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Abstract
Purpose  The purpose of the study was to examine the association between expression of mutant p53 (mtp53), full-length 
MDM2 (MDM2), and MDM2 isoform C (MDM2-C) and survival in multiethnic breast cancer patients.
Methods  A total of 787 invasive breast tumors included in a clinically annotated multiethnic population-based tissue microar-
ray (TMA) were screened utilizing commercially available antibodies to p53 and MDM2, and a newly developed monoclonal 
antibody recognizing MDM2-C.
Results  Mutant p53 (mtp53) was more common in younger (< 50 years) breast cancer patients. Among the 787 cases included 
in the study, mtp53, MDM2, and MDM2-C expression were not significantly associated with risk of overall or breast cancer-
specific mortality. However when associations within individual racial/ethnic groups (White, Japanese, and Native Hawai-
ian) were examined, expression of MDM2-C was found to be associated with lower risk of breast cancer-specific mortality 
exclusively for White patients HR 0.32, 95% CI 0.15–0.69 and mtp53 expression was associated with higher overall mortality 
in Japanese patients (HR 1.63, 95% CI 1.02–2.59). Also, Japanese patients positive for the joint expression of MDM2-C and 
mtp53 had a greater than twofold risk of overall mortality (HR 2.15, 95% CI 1.04–4.48); and White patients with positive 
MDM2-C and wild-type p53 expression (HR 0.28, 95% CI 0.08–0.96) were at lower risk of mortality when compared to 
patients with negative MDM2-C and wild-type p53 expression in their respective racial/ethnic group.
Conclusion  Racial/ethnic differences in expression profiles of mtp53, MDM2, and MDM2-C and associations with breast 
cancer-specific and overall mortality. MDM2-C may have a positive or negative role in breast tumorigenesis depending on 
mtp53 expression.
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Introduction

Breast cancer is the most common cancer among women 
in the United States [1]. Despite improvements in survival, 
the disease remains the second leading cause of cancer 
death for women. Breast cancer incidence and survival vary 

dramatically by race and ethnicity [2]. White women have 
the highest incidence and African American women have the 
highest mortality rates for breast cancer in the nation. The 
national rates among the aggregate Asian/Pacific Islander 
group are generally lower than among Whites for both inci-
dence and mortality. However, this group comprises very 
heterogeneous populations that have disparate incidence and 
mortality rates when evaluated as disaggregated populations. 
For example, Asian women have lower, and Pacific Islanders 
(including Native Hawaiians, Samoans, Guamanian/Cham-
orros) have higher incidence and mortality compared to 
White women [3–5]. Native Hawaiian women have amongst 
the highest breast cancer incidence in the nation and have 
a 50% higher risk of dying from breast cancer compared to 
White women [4, 6, 7].

Inactivation of the tumor suppressing p53 pathway is a 
common event in breast tumors. Depending on the molecular 
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subtype, p53 mutation is observed in 12–84% of breast cancers 
and is correlated with poor clinical outcome [8]. In addition to 
p53 mutation events, p53 pathway inactivation can also result 
from increased levels of MDM2, an E3 ubiquitin ligase that 
functions as a negative regulator of p53 [9–11]. MDM2 is also 
capable of inhibiting the transcriptional activity of p53 [12, 13].

The mdm2 gene produces at least 72 differentially spliced 
transcripts [14]. Expression of MDM2 isoforms, specifically 
isoforms A, B, and C, have been detected in multiple tumor 
types and associated with advanced disease and poor progno-
sis [14–20]. Exogenous expression of isoforms MDM2-A, B, 
and C confirms that these isoforms can promote tumorigen-
esis; however, the mechanism by which these isoforms do so 
remains poorly understood [19, 21]. Recent reports indicate 
that expression of MDM2-B, the most common isoform in 
multiple tumors, is associated with accumulation of mutant 
p53 (mtp53) [22] and the gain of function mtp53 promotes 
tumorigenesis by binding to and inhibiting p53 family mem-
bers (e.g., p63 and p73) [22]. MDM2-B has also been shown to 
function in a p53-independent manner by promoting the phos-
phorylation of MDM2 at Ser394/395, inhibiting its oligomeri-
zation and E3 ligase activity [23]. We have demonstrated that 
the MDM2-C isoform can also promote tumorigenesis in a 
p53-independent context, possibly through the E2F/RB path-
way [24, 25]. In addition to promoting cellular proliferation, 
MDM2 isoforms A and B have also been shown to mediate 
p53-dependent growth inhibition functions [26–28]. The pos-
tulated tumor suppressor capabilities for isoforms A, B, and C 
that lack the p53 binding domain but possess the RING finger 
domain necessary for MDM2 dimerization, are believed to 
function by sequestering MDM2 in the cytoplasm and pre-
venting the ubiquitination and degradation of wild-type p53 
[15, 26, 27]. Importantly, in cancers, mtp53 is not degraded 
by MDM2 and consequently the levels of mtp53 are very high 
and immunohistochemistry screens detect these as mtp53 posi-
tive (often called simply p53 positive) [29–31]. The contradic-
tory reports on the tumor promoting or inhibiting role of the 
MDM2 isoforms indicate the importance of the cellular mtp53 
context when evaluating their function.

We examined the protein expression patterns of mtp53, 
MDM2, and MDM2-C isoform in breast tumor tissue. Using 
a population-based tissue microarray, we investigate associa-
tions with clinicopathological features, demographics (age and 
race/ethnicity), and breast cancer-specific and overall mortality 
for these three protein biomarkers.

Methods

Monoclonal antibody generation

The monoclonal antibody to MDM2-C was produced at 
the Memorial Sloan Kettering Cancer Center Antibody and 

Bioresource Core Facility (Details in Supplemental Data 1). 
Briefly, Balb/c mice were inoculated subcutaneously with 
35 µg KLH MDM2-C peptide [24], which comprises the 15 
amino acid sequence spanning the exon 4/exon 10 junction 
(GCTYTMKEDLDAGVS). The best candidates were then 
cloned to establish a stable stock of monoclonal antibody 
MDM2-C clone 7C7 (mAb7C7). To confirm the specific-
ity of the anti-MDM2-C antibody (mAb 7C7), MDM2 and 
MDM2-C proteins were in vitro transcribed-translated (IVT) 
in HeLa lysates (1-Step Human Coupled IVT Kit, Thermo 
Fisher) and used in a Western Blot analysis. In addition, 
two commercially available anti-MDM2 antibodies, mAb 
SMP14 (monoclonal; aa 154–167; Santa Cruz) and mAb 
4B11 (monoclonal; aa 383–491; Calbiochem), were included 
in the Western Blot analysis.

Immunofluorescence

Immunofluorescence was used to demonstrate cellular 
localization of endogenous MDM2 and MDM2-C proteins 
in T47D and MDA-MB-231 breast cancer cell lines. Cell 
were genetically engineered to express Green Fluorescence 
Protein (GFP). Briefly, T47D and MDA-MB-231 cells were 
allowed to grow on 12-well glass bottom plates (MatTek) at 
50% confluency overnight. The next day cells were washed 
with 1x PBS and fixed with 4% paraformaldehyde (Sigma) 
for 15 min at room temperature. The cells were permeabi-
lized with 0.5% Triton-X-100 in PBS/1% FBS for 10 min 
and incubated with anti-MDM2 (mAb SMP14), MDM2-C 
(mAb 7C7), and control (mouse IgG antibody) for 1 h at 
room temperature. Alexa-conjugated goat anti-mouse (Invit-
rogen) antibody was used as secondary antibody. Cells were 
mounted with Vectashield mounting medium (Fisher Sci-
entific) containing 4′,6-diamidino-2-phenylindole (DAPI). 
Images were collected by Nikon A1 Confocal microscope 
at X60 magnification.

Breast cancer tissue microarray

The study was approved by the University of Hawaii Com-
mittee on Human Studies. The population-based TMAs 
were comprised of de-identified, archived formalin-fixed, 
paraffin-embedded (FFPE) tumor and adjacent normal tis-
sue available through the Hawaii Tumor Registry’s Residual 
Tissue Repository (RTR) of the National Cancer Institute’s 
(NCI) Surveillance, Epidemiology, and End-Results (SEER) 
program. A total of 787 invasive breast cancer cases were 
evaluated for this study. Two sets of population-based tis-
sue microarrays (TMA) were used to achieve this large 
sample size, one set included 355 invasive breast cancer 
cases all diagnosed in 1995 [32] and the other set included 
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432 invasive breast cancer cases diagnosed 2000–2004 in 
Hawaii. Each breast cancer case included on the TMA is 
represented by up to four 0.6-mm cores of tumor tissue. All 
cases included on the TMA are linked to the Hawaii Tumor 
Registry and annotated with de-identified, high-quality clin-
icopathological and outcome data including demographic 
data. Both TMAs were constructed by the University of 
Hawaii Cancer Center’s Pathology Core.

Immunohistochemistry

For immunohistochemical (IHC) staining of TMA sections, 
2.5-µm sections were mounted on glass slides then incubated 
with specific antibodies at optimized dilutions, followed by 
secondary antibodies, and diaminobenzidine for colorimet-
ric detection. The antibodies recognizing full-length MDM2 
(monocloncal SMP14; aa 154–167; Abcam) and p53 (mono-
clonal PAb1801; aa 46–55; Vector Laboratories) were com-
mercially available and IHC procedures were performed 
according to the manufacturers’ recommendations. The 
MDM2-C-specific monoclonal antibody (mAb 7C7) was 
titered and optimized for IHC. IHC staining results were 
evaluated by a board certified pathologist who was blinded 
to clinicopathological characteristics and outcome status. 
Each core was scored based on the intensity of nuclear 
(p53) and/or cytoplasmic (MDM2 and MDM2-C) staining 
and the percentage of cells that stained. Cores were scored 
as negative (no staining) or positive. Cores comprised of 
< 25% tumor tissue were not scored. Cases were considered 

positive for biomarker expression if at least one of the trip-
licate cores stained positive for each case.

Statistical analysis

All analyses were performed for all study participants among 
the three largest racial/ethnic groups in the study (Whites, 
Japanese, Native Hawaiians). Tumor tissue samples with 
insufficient (< 25%) tumor tissue or equivocal IHC results 
were excluded. For each of the three markers, tumor samples 
were graded as positive or negative for expression of the 
protein marker. Correlation between protein expression of 
MDM2, MDM2-C and p53 was assessed by pairwise Pear-
son’s correlation coefficients. The proportions of tumors 
with positive staining for MDM2, MDM2-C, and p53 were 
compared by patient and tumor characteristics using Pear-
son’s Chi-square test. Differences in 10-year overall survival 
by expression of the three markers were assessed using 
Kaplan–Meier estimates and log rank test. The association 
of protein expression of MDM2, MDM2-C, and p53 with 
the risk of overall and breast cancer mortality was examined 
using Cox proportional hazards regression. Survival period 
was computed from the date of cancer diagnosis to the date 
of death from any cause or from breast cancer to provide 
estimates of overall and breast cancer-specific survival, 
respectively. Patients alive at the date of last contact were 
considered censored. The proportional hazard assumption 
for Cox models was verified by plotting scaled Schoenfeld 
residuals against time to event [33]. Hazard ratios (HRs) and 
95% confidence intervals (CIs) were calculated for protein 
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Fig. 1   MDM2-C-specific monoclonal antibody. a Western blot for 
MDM2 and MDM2-C. Specificity for the monoclonal antibody mAb 
7C7 to recognize MDM2-C isoform and not full-length MDM2 was 
tested on in  vitro transcribed/translated (IVT) MDM2-C and full-
length MDM2. Antibody mAb SMP14 specifically recognizes full-
length MDM2 and not MDM2-C and antibody mAb 4B11 recognizes 
both MDM2 and MDM2-C. b Immunofluorescence was used to dem-

onstrate cellular localization of endogenous MDM2 (red; nucleus) 
and MDM2-C (red; cytoplasm) proteins in T47D and MDA-MB-231 
breast cancer cell lines. Cell lines were genetically engineered to 
express GFP. Alexa-conjugated goat anti-mouse was used as second-
ary antibody. DAPI stains the nuclei of the cells. Images were taken 
at ×60 magnification
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expression, with negative expression as a reference category. 
Analyses were adjusted for patients’ age at time of diagno-
sis (by 5-year age groups), tumor stage (localized; regional/
distant), tumor ER status (positive; negative), and PR status 
(positive; negative). Analyses of the associations of expres-
sion MDM2, MDM2-C and p53 with survival were also con-
ducted for combinations of expression of MDM2 and p53, 
and of MDM2-C and p53, and stratified by race/ethnicity 
and tumor ER status. Heterogeneity across races/ethnicities 
was assessed using Wald tests of the cross-product interac-
tion terms between race/ethnicity and the three markers, and 
subgroup analyses by race/ethnicity were conducted based 
on the statistically significant interaction effects. All tests 
were two-sided; p < 0.05 was considered statistically sig-
nificant. All data analyses were performed using SAS 9.4 
statistical software (SAS Institute Inc.).

Results

MDM2‑C‑specific monoclonal antibody 
characterization

We generated a monoclonal antibody specific to the MDM2-
C isoform. The immunogen peptide consists of the amino 
acid sequence produced from the splice junction between 
exon 4 and 10, which is unique to the MDM2-C isoform 
[24]. Specificity of the anti-MDM2-C monoclonal antibody 
(clone mAb 7C7) was confirmed in a Western blot using 
in vitro transcribed/translated (IVT) MDM2-C and MDM2 
proteins (Fig. 1a). Full-length MDM2 (referred to as MDM2 
throughout) and/or MDM2-C was detected using two com-
mercially available antibodies, mAb SMP14 (MDM2) and 
mAb 4B11 (MDM2 and MDM2-C), which recognize two 
different epitopes of the MDM2 protein. The anti-MDM2 
clone mAb SMP14 recognizes MDM2, but not MDM2-C 
because the epitope is encoded by exon 8, an exon that is 
not included in the MDM2-C isoform. The anti-MDM2 
clone ab4B11 recognizes the carboxy-terminus of MDM2, 
included in both MDM2 and MDM2-C.

We previously reported MDM2-C localization in distinct 
foci in the cytoplasm and nucleus in ER-positive breast can-
cer cells (T47D) using a different polyclonal antibody clone 
to MDM2-C [24]. We conducted an immunofluorescence 
analysis on two breast cancer cell lines, T47D (ER-positive) 
and MDA-MB-231 (triple negative subtype), using clone 
mAb 7C7 to compare the cellular localization of endogenous 
MDM2-C and MDM2. MDM2 was detected strongly in the 
nucleus of both cell lines (Fig. 1b, red signal). MDM2-C was 
observed as punctate staining primarily in the cytoplasm of 
both the ER-positive and triple-negative breast cancer cell 
lines (Fig. 1b, red signal). Our results indicate that we have 
generated a monoclonal antibody that specifically recognizes 

the MDM2-C isoform, confirming the presence of cytoplas-
mic localization of MDM2-C in both ER-positive and triple-
negative breast cancer cells.

Study population and tumor characteristics

The study included a total of 787 invasive breast cancer cases 
diagnosed in Hawaii. The majority of cases were 50 years and 
older (71%) and were White (26%), Japanese (31%), or Native 
Hawaiian (19%), reflecting three major racial/ethnic popula-
tions in Hawaii. The predominant histologic subtype of the 
tumors was infiltrating ductal carcinoma (83%), of localized 

Table 1   Characteristics of invasive breast cancer cases included on 
the tissue microarray

a Total percent may be higher or lower than 100 due to rounding
b Includes Chinese, Filipina, other Asian, other Pacific Islander and 
other racial/ethnic groups
c Based on SEER staging

No. Percent (%)a

Age group
 < 50 years 229 29.1
 ≥ 50 years 558 70.9

Race/ethnicity
 White 202 25.7
 Native Hawaiian 150 19.1
 Japanese 240 30.5
 Otherb 195 24.8

Stagec

 Localized 518 65.8
 Regional 246 31.3
 Distant 22 2.8
 Unstaged 1 0.1

Grade
 Well-differentiated 103 13.1
 Moderately differentiated 327 41.6
 Poorly/undifferentiated 287 36.5
 Unknown 70 8.9

Histology
 Infiltrating ductal carcinoma 655 83.2
 Lobular carcinoma 32 4.1
 Mucinous adenocarcinoma 22 2.8
 Other 78 9.9

Estrogen receptor
 Positive 572 72.7
 Negative 171 21.7
 Unknown 44 5.6

Progesterone receptor
 Positive 536 68.1
 Negative 206 26.2
 Unknown 45 5.7
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stage (66%), well-to-moderately differentiated grade (55%), 
and positive for ER and PR expression (73% and 68%, respec-
tively) (Table 1).

Expression of MDM2, MDM2‑C, and mutant p53 
in breast tumor tissue

We examined expression of MDM2, MDM2-C, and p53 
by IHC staining of the 787 breast cancer cases included in 
our TMA (Fig. 2). When cancer cells are positive for p53 
protein expression, it is generally indicative of the presence 
of mtp53 protein [29–31]. Therefore, we denote these as 
p53-positive cancers as mtp53. We observed predominantly 
nuclear staining for MDM2 and mtp53, and cytoplasmic 
staining for MDM2-C in breast tumor cells (Fig. 2). MDM2 
was positive for expression in 80% of the tumors, MDM2-
C stained positive in 82% of the tumors, and mtp53 was 
detected in 64% of the breast tumors (Table 2).

MDM2, MDM2-C, and mtp53 did not have significant 
differences in expression patterns in breast tumors by race/
ethnicity, stage, grade, or ER expression, with the exception 
of a significant association observed between mtp53 expres-
sion and younger age of diagnosis (p = 0.03) (Table 2). 
When expression patterns were analyzed for the individual 

racial/ethnic groups, we observed significant associations for 
mtp53 with younger age (< 50 years; p = 0.03) and MDM2 
with advanced stage (p = 0.01) in tumors from Native Hawai-
ian patients only (Table 3).

We analyzed pairwise co-expression of MDM2-C, 
MDM2, and mtp53. These were positively correlated 
(p < 0.001) for all cases analyzed, with a relatively stronger 
correlation between MDM2-C and MDM2 expression 
(r2 = 0.38; p = < 0.0001). The correlations between expres-
sion of MDM2 and mtp53, and MDM2-C and mtp53 were 
similar (r2 = 0.29; p = < 0.0001 and r2 = 0.28; p = < 0.0001, 
respectively). Within individual racial/ethnic groups, we 
observed similar correlation trends for the pair-wise expres-
sion of MDM2 and MDM2-C, as well as MDM2 and mtp53 
for Whites, Japanese, and Native Hawaiian women. How-
ever, among the three racial/ethnic groups, we observed a 
weaker correlation between pair-wise expression of MDM2-
C and mtp53 expression in the breast tumors in Whites 
(r2 = 0.19, p = 0.01) compared to Japanese and Native 
Hawaiians, both with a correlation of r2 = 0.32 (p ≤ 0.0001) 
(Supplemental Data 2).

Fig. 2   Immunohistochemical 
staining of MDM2, MDM2-
C, and p53 proteins in breast 
cancer tissue. Representa-
tions of positive and negative 
immunohistochemical (IHC) 
stains of MDM2, MDM2-C, 
and p53 proteins in breast tumor 
tissue cores included in the 
tissue microarray. The antibod-
ies recognizing MDM2 (mAb 
SMP14) and p53 (PAb1801). 
Positive MDM2 and MDM2-C 
protein staining was predomi-
nantly cytoplasmic and p53 
was nuclear. Individual tissue 
cores at ×20 magnification and 
for positive cores and a ×40 
magnification (inset) of the 
region highlighted in the red 
boxed area
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MDM2, MDM2‑C, and mutant p53 expression 
and survival

When we examined association with overall 10-year survival 
for all cases, there were no significant differences in survival 
by expression of MDM2, MDM2-C, or mtp53 (Supplemen-
tal Data 3). Significant survival differences were also not 
observed by age (< 50 vs. ≥  50 years) or by ER-status (Sup-
plemental Data 4). For all cases and the individual racial/
ethnic populations, there was consistent trend for poorer 
overall survival associated with mtp53; however, this asso-
ciation was statistically significant only among Japanese 
(Log rank p value = 0.03) (Supplemental Data 3).

Association of MDM2, MDM2-C, and mtp53 protein 
expression with mortality was also examined after adjusting 
for age, stage, first course treatment, ER, and PR (Table 4; 
Supplemental Data 5). Statistically significant heterogene-
ity by race/ethnicity was observed in the effect of MDM2-
C. In stratified analyses, among Japanese women, mtp53 
expression was still significantly associated with higher 
risk of overall mortality after adjusting for age, stage, first 
course treatment, ER and PR status (adjusted HR 1.63, 95% 
CI 1.02–2.59). Following adjustment, MDM2-C expres-
sion was significantly associated with lower risk of breast 
cancer-specific mortality for Whites (adjusted HR 0.32, 95% 

CI 0.15–0.69). No significant associations with the three 
markers were observed for Native Hawaiians. In addition, 
we observed no significant association with the expression 
of the three proteins with overall or breast cancer-specific 
mortality stratified by ER-status (Supplemental Data 6).

We also examined the association with the risk of mor-
tality with combinations of joint expression of MDM2 and 
p53, as well as MDM2-C and p53 (Table 5). There was no 
association among all cases with overall or breast cancer-
specific mortality. However, for Whites we observed a sta-
tistically significant difference in the risk of breast cancer 
mortality by joint expression of MDM2-C and p53 (mtp53). 
A significantly decreased risk of breast cancer-specific mor-
tality for tumors that were positive for MDM2-C and nega-
tive for p53 (wild-type p53) compared to tumors that were 
negative for both MCM2-C and p53. Also among Whites, 
we observed a increased risk of overall mortality associated 
with tumors that were negative for MDM2 and positive for 
p53 (mtp53) expression compared to tumors that were nega-
tive for both MDM2 and p53 expression. A positive asso-
ciation was observed for Japanese, where positive expres-
sion of MDM2-C and p53 (mtp53) were associated with an 
increased risk of overall mortality compared to tumors that 
were negative for both MDM2-C and p53. No significant 
association with the risk of mortality was observed for any 

Table 2   Distribution of MDM2, MDM2-C, p53 expression by patient characteristics

a Excludes cases with insufficient tissue or equivocal IHC results
b p values based on Pearson’s Chi-square test
c Excludes Chinese, Filipina, other Asian, other Pacific Islander, and other racial/ethnic groups

Characteristic MDM2a MDM2-Ca P53a

Positive Negative Positive Negative Positive Negative

n (%) n (%) p valueb n (%) n (%) p valueb n (%) n (%) p valueb

All cases (n = 787) 588 (80) 152 (20) 585 (82) 133 (19) 492 (64) 273 (36)
Age
 < 50 years 179 (81) 41 (19) 0.40 180 (83) 38 (17) 0.62 159 (70) 68 (30) 0.03
 ≥ 50 years 409 (79) 111 (21) 405 (81) 95 (19) 333 (62) 205 (38)

Race/ethnicityc

 White 138 (76) 44 (24) 0.27 135 (80) 33 (20) 0.95 122 (64) 69 (36) 0.90
 Japanese 186 (82) 40 (18) 183 (81) 42 (19) 153 (65) 81 (35)
 Native Hawaiian 115 (78) 32 (22) 116 (82) 26 (18) 98 (66) 50 (34)

Stage
 Localized 381 (79) 101 (21) 0.72 375 (81) 90 (19) 0.45 316 (63) 185 (37) 0.34
 Regional-distant 206 (80) 51 (80) 209 (83) 43 (17) 175 (67) 88 (33)

Grade (differentiation)
 Well-moderate 315 (78) 88 (22) 0.34 322 (83) 64 (17) 0.15 271 (65) 146 (35) 0.67
 Poor 273 (81) 64 (19) 263 (79) 69 (21) 221 (64) 127 (36)

Estrogen receptor
 Positive 422 (79) 112 (21) 0.11 428 (83) 91 (17) 0.57 358 (64) 198 (36) 0.76
 Negative 139 (85) 25 (15) 128 (81) 31 (19) 109 (66) 57 (34)
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of the joint combinations of MDM2 and p53 or MDM2-C 
and p53 for Native Hawaiians.

Discussion

MDM2 is amplified and overexpressed in multiple tumor 
types, including breast cancer [34, 35]. The role of MDM2 
in prognosis has been inconsistent, with MDM2 expression 
associated with both poor and favorable prognosis [35–38]. 
It is possible that this is due to our limited understanding 
of the role of the multiple mdm2 splice variants. To date, 
at least 72 mdm2 splice variants have been identified [14]. 
Three MDM2 isoforms (A, B, and C) that are commonly 
found in multiple cancers types [14]. MDM2 isoforms have 
been shown to be capable of both promoting, as well as, 
inhibiting tumorigenesis [21, 22, 24, 28]. The biological 
mechanisms underlying these two contrasting outcomes 
remains an area of active research. In this study, we inves-
tigated the association with overall and breast cancer-spe-
cific mortality in a multiethnic population of MDM2 and 
MDM2-C protein in breast tumors with and without mtp53 
expression.

The comparison of MDM2 and MDM2-C isoform-spe-
cific antibodies enabled us to examine protein expression 
patterns for a multiethnic population of breast cancer cases 
to gain a better understanding of the role of these isoforms in 
relation to the expression of mtp53. When we evaluated the 
protein expression profiles of MDM2, MDM2-C, and mtp53 
among all breast cancer cases, we found an association for 
p53 expression and age at diagnosis, with a higher frequency 
of mtp53 in younger breast cancer patients (< 50 years). No 
significant differences for MDM2 and MDM2-C expres-
sion by age, stage, grade, ER or PR status, or race/ethnic-
ity (White, Japanese, Native Hawaiian) were observed. The 
mdm2 gene is a transcriptional target of the ER [39] and in a 
comprehensive analysis of intrinsic molecular breast cancer 
subtypes, the mdm2 gene is found to be most commonly 
amplified in Luminal B and HER2-expressing subtypes, and 
less frequently in the Luminal A and Basal-like subtypes 
[8]. We did not detect a significant difference in MDM2 
or MDM2-C protein levels by ER status; however, we do 
not have intrinsic molecular subtype characterization for the 
breast cancer cases included on the TMA, so it is possible 
that there are differences in MDM2 and MDM2-C expres-
sion across molecular subtypes, which at this time we are 
unable to assess.

When we examined expression patterns among indi-
vidual racial/ethnic groups, we found a significantly higher 
frequency of positive MDM2 expression in advanced stage 
tumors and mtp53 in breast tumors of younger Native 
Hawaiian patients (< 50  years). Native Hawaiians with 
breast cancer have amongst the highest mortality rate in Ta
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nation. Although we did not observe an association with 
expression of the three proteins and risk of mortality for 
Native Hawaiian patients in this study, it is possible that 
the high frequency of MDM2 expression in advanced stage 
and mtp53 in younger individuals for this group indicates 
that the disruption of the p53-mediated tumor suppressor 
pathway is an important component contributing to poorer 
survival trends for Native Hawaiian breast cancer patients.

We did not observe significant associations with expres-
sion of the three proteins and risk of overall or breast can-
cer-specific mortality when all cases were included. How-
ever, we observed significant associations within individual 
racial/ethnic groups. Surprisingly, our results indicate that 
MDM2-C expression is associated with better breast can-
cer prognosis in Whites and worse prognosis in Japanese. 
We observed a highly significant negative association with 
risk of breast cancer-specific mortality for White patients 
with breast tumors expressing MDM2-C, and a marginally 
significant positive association with overall mortality for 
Japanese patients (Table 4). Previous in vitro and mouse 
studies indicate that MDM2 isoforms A, B, and C are capa-
ble of both promoting and inhibiting tumorigenesis, in a 
p53- dependent and independent manner [22, 26–28, 40]. 
Although there are limitations to the functional interpreta-
tion of our results, perhaps the role of MDM2-C in breast 
tumorigenesis may depend on the status of p53 (wild-type or 
mutant), as was previously demonstrated with MDM2 iso-
forms A and B. We examined association between the joint 
positive signal for MDM2-C and p53 as well as MDM2 and 
p53 expression profiles and risk of mortality for all patients 
and for individual racial/ethnic groups. Japanese patients 
with tumors expressing MDM2-C and mtp53 were at greater 
than twofold higher risk of overall mortality compared to 
tumors lacking MDM2-C in the presence of wild-type p53. 
However, this association was not observed for Whites or 
Native Hawaiians. In fact, for White patients, expression of 
MDM2-C and wild-type p53 was associated with a lower 
risk for breast cancer-specific mortality (Table 5).

These results support the complexity and cellular con-
text dependence of the functional roles of MDM2, and 
MDM2 isoforms, to promote or inhibit tumorigenesis. Per-
haps, the outcome differences in the racial/ethnic groups 
could be the result of differences in p53 mutation status 
and mutation sites, differentially impacting interaction 
with MDM2 and potential gain of function mtp53 events 
as proposed by Zheng et al. [22]. It is also possible that 
MDM2, and perhaps MDM2-C, are functioning in a p53 
independent manner to regulate tumorigenesis through the 
MDM2-Rb-E2F1 axis. We recently showed that MDM2 
can provoke phosphorylation of Rb and upregulate E2F1 
activity in mammary cells resulting in cellular prolifera-
tion and mammary tissue architecture [25]. The role of 
MDM2-mediated cellular activity is further complicated 

because the different racial/ethnic populations have differ-
ent allele frequencies for the single nucleotide polymor-
phism (SNP) 309 (rs2279744) in the promoter region of 
the mdm2 gene. This SNP impacts recruitment of the Sp1 
transcription factor, resulting in an increase in MDM2 and 
MDM2-C expression [41, 42]. The G allele at SNP309 
binds SP1 with a higher affinity than the T allele and indi-
viduals of Asian ancestry have a higher frequency (54%) 
of the G allele compared to individuals of European (35%) 
or African (7%) decent [43]. We observed a higher fre-
quency of MDM2, but not MDM2-C, tumors in Japanese 
patients, compared to White and Native Hawaiian patients 
(Table 2). Interestingly, several studies have found interac-
tions between the MDM2 SNP309 genotype and p53-path-
way status and breast cancer survival [44–46]. Similar 
interactions may contribute to the association differences 
that we are observing for the different racial/ethnic groups 
in our study. However, we cannot completely discount the 
possibility of a Type I error in our subgroup analyses. Our 
novel findings of the potential role of MDM2-C in breast 
tumors could have translational importance, because the 
inhibition of MDM2 function as a cancer therapeutic is an 
ongoing consideration [47–50].

Our findings suggest that the potential functional roles of 
the MDM2 isoforms needs to be considered when assess-
ing p53 status. Additional studies will need to be conducted 
to better understand the racial/ethnic differences associated 
with MDM2, MDM2-C, and mtp53 and mortality for breast 
cancer patients.
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