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Abstract
Purpose—Proapoptotic BH3-only proteins Bad and Bid initiate apoptosis by binding to regulatory
sites on prosurvival Bcl-2 proteins to directly neutralize their function. We determined if expression
of these proteins in colon cancers may account for differences in patient survival.

Experimental Design—Tumor-node-metastasis stages II and III primary colon carcinomas from
patients treated in 5-fluorouracil-based adjuvant therapy trials were studied. Immunohistochemical
analysis of Bad and Bid proteins was done in tumors (n = 379) and adjacent normal mucosa.
Expression was correlated with clinicopathologic variables, disease-free survival rates (DFS), and
overall survival (OS) rates.

Results—High expression of the Bad protein [hazard ratio (HR), 0.64; 95% confidence interval
(95% CI), 0.43–0.96; P = 0.031] in the cytoplasm of tumor cells was significantly associated with
more favorable OS in a univariate analysis. The combined Bad and Bid variable was prognostic for
DFS (P = 0.027) and OS (P = 0.006). Stage and histologic grade, but not DNA mismatch repair
status, were also prognostic for OS. Multivariate Cox analysis showed that high expression of Bad
(HR, 0.64; 95% CI, 0.43–0.97; P = 0.027) and Bid (HR, 0.68; 95% CI, 0.49–0.97; P = 0.034) were
independent predictors of OS after adjustment for stage, grade, age, treatment, and study. The
combined variable of Bad + Bid was independently associated with DFS (P = 0.020) and OS (P =
0.004).

Conclusion—Proapoptotic Bad and Bid proteins are independent prognostic variables in colon
cancer patients receiving adjuvant treatment. If validated, Bad and Bid expression may assist in risk
stratification and selection of patients to receive adjuvant chemotherapy.

Colorectal cancer is the second leading cause of cancer-related death in the United States and
the fourth leading cause worldwide (1). Considerable stage-independent variability in patient
survival is observed and underscores the need for additional prognostic markers. Apoptotic
regulatory proteins are potentially important prognostic or predictive markers because
impaired apoptosis is a critical event in tumor development and progression/metastasis and
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also renders the tumor cell resistant to cytotoxic chemotherapy (2). Whether a cell undergoes
apoptosis in response to cellular stress, including chemotherapy, is determined largely by
interactions between three factions of the Bcl-2 protein family (3). Two factions promote
apoptosis and include the BH3-only proteins that sense intracellular damage and can trigger
apoptosis by inserting their BH3 domain into a groove on the prosurvival Bcl-2 proteins to
inactivate them (3,4). The second faction are proapoptotic Bax and Bak proteins that when
activated can permeabilize the outer mitochondrial membrane, enabling release of cytochrome
c, which promotes activation of caspases (5). Activation of Bax and Bak is opposed by
prosurvival Bcl-2 proteins (Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and A1).

The BH3-only proteins Bid, Bim, and Puma bind to all prosurvival Bcl-2 proteins, whereas
Bad and Noxa display selectivity (6). Cytotoxicity assays in fibroblasts show that Bid, Bim,
and Puma are potent inducers of apoptosis, whereas Bad and Noxa alone are weaker, yet Bad
in conjunction with Noxa kills potently (6). The interplay between BH3-only proteins and other
Bcl-2 family members continues to evolve. Bid, similar to Bim and Puma, has been shown to
directly activate Bax-Bak to release cytochrome c (7). Prosurvival Bcl-2 proteins (Bcl-2, Bcl-
xL, and Mcl-1) sequester these “activator” BH3-only molecules into stable complexes, thus
preventing the activation of Bax-Bak. The remaining “inactivator” BH3-only molecules,
including Bad, serve to inactivate prosurvival Bcl-2 proteins. Bad displaces Bid, as well as
Bim or Puma, from Bcl-2- Bcl-xL to activate Bax-Bak. In unstressed cells, Bad is
phosphorylated by several protein kinases; however, in response to apoptotic stimuli, Bad is
rapidly dephosphorylated and migrates to the mitochondria where it induces cell death (8). Bid
and Bad proteins have been shown to directly affect the sensitivity of cancer cells to
chemotherapeutic agents as shown in studies in cells from knockout mice (4). BH3 mimetic
agents have been developed as a novel class of anticancer drugs. The BH3 mimetic ABT-737
has been shown to function like Bad to bind and inhibit prosurvival Bcl-2 family proteins but
does not directly activate Bax and Bak (9). Prosurvival Bcl-2 proteins are commonly expressed
in many types of human cancer and in most instances are associated with worse outcome and
resistance to chemotherapy (4). Although the oncogenic potential of prosurvival Bcl-2 family
members is well established (10,11), experimental studies suggest that loss of a proapoptotic
BH3 protein can also be oncogenic.

Given the importance of Bid and Bad proteins in the regulation and induction of cell death, we
tested the hypothesis that differences in the expression of Bad and Bid proteins could account
for differences in clinical outcome among colon cancer patients. Analysis of Bad and Bid
protein expression was done in archival colon carcinomas from patients treated in 5-
fluorouracil (5-FU)–based adjuvant chemotherapy trials. Our findings indicate that Bad and
Bid expression are independent prognostic variables in patients with tumor-node-metastasis
(TNM) stages II and III colon cancers.

Materials and Methods
Study population

Resected primary colon carcinomas were analyzed from participants in adjuvant chemotherapy
trials conducted by the Mayo Clinic/North Central Cancer Treatment Group as reported
previously (12,13). Paraffin-embedded tumor blocks were available from a nonrandom subset
of cases (n = 379). The current analysis was in accordance with the original informed consent
documents. Of 379 patients, 349 were randomized to study treatment arms and 30 received
observation alone. For purposes of the analysis, treatment was categorized as none or
ineffective [n = 57; observation only (n = 30) + portal venous 5-FU (n = 27)] versus effective
[5-FU + levamisole and/or leucovorin (n = 322); refs. 14, 15]. Eight stage II and 49 stage III
patients received either control or ineffective treatments.
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Immunohistochemistry
After deparaffinization, antigen retrieval was done in an EDTA (for Bad) or in a citrate buffer
(for Bid) using a steamer (30–40 min, 98–100°C). Endogenous peroxidase activity was
blocked, and slides were placed into a wash buffer [TBS solution containing 0.05% Tween 20
(pH 7.6); DAKO]. Subsequently, slides were incubated with a primary anti-Bad mouse
monoclonal antibody (Santa Cruz Biotechnology), diluted 1:100, for 30 min. For Bid, slides
were incubated with a primary anti-Bid rabbit polyclonal antibody (Cell Signaling), diluted
1:20, for 60 min. An automated immunostaining system (Autostainer; DAKO) was employed.
Slides were rinsed in wash buffer and a secondary antibody was applied (Envision+ Dual-Link
Horseradish Peroxidase; DAKO) for 15 min. The 3,3′-diaminobenzidine chromagen was then
applied to the slides. As a negative control, the primary antibody was omitted, but all other
steps were followed. A positive control for each antibody was used and consisted of prostate
for Bad and tonsil for Bid.

Defective DNA mismatch repair (MMR) was defined as absent expression of an MMR protein
by immunohistochemistry and instability at the BAT 26 locus as done and described previously
(16–18).

Apoptotic cells had been analyzed previously by terminal nucleotidyl transferase–mediated
dUTP nick end labeling (TUNEL) staining in a tumor subset using Apoptag Plus Peroxidase
In situ Apoptosis Detection Kit (Serologicals) (18).

Immunohistochemical scoring
Immunointensity (0/1/2/3) was determined and categorized as high (3+) versus low (0–2+)
staining. Immunopercent was determined and categorized as high (>50%) versus low (≤50%
of immunopositive cells) at light microscopy (19). The combined variable of Bad + Bid was
dichotomized for analysis, as high refers to either variable being high or both. All specimens
were analyzed by a pathologist (R.L.R.) without knowledge of clinical information. To
minimize subjectivity in the interpretation of immunohistochemical results, scoring criteria
had been agreed upon before the data analysis.

Specificity of anti-Bad and anti-Bid antibodies
To ensure specificity of the antibodies against Bad and Bid proteins, we did Western blotting
in cultured HT-29 and HCT116 human colon carcinoma cell lines.

Statistical analysis
Each slide was assigned a unique number that enabled blinding with respect to patient identity.
χ2 or Fisher’s exact tests were used to test for an association between prognostic markers for
categorical variables. The Wilcoxon rank-sum test was used to test for an association between
dichotomized markers and continuous variables. McNemar’s test was used to test for an
association between biomarkers in normal and tumor tissues from the same patients. Biomarker
expression was dichotomized for disease-free survival (DFS) and overall survival (OS)
censored at 5 or 8 years, respectively, and calculated as number of days from randomization
to the date of disease recurrence for DFS or death or last contact for OS. The distributions of
OS and DFS were estimated using Kaplan-Meier methodology. Univariate and multivariate
Cox proportional hazards models (20) were used to explore the association of markers with
OS and DFS. Univariate models were stratified according to the patient’s treatment study.
Multivariate models were adjusted for covariates including treatment and study but were not
stratified by study, because treatment effect was confounded with study effect. The score and
likelihood ratio test P values were used to test the significance of each covariate in the univariate
and multivariate models, respectively. The likelihood ratio test was also used to test for
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interactions in some limited multivariate models. Graphical and statistical methods were used
to examine whether underlying model assumptions were satisfied (e.g., proportional hazards;
ref. 21). Statistical tests were two sided, with P < 0.05 considered significant. Statistical
analyses were done using SAS software (SAS Institute).

Results
Clinicopathologic features and tumor characteristics

Clininicopathologic features of the study population are shown in Table 1. Mean (SD) and
median (range) patient age were 63.0 (10.75) and 65 (26–89) years, respectively. Patient age
was dichotomized at the median for survival analysis. The median duration of follow-up for
patients who remain alive was 8.0 years. Of the 379 primary colon carcinomas studied, 72
(19%) were TNM stage II and 307 (81%) were stage III. DNA MMR status had been determined
in 315 tumors and 37 (11.7%) cancers were found to have defective MMR (Table 1). These
tumors were significantly more likely to be from females (P = 0.0049), to be located in the
proximal colon (P < 0.0001), and to be poor/undifferentiated (P = 0.0030) compared with
tumors with intact MMR as reported by ourselves and others (16,19,22–24).

Bad and Bid expression
Bad and Bid staining localized to the cytoplasm of the tumor cells (Fig. 1A). High Bad
expression was detected in 97 (25.6%) carcinomas and low expression was found in 282
(74.4%; Table 1). High Bid expression was found in 267 (70.4%) tumors and low Bid
expression was detected in 112 (29.6%) cases. For a semiquantitative assessment of the level
of protein expression, we used immunointensity for Bad and immunopercent for Bid. Adjacent
histologically normal-appearing colonic mucosa was present in 234 of 379 (61.7%) tumor
specimens (Fig. 1A). Bad and Bid expression (immunointensity) were significantly increased
in tumor relative to normal colonic epithelium (both P < 0.0001).

The specificity of the Bad and Bid antibodies was evaluated in HT-29 and HCT116 human
colon carcinoma cell lines. In the Western blot assay, a single band corresponding to the known
molecular weights of Bad or Bid proteins was detected (Fig. 1B). Within the tissue sections,
determination of the antibody specificity was done using appropriate positive and negative
tissue controls with the expected results obtained (Fig. 1A; refs. 14, 25).

Bad and Bid expression were significantly correlated with one another (P = 0.0322). High
(versus low) Bid expression was associated with well/moderate versus poor/undifferentiated
tumors (P = 0.0238). Bad expression did not correlate with clinicopathologic features. Bad or
Bid expression did not differ based on adjuvant treatment status. Bid expression was strongly
correlated with the tumor apoptotic index (n = 94). Specifically, tumors with high (versus low)
Bid expression showed a higher median number of TUNEL stained tumor cells (P = 0.0076;
Table 2). Bad expression was unrelated to tumor apoptotic indices.

Tumor characteristics and patient survival rates
A significant association was observed between longer OS and high Bad expression (Table 1;
Fig. 2A). Specifically, 80.4% of patients whose tumors showed high level Bad were alive at 5
years postsurgical resection compared with 65.5% for tumors with low Bad expression (P =
0.0313). Additionally, 71.9% of patients whose tumors showed high Bid expression were alive
at 5 years postresection compared with 63.1% for tumors with low Bid levels (P = 0.0601;
Table 1; Fig. 2B). We also examined the combined Bad + Bid variable. As shown in Table 1,
high expression of the combined variable was significantly associated with better DFS (P =
0.0267) and OS (P = 0.0060) (Fig. 2C) rates. Calculation of hazard ratios [HR; with 95%
confidence interval (95% CI)] is shown as estimates of relative risk of death due to colon cancer
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(Table 1). The favorable prognostic effect of Bad expression was observed in both stages II
and III cancers as shown by similar HRs, although fewer stage II tumors were studied. Similar
correlations with OS were obtained for Bad and Bid expression when tumors with defective
MMR were excluded from the analysis (data not shown), thus excluding bias that might arise
from inclusion of tumors that arise through an alternative molecular pathway.

In a multivariate analysis, a Cox proportional hazards model was used to evaluate whether the
BH3-only proteins Bad and Bid showed independent prognostic significance. High levels of
Bad and Bid expression were independent prognostic markers for better OS after adjustment
for histologic grade, tumor stage, treatment, age, and study (Table 3). HR calculations indicated
a reduced relative risk of death from colon cancer of 36% for high Bad and 28% for high Bid
expression (Table 1). Furthermore, expression of the combined variable of Bad + Bid was an
independent predictor of both DFS (HR, 0.64; 95% CI, 0.44–0.92; P = 0.0202) and OS (Table
4).

Discussion
Diverse intracellular damage signals, including those evoked by cancer chemotherapy, are
transduced by the BH3-only proteins, including Bad and Bid, which inactivate prosurvival
Bcl-2 family members and commit the cell to apoptosis. In this study, we found a high level
of Bad expression in 97 (25.6%) cases that was significantly associated with better OS in
patients with curatively resected stages II and III colon cancers treated in 5-FU-based adjuvant
therapy trials. Specifically, cancers with high Bad expression showed a 36% reduction in 5-
year OS rates compared with tumors with low Bad levels. Additionally, high Bid expression
was detected in 267 (70.4%) cases and was associated with better OS that was of borderline
significance in a univariate analysis. The combined variable of Bad + Bad was highly
discriminant for both DFS and OS. Moreover, multivariate analysis revealed that both high
levels of Bad and Bid expression were independent predictors of improved OS after adjustment
for tumor stage, histologic grade, age, study, and treatment. The combined variable of Bad +
Bad was independently associated with DFS and OS. The reliability of our study results is
aided by the availability and rigorous collection of long-term (median, 8 years) survival data.
Consistent with our findings in colon cancers, Krajewska et al. (15) found that higher levels
of Bid expression were associated with longer recurrence-free survival in men with locally
advanced prostate cancer. The interpretation of our data is further supported by the observation
that tumor stage and grade were prognostic and have consistently been the most robust
prognostic markers in colorectal cancer patients (26), including prior reports using these same
studies (19,22).

Within tumor cells, Bad functions to dimerize with Bcl-xL and with Bcl-2 and can neutralize
the prosurvival function of Bcl-xL (27). Dimerization of Bad with Bcl-xL results in
displacement of Bax from the Bcl-xL/Bax complex, thereby causing restoration of Bax-
mediated apoptosis. Bad is regulated by its phosphorylation status and when phosphoryated at
serine residues is unable to dimerize with Bcl-xL. The explanation for the higher frequency of
Bid relative to Bad expression found in our study is unclear. In humans, a mutation in the BH3
domain of the Bad gene was reported in only 2 of 47 colon adenocarcinomas analyzed and was
shown to strongly reduce the binding of Bad to Bcl-2 and Bcl-xL (28). Further studies to analyze
other genetic mechanisms or potential epigenetic silencing of the Bad gene may resolve this
issue. The proapoptotic Bid protein requires proteolytic processing typically by a caspase
(29,30) or granzyme B (31). Bid can be activated by members of the tumor necrosis factor
(TNF) family, including the novel anticancer drug TRAIL/Apo2L (32). Therefore, Bid
connects the TNF family death receptor apoptotic pathway with the mitochondrial pathway
(29,30,32). Although no data are available on the frequency of Bid mutations in colorectal
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cancers, inactivating mutations in the Bid gene were detected in only 1 of 67 advanced gastric
cancers studied (33).

Given that Bad and Bid are proapoptotic proteins, we analyzed their expression in relationship
to tumor cell apoptotic indices. We found that Bid, but not Bad, expression was significantly
correlated with increased tumor cell apoptosis as determined by TUNEL staining. This finding
is consistent with evidence showing that Bid as well as the BH3-only proteins Bim and Puma
engage all prosurvival proteins that constrain them and are thus highly potent inducers of
apoptosis compared with the selective BH3 proteins Bad and Noxa (6). Furthermore, Bad has
been reported to be phosphorylated in human tumors and this alteration appears to prevent its
proapoptotic function (8). Studies in BH3 knockout mice have confirmed the importance of
Bad and Bid proteins in tumorigenesis and in apoptotic susceptibility. Spontaneous
tumorigenesis was observed in a cohort of aged Bad−/− mice, with diffuse large B-cell
lymphomas being the most frequent tumor observed, accompanied by hematopoietic
malignancies (34). Furthermore, Bad-deficient mice succumbed to radiation-induced thymic
lymphomas significantly earlier than their wild-type littermates (34). Mice lacking Bid
spontaneously develop a clonal malignancy that resembles human chronic myelomonocytic
leukemia (35). Bid also plays a role in the DNA damage response that is mediated through Bid
phosphorylation and is independent of its proapoptotic role (36). Together, these data support
a tumor suppressor role of these BH3-only genes. In this regard, our finding that low or absent
expression of Bad and Bid proteins is associated with worse clinical outcome is consistent with
a tumor suppressor role for these proteins in human colon cancers.

BH3-only protein expression is highly relevant to chemo-sensitivity. Knockdown of Bad and
Bid have been shown to confer resistance to anticancer drugs, including 5-FU (37,38).
Furthermore, overexpression of a Bid mutant in 293 T cells impaired the proapoptotic function
of Bid in response to 5-FU (33). Accordingly, Bad and Bid expression may be important
determinants of the efficacy of 5-FU in vivo, in that low or absent marker expression may
hinder a cell’s ability to respond to chemotherapy. Unfortunately, our study does not permit
an evaluation of the predictive utility of Bad and Bid proteins. The majority of patients in our
study received 5-FU-based adjuvant therapy, and due to the small number of untreated patients,
we could not appropriately test for the interaction between marker expression and treatment.
We did adjust for treatment effect in the multivariate model and Bad and Bid expression
remained as independent prognostic variables after taking into account differences in treatment.

In conclusion, proapoptotic Bad and Bid proteins are independent prognostic variables for
stages II and III colon cancer patients. These data also indirectly support the rationale for
targeting prosurvival Bcl-2 proteins using newly developed BH3 mimetic agents to enhance
tumor cell apoptosis (39,40) that have entered phase I testing. Validation of our study results
in an independent data set is planned, and evaluation of these markers in colon cancer patients
treated with current standard adjuvant chemotherapy (FOLFOX) is warranted. If validated, our
results suggest that Bad and Bid expression may be able to risk stratify colon cancer patients
and potentially to aid in the selection of patients to receive adjuvant therapy.
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Fig. 1.
A, immunohistochemical analysis of Bad and Bid proteins. a, colon carcinoma shows a high
level of Bad expression in the tumor cell cytoplasm. b, normal colonic mucosa is positive for
Bad staining. c, human prostate serves as a positive control for Bad staining. d, colon carcinoma
shows Bid expression in a majority of tumor cells. e, normal colonic mucosa is negative for
Bid staining. f, human tonsil serves as a positive control for Bid staining. Magnification, ×20
(a–e) and ×10 (f). B, Western blot of Bad and Bid expression in HCT116 and HT-29 human
colon carcinoma cell lines. Blot shows the specificity of the antibodies for Bad and Bid proteins
in both cell lines as indicated by a single band corresponding to their known molecular weights.
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Fig. 2.
A, OS in patients withTNM stages II and III colon carcinoma by Bad expression. B, OS in
patients withTNM stages II and III colon carcinoma by Bid expression. C, OS in patients
withTNM stages II and III colon carcinoma by the Bad + Bid combined variable.
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Table 2

Bid expression and apoptotic index

Apoptotic index Bid low (n = 33) Bid high (n = 61) P*

Mean (SD) 0.8 (0.47) 1.0 (0.44) 0.0076

Median 0.7 0.9

Range (0.0–1.9) (0.3–2.6)

*
Wilcoxon rank-sum test.
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Table 3

Multivariate analysis of OS (n = 379)

Variable HR (95% CI) P*

Bad expression (high vs low) 0.65 (0.43–0.98) 0.0336

Bid expression (high vs low) 0.69 (0.49–0.98) 0.0420

Histologic grade (3, 4 vs 1, 2)† 1.65 (1.18–2.31) 0.0037

TNM stage (III vs II) 1.80 (1.09–2.96) 0.0140

Treatment (effective vs ineffective) 0.62 (0.40–0.97) 0.0429

Age (≤65 vs >65 y) 0.86 (0.62–1.19) 0.3701

*
Likelihood ratio P, adjusted for histologic grade, tumor stage, treatment, age, and study.

†
1, 2 (well/moderate) and 3, 4 (poor/undifferentiated).
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Table 4

Multivariate analysis of OS (n = 379)

Variable HR (95% CI) P*

Bad + Bid (high vs low) 0.57 (0.40–0.82) 0.0038

Histologic grade (3, 4 vs 1, 2)† 1.69 (1.21–2.36) 0.0025

TNM stage (III vs II) 1.84 (1.12–3.03) 0.0101

Treatment (effective vs ineffective) 0.61 (0.38–0.96) 0.0354

Age (≤65 vs >65 y) 0.86 (0.62–1.20) 0.3779

*
Likelihood ratio P, adjusted for histologic grade, tumor stage, treatment, age, and study.

†
1, 2 (well/moderate) and 3, 4 (poor/undifferentiated).
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