treated cells. The results indicate that 74 proteins were 
down regulated in response to TPT treatment, whereas 100 

proteins were upregulated in HCT-116 cells. In HCT-116 
p21-/- cells, 89 proteins (33.1%) were down regulated and 
57 proteins (22.4%) were up regulated after TPT treatment. 
Thus, the functionality of p21 has a significant effect on the 
number of identified proteins. For example, in our study we 
have identified the expression of -2-microglobulin protein 
(accession # P61769, Supplemental data Table 2-2) in HCT-
116 cells after TPT treatment, which is down regulated in 
p21-/- cells. -2-microglobulin has been found to induce 
apoptosis in leukemia cell lines [28] and suppresses the 
growth of isolated myeloma tumors by inducing apoptosis 
and cell cycle arrest [29]. Recently, -2-microglobulin was 
also found to be induced by p21-overexpressing tumor cells 
[30]. Similarly, we identified the expression of galectin-12 
protein in HCT-116 cells (accession # Q96DT0, Supplemen-
tal data Table 2-2) following TPT treatment, but down-

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Approach used for subcellular proteome analysis of topotecan-treated colon carcinoma cells. Subcellular fractions of HCT-116 

and HCT-116 (p21-/-) cells were separated by one-dimensional electrophoresis prior to protein identification by mass spectrometry. W= 

HCT-116 wild type cells; K= p21 knockout HCT-116 cells. Odd numbers = cells treated with vehicle (DMSO); even numbers = cells treated 
with topotecan (TPT). 

Table 1. Numbers of Deregulated Proteins Identified in Both HCT-116 & HCT-116 p21-/- Cells After DMSO and Topotecan 

(TPT) Treatment
a
 

HCT-116  HCT-116 p21-/-  

DMSO
a
 (%) TPT

a
 (%) DMSO

a
 (%)  TPT

a
 (%) 

Nuclei 

Mitochondria 

Cytosols 

Total 

48/214 (22.4) 

55/168 (32.7) 

46/171 (26.9) 

74/350 (21.1) 

79/245 (32.2) 

46/159 (28.9) 

33/158 (20.9) 

100/376 (26.6) 

60/187 (32.1) 

47/99 (47.5) 

48/124 (38.7) 

89/286 (33.1) 

45/172 (26.2) 

29/81 (35.8) 

25/101 (24.8)  

57/254 (22.4) 

aDeregulated proteins/total subcellular proteins. 
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regulated in p21-/- cells. Galectins constitute a family of 
proteins that bind to -galactoside residues and have diverse 
physiological functions. For example, galectin-12 has been 
shown to be involved in the regulation of apoptosis through 
interactions with many intracellular proteins [31,32], and its 
expression is induced by p21 expression [33]. Another pro-
tein that was identified to be over expressed in HCT-116 
cells following treatment with TPT, but not in p21-/- cells is 
Lamin B1 (accession # P20700, Supplemental data Table 2-

2). Lamin B1 has been found to be associated with the proc-
esses of necrosis and apoptosis following the application of 
apoptotic stimulus [34,35]. This cell death-related effect is 
indirectly regulated by p21 overexpression in cells [33]. Col-
lectively, the data indicate that the functionality of p21 is an 
important factor for the activation of stress-responsive pro-
teins in cells. It is worthy to note that the functionality of p53 
has also been shown to have a significant effect on stress-
response induced genes. Using cDNA microarray technol-
ogy, we previously showed that 10% of transcripts were de-
regulated in response to TPT treatment in HCT-116 cells, 
whereas only 1% of the transcripts changed in HCT-116 
p53-/- cells [23]. Since HCT-116 and HCT-116 p21-/- cells 
both express a wild type p53, we conclude that the change 
seen in protein expression as a result of topotecan-induced 
stress response is associated with the functionality of p21 in 
cells. 

 For data acquisition and protein identification, Supple-
mental data Fig. (1) illustrates an example of MS/MS repre-
sentative spectra of proteins identified on the basis of a sin-
gle peptide. The sequence TAPEALSYR was matched to 
amino acids 784-791 of Myosin-10 (Supplemental data Fig. 
(1a), accession # P35580, Supplemental data Table 2-1), and 
the sequence TPAQFDADELR to amino acids 772-782 of 
Ephrin type-A receptor 2 (Supplemental data Fig. (1b), ac-
cession # P29317, Supplemental data Table 2-4). The func-
tional distribution of all identified proteins is shown in Figs. 
(3 and 4). They were classified into cell cycle, apoptosis and 
oxidative stress, cell energy, cell metabolism, cell structure 
and motility, cytoskeleton and membrane trafficking, nucleic 
acid metabolism, protein metabolism and modification, and 
signal transduction. As can be seen from the functional dis-
tribution data in Fig (4A), the total percentage of identified 
proteins involved in nucleic acid metabolism, cell transport 
and trafficking are repressed in the nuclear fractions of p21-
/- cells after TPT treatment, as compared to HCT-116 cells 
(Fig. 3A). As topoisomerase I inhibitors (TOPI), camptothe-
cin analogues such as TPT are known to target DNA by gen-
erating replication-mediated double-strand breaks and inhib-
iting DNA religation [20,23]. Thus the expression of many 
proteins involved in the cellular process of transcription, 
translation, and degradation of proteins are usually deregu-
lated by TOPI [36]. In this study, several other proteins 
known to be involved in mRNA processing like DNA (cyto-
sine-5)-methyltransferase 1, Matrin 3, DNA replication li-
censing factor MCM4, heterogeneous nuclear ribonucleopro-
tein Q, poly(Rc)-binding protein 1, and splicing factor argin-
ine serine rich 7 (Supplemental data Table 2) were also 
found to be repressed in p21-/- cells. All these alterations in 
protein expression could significantly affect major biological 
processes of cells like transcription, mRNA processing and 
translation. Hence the data provided the first clues about the 
hypersensitivity of HCT-116 p21-/- cells to TPT treatment 

seen in Fig. (1). The hypersensitivity to TPT could partly be 
related to the stress responses of p21-/- cells as a result of the 
down regulation of protein-associated with nucleic acid me-
tabolism, which could lead to the shut down of its transcrip-
tion machinery.  

 It has been known that cell death is a complex biochemi-
cal process involving a cascade of closely coordinated fac-
tors in different cellular compartments such nuclei, mito-
chondrial, and cytosols which converge in the activation of 
intracellular factors and caspases and their modification of 
protein substrates within the nucleus and cytoplasm [37,38]. 
In the mitochondrial fractions of cells, we were able to iden-
tify many proteins that are associated with the mitochondrial 
functions. As can be seen from the functional distribution 
data of deregulated proteins in Fig. (4B), the number of pro-
teins associated with cell signaling and protein metabolism 
and modification in p21-/- cells are higher than that of HCT-
116 cells (Fig. 3B) following TPT treatment. In the mito-
chondrial fractions of HCT-116 p21-/- cells, we were able to 
identify proteins that are involved in protein modifications 
such as ubiquitin (UBB), translocon-associated protein 
subunit delta (SSR4), protein FAM62A, caveolin 1 (CAV1) 
and ATP synthase O subunit (ATP50). These proteins are 
repressed in the mitochondrial fractions of HCT-116 cells 
treated with TPT (Supplemental data Table 2-10). Of interest 
to note is the identification of peptidyl-tRNA hydrolase2 
(Bit1) protein in p21-/- cells (accession# Q9YE5, Supple-
mental data Table 2-10). The Bcl-2 inhibitor of transcription 
(Bit1) is a mitochondrial protein that functions as a peptidyl-
tRNA hydrolase, but when released into the cytoplasm, it 
elicits caspase-independent apoptosis [39], possibly by form-
ing a complex with the transcriptional co-regulator, AES 
(amino-terminal enhancer of split) [40]. It has been also re-
ported that the proapoptotic function of Bit1 is uniquely 
counteracted by integrin-mediated cell attachment [41]. As 
can be seen from the western blot in Fig. (5), the level of the 
upper band of Bit1 protein in HCT-116 p21-/- cells treated 
with TPT for 24 h is higher than its level in the control or 
TPT treated HCT-116 cells. We conclude that Bit1 is ex-
pressed in both cell lines but its detection level in HCT-116 
cells is very low. This indicates that the proapoptotic effect 
of the released of Bit1 protein could be one of the molecular 
mechanisms by which HCT-116 p21-/- cells is accelerated to 
be more responsive to TPT-induced cell death. In contrast, 
the identification of Integrin 4 protein (accession# P16144, 
Supplemental data Table 2-4) in HCT-116 cells following 
TPT treatment could counteract this pro-apoptotic effect, and 
hence these cells are less responsive to TPT treatment than 
p21-/- cells [39]. It would be of great interest to study further 
the potential role of Bit1 and p21-mediated signaling path-
ways.  

 Among the cytosolic proteins that were identified to be 
upregulated in HCT-116 p21-/- cells after TPT treatment, but 
repressed in HCT-116 cells are: glucose-6-phosphate dehy-
drogenase (G-6PD) (accession # P11413, Supplemental data 
Table 2-12) and glutathione S-transferase P (GSTP1) (acces-
sion # P09211, Supplemental data Table 2-12). Both proteins 
are involved in the cellular energy metabolism and protect 
cells against oxidative stress by maintaining optimal cellular 
detoxifying machinery [42,43]. The identification of these 
cytosolic proteins in the absence of functional p21 indicates 
that their release is a result of a stress response following 
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Fig. (3). Functional distribution of subcellular proteins isolated from 1D-PAGE gels and identified by MS in HCT-116 cells after 

treatment with DMSO or TPT. A: Functional proteins identified in nuclear fractions; B: Functional proteins identified in mitochondrial 
fractions; C: Functional proteins identified in cytosolic fractions.  
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Fig. (4). Functional distribution of subcellular proteins isolated from 1D-PAGE gels and identified by MS in HCT-116 (p21-/-) cells 

after treatment with DMSO or TPT. A: Functional proteins identified in nuclear fractions; B: Functional proteins identified in mitochon-
drial fractions; C: Functional proteins identified in cytosolic fractions.  
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Fig. (5). Western blot of Bit1 protein from control and TPT-

treated cells. Cells were treated with 1μM TPT or vehicle control 

for 24 h, 20 μg of protein samples of cell lysates from the whole 

cell extracts were separated by SDS-PAGE (4 to 20% polyacryla-

mide) and Western blotted with antibody against Bit1 (the Bit1 

protein typically appears as a double band). -Actin was used as a 

loading control. The reactive bands were detected with the Odys-

sey  Infrared Imaging System. 

treatment with DNA damaging agents such as topotecan 
[44]. In addition, we are able to identify proteins involved 
cell trafficking such as ADP ribosylation factor 4 (ARF4) 
following TPT treatment of p21-/- cells but not HCT-116 
cells (accession # P18085, Supplemental data file Table 2-

12). ARF4 is a GTP-binding protein that function is an ADP-
ribosyltransferase and involved in protein trafficking from 
Golgi apparatus into the endoplasmic reticulum (ER). It has 
been observed that the activation of the protein trafficking 
mechanism is triggered by the up-regulation of ARF4, and is 
a characteristic of cells distant to undergo oxidative stress-
induced cell death [45,46]. As a result of this oxidative 
stress, more proteins that are involved in cell trafficking, and 
cellular energy metabolism were identified in p21-/- cells 
following treatment with TPT (Fig. 4C), as compared to 
HCT-116 cells (Fig. 3C). Furthermore, the identification of 
the macrophage immigration inhibitory factor (MIF) protein 
in the cytosolic fractions of p21-/- cells following TPT 
treatment (accession # P14174, Supplemental data Table 2-
12) provided an additional support that caspase-independent 
pathways such as the tumor necrosis factor  (TNF )-
mediated response could also be involved in the hypersensi-
tivity of p21-/- cells to DNA damage response (Fig. 1). MIF 
is a ubiquitously expressed proinflammatory mediator that 
has also been implicated in oncogenic transformation and 
tumor progression [47]. Recent insights into the pleiotropic 
activities of endogenous MIF showed that it also plays an 
essential role in cell cycle arrest and in the DNA damage 
response of cells [48,49]. MIF has also been shown to be 
involved in TNF -mediated cell death. For example, apop-
totic mature neutrophils were shown to release MIF upon 
stimulation with TNF  [50], and that retinoic acid-mediated 
apoptosis has been shown to involve the expression of apop-
tosis related genes like MIF, IGIF and TNF  [51]. In order 
for TNF -mediated cell death to occur, TNF  has to bind to 
two different cell surface receptors, the TNF receptor type I 
(TNFRI) and the TNF receptor type II (TNFRII) [52]. The 
binding of TNF - to these receptors recruits cytosolic pro-
teins such as TRADD, TRAP2 and TRAF2 to initiate signal-
ing to downstream effectors [53]. It is of interest to note, that  
 

we have also identified the expression of cytosolic protein 
TRAP2 in p21-/- cells following TPT treatment (accession # 
Q13200, Supplemental data Table 2-12), but not in HCT-116 
cells. These observations clearly indicate that TNF -
mediated cell death is part of the molecular mechanisms by 
which p21-/- cells is more responsive to TPT treatment as 
compared to HCT-116 cells (Fig. 1). Furthermore, these ob-
servations indicate that lack of a functional p21 protein ac-
celerates caspase-independent cell death induced by TPT in 
colon cancer cells. 

CONCLUSION 

 An increased knowledge in the changes of protein pro-
files in response to pharmacological stress is important in 
understanding the role of p21 in DNA damage response. 
This study used a gel-based mass spectrometry proteomic 
approach to identify differentially deregulated proteins in the 
subcellular fractions of isogenic p21 null (p21-/-) and wild-
type human HCT-116 cells following treatment with suble-
thal doses of topotecan (TPT). The detailed analysis of the 
identified proteins presented, for the first time, the basis for 
possible molecular mechanisms of TPT-induced cell death in 
p21 knockdown cells. In this context, most of the identified 
proteins had not been reported to be associated with p21 sig-
naling. Further investigations on the role these deregulated 
proteins would shed new insights into developing new thera-
peutic approaches for targeting p21 signaling pathways.  
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Fig. (1). MS/MS representative spectra of proteins identi-
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