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Abstract. D4-GDI is a key regulator of Rho GTPases that have been implicated in several aspects of breast tumorigenesis. We
have previously found that D4-GDI was selectively expressed in breast cancer cell lines over normal mammary epithelial cells [45].
In this study, we investigated the expression level of D4-GDI in breast tumor specimens (n = 165) by immunohistochemistry
using a validated antibody that specifically recognizes the full-length D4-GDI protein. D4-GDI was predominantly expressed in
the luminal cells of the duct in contrast to the myoepithelial cells of the outer layer. The percentage of D4-GDI positive samples
were found to be higher in the early stages of breast cancers followed by a significant decrease in malignant tumors and metastatic
lesions when compared to normal breast tissues (p < 0.01). Analysis of matched samples confirmed the lower expression of
D4-GDI in malignant tumors than normal adjacent tissues, while there was no further decrease in metastatic lesions. These results
suggest that D4-GDI may function as a biphasic regulator of breast cancer progression and metastasis.
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Abbreviations

RhoGDI, Rho GDP dissociation inhibitor (RhoG-
DI alpha);

D4-GDI, Rho GDP dissociation inhibitor beta
(RhoGDI beta or RhoGDI-2);

Rac1, Ras-related C3 botulinum toxin sub-
strate 1;

TMA, tissue microarray;
WT, wild type.

1. Introduction

Breast cancer is a heterogeneousdisease that exhibits
distinctmolecular profiles and clinical outcomes. In ad-
dition to tumor size and nodal status, several molecular
markers are being clinically used for diagnosis and de-
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sign of the individualized treatment. These include the
estrogen receptors (ER), progesterone receptors (PR),
and human epidermal growth factor receptor 2 (Her-2).
Approximately 60–70% of breast cancers express ER
and/or PR and 20–30%of breast cancers have amplified
Her-2 gene [4],which provide a basis for treatment with
targeted therapies such as tamoxifen and trastuzumab.
However, 15–20% breast tumors do not express ER/PR
or HER-2 and are thus defined as triple-negative breast
cancer. This subtype of breast cancer is clinically char-
acterized as more aggressive and less responsive to the
standard treatment and is associated with poor patient
prognosis [4,6]. Although gene expression signatures
have been proposed by several groups for classification
of breast tumor subtypes, the results are not generally
applicable due to their significant discrepancy [22,23,
29,36,41].

Recently Rho GDP-dissociation inhibitors (Rho-
GDIs) have come to light as potential regulators of
tumorigenesis and cancer progression [42]. The hu-
man RhoGDI family includes RhoGDI, D4-GDI, and
RhoGDI-3. These proteins are crucial regulators of
Rho GTPases, including Rac1, Cdc42, and RhoA,
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through which they control a variety of signaling path-
ways that are essential for normal cell function. Like
RhoGDI, D4-GDI is thought to form stable complexes
with individual Rho proteins thereby controlling their
subcellular localization and cellular activities. Aber-
rant signaling throughRho GTPases has been implicat-
ed in virtually all aspects of tumorigenesis – tumori-
genic transformation, outgrowth, metastasis and angio-
genesis [1,15]. It has therefore been suggested that
by modulating the activity of Rho GTPases, RhoGDIs
could participate in the cellular processes responsible
for tumorigenesis [42].

D4-GDI, also known as RhoGDI-2 or LyGDI or
RhoGDI-β, was originally identified in hematopoietic
tissues such as T- and B- cells [19,31]. However, in-
creasing evidence shows that D4-GDI is also expressed
in cells of non-hematopoietic neoplasms, including
bladder [11], ovarian [37], colon [28], lung [27], and
gastric [5] carcinoma. Our laboratory was the first to
show that D4-GDI is selectively expressed in invasive
breast cancer cell lines over normal mammary epithe-
lial cells [45]. We have also demonstrated that silenc-
ing of D4-GDI gene abolished tumor growth and ex-
perimental metastasis in a xenograftmouse model [44].

This study was aimed at studying D4-GDI protein
expression in primary breast tumors. Compared with
normal breast tissues, D4-GDI protein is upregulated in
the early stages of cancer progression (hyperplasia and
benign) followed by a decrease in malignant tumors
and metastatic lymph nodes. The results suggest that
D4-GDI may play dual roles in regulation of breast
cancer progression.

2. Materials and methods

2.1. Cell lines and reagents

All human breast cancer cell lines used in this
study were obtained from the American Type Cul-
ture Collection (Manassas, VA), with the exception
of SUM1315MO2 from Asterand biorepository (De-
troit, MI). MDA-MB-231 derivatives stably expressing
siRNA against human D4-GDI (siD4-GDI), Rho-GDI
(siRho-GDI) or firefly luciferase (siCtrl) transcripts
were described previously [45]. The cell lines were
periodically (∼ 3 months) tested for the absence of my-
coplasma contamination in our laboratory. Rabbit poly-
clonal antibody against D4-GDI (N 1–20) and mon-
oclonal antibodies specific to human Rho-GDI were
from BD Biosciences, anti-D4-GDI mouse monoclon-

al (IgG2b) clone 97A1015 was from Affinity BioRe-
agents, anti-actin (I-19) goat polyclonal from Santa
Cruz. Recombinant human TNF-related apoptosis in-
ducing ligand (rhTRAIL) was from R & D System.

2.2. Western blotting

Cells were lysed in Pierce IP lysis buffer (Ther-
mo Scientific) for 30 min at 4◦C. Protein concentra-
tions of each whole cell lysate were determined using
the BCA protein assay (Pierce, Rockford, IL). Equal
amounts of cell lysates were resolved by electrophore-
sis using 4–12% NuPAGE Bis-Tris gels (Invitrogen)
and transferred to PVDF membranes (Millipore) for
immunoblot analysis with an appropriate dilution of an-
tibodies (1:100 to 1:2000). When necessary, the mem-
branes were stripped by Restore western blot stripping
buffer (Pierce) and reprobed with appropriate antibod-
ies. Immunocomplexeswere visualized by chemilumi-
nescence using ECL reagent (Santa Cruz).

2.3. Tissue microarrays

Breast cancer tissue microarrays (TMAs; Cat No.
BR2082, BR1003 and BR953) were obtained from US
Biomax, Inc. (Rockville, MD). All the tissue sam-
ples were preserved in 10% phosphate buffered for-
malin (pH 7.4), embedded in paraffin, processed into
sections. Array sections were mounted on the positive
charged super plus glass slide. The tissue microarray
sections were cut at 4 μm think. Individual cores are
1.5 mm in diameter, spaced 0.25 mm. The patholo-
gy diagnosis of tissues in TMAs was provided by US
Biomax, and confirmed by the microscopic evaluation
of the histopathology of the cores by two independent
board certified pathologists. The tissue samples are
classified into the following clinical relevant groups:
Normal or NAT, normal breast tissue or normal adja-
cent to tumor; Hyperplasia; Benign, fibroadenoma; In
Situ, intraductal and lobular carcinoma in situ; Malig-
nant, invasive ductal and lobular carcinomas; Metastat-
ic, breast cancer metastases to the lymph nodes. After
histological evaluation by our pathologists the tissue
microarrays contained: BR2082- 29 cases of metastat-
ic carcinoma, 84 invasive carcinoma (malignant), 16
intraductal carcinoma and 3 lobular carcinoma in situ
(In Situ), 8 fibroadenoma (benign), 4 of hyperplasia, 21
adjacent normal tissue and normal tissue, single core
per case. BR1003- 100 tissue cores, duplicated cores
of 10 cases of each type (hyperplasia, dysplasia, ductal
carcinoma and lobular carcinoma) and triplicated cores
of 6 breast normal tissues. BR956- Paired matched
samples, 7 pairs of normal/ malignant and 9 pairs of
malignant/metastatic, duplicated cores per case.
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2.4. Immunohistochemistry

Tissue sections were deparaffinized in xylene, and
rehydrated in gradients of alcohol and water. Endoge-
nous peroxidase activity was blocked by incubating
slides in 3% hydrogen peroxide at room temperature for
5 minutes. Antigen retrieval was performed in the anti-
gen unmasking solution, H3300, for 30 minutes in mi-
crowave oven. To reduce non-specific staining, slides
were washed in phosphate buffered saline with Tween-
20, followed by incubation in 2.5% normal horse block-
ing serum for 30 min. Blocked sections were incubated
in primary anti-D4-GDI polyclonal antibody (1:100)
for 1 hour at room temperature. After washing three
times, slides were incubated for 30 minutes with Imm-
PRESS anti-rabbit Ig reagent (Vector Laboratories) fol-
lowed by incubationwith the peroxidase substrateDAB
solution (DAKO Cytomation) until desired stain inten-
sity develops. Slides were counterstained with Hema-
toxylin and mounted with permanent mounting medi-
um.

Qualitative/semi-quantitative scoring was indepen-
dently done by two board certified pathologists. Stain-
ing intensities in cancer cells were compared with in-
flammatory cells (particularly lymphocytes) that are
known to express high levels of D4-GDI that was used
as internal positive control. The cells of stroma, colla-
gen and adipose tissues showed minimal or no staining
and were used as internal negative controls. The stain-
ing intensities when compared to negative and positive
controls on the same tissue core were defined as: 0,
negativeor background level staining; 1, weak staining;
2, moderate intensity staining and 3, strong intensity
staining. The average staining intensity was calculat-
ed from the semi-quantitative scores given by each of
the two pathologists or an average of duplicated cores
accordingly.

2.5. Statistical analysis

Statistical analyses were performed using ANOVA
followed by Bonferroni’s multiple comparison test or
Student’s t test.

3. Results

3.1. Anti-D4-GDI antibody validation

In order to identify an appropriate anti-D4-GDI anti-
body for immunohistochemistry staining, we tested the

specificity and selectivity of two commercially avail-
able anti-D4-GDI antibodies by western blot analy-
sis using cell lysates from MDA-MB-231 cells that
are known to express high levels of D4-GDI [45]. To
test specificity, MDA-MB-231 breast cancer cells were
treated with 20 ng/ml rhTRAIL for 4 hours in order
to induce caspase activation [46]. Caspase activation
in turn leads to D4-GDI (∼28 kDa) cleavage to give
rise to a 23kDa fragment [7,16,39]. Western blot anal-
ysis using whole cell lysates from TRAIL-treated and
untreated cells revealed that the rabbit polyclonal anti-
body (N 1-20) recognized specifically full-length D4-
GDI while antibody clone 97A1015 only recognized
the 23 kDa D4-GDI cleavage fragment (Fig. 1A). To
establish selectivity, cell lysates from stable MDA-MB-
231 cell lines [43,45] that were deficient in either D4-
GDI or its closely related family member, Rho-GDI,
were immunoblotted with antibodies against Rho-GDI
and D4-GDI (N 1-20). As shown in Fig. 1B, anti-
D4-GDI (N 1-20) antibody detected a band of around
28 kDa in parental and Rho-GDI knockdown but not
in the D4-GDI knockdown cell lysates. Anti-D4-GDI
antibody clone 97A1015 has been previously used for
immunostaining of D4-GDI expression in breast tis-
sues [12]. However, our results indicate this antibody
(97A1015) only recognizes the 23 kDa D4-GDI frag-
ment and therefore the results from Hu et al. [12] do not
reflect the expression of full-length D4-GDI protein.
We confirm that anti-D4-GDI antibody N 1-20 selec-
tively and specifically recognizes full-length D4-GDI
protein, thus it was chosen to use in the subsequent
experiments.

3.2. D4-GDI expression in breast cancer cell lines

We have previously shown that D4-GDI is expressed
in a panel of 8 breast cancer cell lines [45]. In order to
correlate D4-GDI expression with established clinical-
ly relevant parameters of individual cell lines, we tested
D4-GDI expression by immunoblotting an additional
16 breast cancer cell lines. Surprisingly, the expres-
sion of D4-GDI in these cell lines proved to be high-
ly heterogeneous (Fig. 1C). When combined with the
previous data, eight out of 24 (33%) cell lines showed
high, 8/24 showed moderate to low and 8/24 showed
negative D4-GDI expression levels. There appears no
systemic correlation between D4-GDI expression and
the cellular parameters such as the status of ER and
Her2 transcripts, and p53 mutational profiles (Table 1).
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Fig. 1. Anti-D4-GDI antibody validation. A. Specificity of two distinct anti-D4-GDI antibodies. MDA-MB-231 cells, wild type or D4-GDI
knockdown (siD4-GDI), were treated with 20ng/ml rhTRAIL for 2 hours. Cell lysates were immunoblotted using either anti-D4-GDI antibody
(N 1-20) or anti-D4-GDI clone 97A1015. Equal loading was confirmed by reprobing with an anti-actin antibody. Arrow, full length D4-GDI;
asterisk (*) D4-GDI cleavage fragment. B. Cell lysates from MDA-MB-231 (WT), D4-GDI knockdown (siD4GDI) or RhoGDI knockdown
(siRhoGDI) cell lines were analyzed by immunoblotting to show selectivity of antibodies specific to either D4-GDI or RhoGDI. C. D4-GDI
expression in human breast cancer cell lines. Equal amounts of whole cell proteins from each cell lines were immunoblotted with anti-D4-GDI
N1-20 polyclonal antibody. Actin was used as an internal loading control.

3.3. D4-GDI localization and expression during
breast cancer progression

Breast cancer progression is thought as a multistep
process where normal epithelium transitions to non-
atypical and atypical hyperplasia followed by carcino-
ma in situ and culminating in invasive carcinoma [2,
3,18]. All the breast cancer cell lines used in detec-
tion of D4-GDI expression were derived from malig-
nant tissues (see Table 1, tumor type), which do not re-
flect the stepwise disease stages. In order to address if
D4-GDI expression is associated with the progression
of breast cancer, we performed immunohistochemical
staining for the full-length D4-GDI protein in human
breast cancer tissue arrays containing 208 specimens
(single core per case) from different disease stages,
165 of which were useful for analysis and scoring (43
specimens were either missing or non-evaluable). As
a negative control, a duplicate array was stained with a
normal rabbit serum. As illustrated in Fig. 2, D4-GDI
staining was predominantly found in the luminal cells
that line the breast ducts when compared with the my-

oepithelial cells that surround the duct. Representative
images from different tumor stages, staining intensities
and their corresponding qualitative scores are shown
in Fig. 3A. The immunostaining for D4-GDI in tumor
cells was fairly homogenous in a specific tumor section.
Therefore, we scored the D4-GDI staining for a tumor
tissue as a whole. The average (mean ± SD) D4-GDI
staining intensities for the different stages of breast can-
cer progression were: normal or NAT (n = 21), 1.43±
0.6; hyperplasia (n = 4), 2.13 ± 0.25; benign (n = 8),
1.56 ± 0.73; in situ (n = 19), 1.32 ± 0.42; malignant
(n = 84), 0.79 ± 0.7 and metastasis (n = 29), 0.32 ±
0.4 (Fig. 3B and Table 2). Overall, there was a slight in-
crease on the average D4-GDI staining intensity in hy-
perplasia tissues when compared with normal tissues,
and thereafter, significantly decreased in malignant tis-
sue samples (p < 0.01) and metastatic lesions to the
lymph nodes (p < 0.001). For an in-depth analysis, we
calculated the percentage of samples in each stage that
showed staining intensity higher than one (> 1), that is,
the average intensity staining for normal breast tissue.
As shown in Fig. 3C, the percentage (%) of samples
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Table 1
Clinically relevant cellular markers of breast cancer cell lines

Cell Line D4-GDIa Gene ERb PRb HER2b TP53b Sourceb Tumor Metastatic In vitro
Clusterb Typeb siteb Invasionc

MCF12A − BaB − − + P.Br F No
MCF10-2A ++ BaB − P.Br F No
HCC2157 + BaA − + + P.Br Duc.Ca 1/9 LN
HCC1954 + + + BaA − − + +/− P.Br Duc.Ca 0/27 LN
HCC1937 + + + BaA − − − P.Br Duc.Ca NA
HCC38 − BaB − − ++M P.Br Duc.Ca 3/28 LN
HCC1500 + BaB −/+ − − P.Br Duc.Ca 4/24 LN
HCC1428 + + + Lu + + + PE Met. AC AC and PE
BT474 + Lu + + + + P.Br IDC L
MDA-MB-231 + + ++ BaB − − ++M PE AC PE H
MDA-MB-157 − BaB − − − PE MC PE
MCF7 − Lu − + +/−WT PE IDC PE L
T47D −/+ Lu + + ++M PE IDC PE L
SKBR3 + + + Lu − − + + PE AC PE L
AU565 − Lu − − + +WT PE AC PE
ZR-75-1 + + ++ Lu + − − AF IDC AF L
MDA-MB-361 ++ Lu + − + −WT P.Br AC Brain L
184A1 − BaB − RM No
Hs.578.T − BaB − − P.Br Ca No H
BT549 + BaB − − ++M P.Br IDC. Pap 3/7 LN H
HCC1143 + BaA − − + + + P.Br Duc.Ca 0/15 LN
HCC1008 + + + BaA − − + + + + LN Met Duc.Ca 12/15 LN
MDA-MB-468 + + + BaA − − PE AC PE L
SUM1315M02 − BaB − − + Skin IDC Skin

aD4-GDI expression level (from Fig. 1C) was determined by densitometry and normalized to actin expression.
bGene cluster, ER, PR, Her2 overexpression and TP53 expression as well as source, tumor type and metastasis information is from Neve RM et
al. 2006 [26], Rahman M et al. 2008 [30], Kao J et al. 2009 [14], Kummerle NB et al. 2011 [17], Gazdar AF et al. 1998 [10] and www.atcc.org
and references therein.
cIn vitro invasion data from Thompson EW et al. 1992 [40] and Sommers CL et al. 1994. [34].
Abbreviations: AC = Adenocarcinoma; AF = Ascites fluid; BaA = Basal A subtype; BaB = Basal B subtype; Ca = Carcinoma; Duc.Ca =
Ductal carcinoma; F = Fibrocystic dissease; H = High; IDC = Invasive ductal carcinoma; L = Low; LN = Lymph node; Lu = Luminal subtype;
M = mutated; MC = Medullary carcinoma; Met = Metastatic; NA = Not Available; Pap = Papillary; P.Br = Primary breast tumor; PE =
Pleural Effusion; RM = Reduction mammoplasty; WT = Wild type.

that were positive (> 1) for D4-GDI staining increased
during the hyperplasia stage, followed by a decrease in
subsequent stages when compared to normal epitheli-
um with a striking decrease in malignant tumors and
falling to negative in metastatic lesions to the lymph
node. Taken as a whole, the analysis of staining inten-
sities by stage of disease progression reveals a biphasic
expression pattern of D4-GDI. Consistent with the cell
line data (Fig. 1C), D4-GDI staining intensity in malig-
nant tumors was also heterogeneous (Fig. 3A). We then
examined D4-GDI expression in Grade 1 and Grade
2 malignant tumors. The result shows that Grade 1
cohort expressed a slightly higher D4-GDI than Grade
2 cohort (Fig. 3D). However, a larger sample size is
needed to address the heterogeneity of D4-GDI expres-
sion in malignant tumors. Since there was a drastic de-
crease in D4-GDI intensity in malignant and metastatic
samples when compared to normal and adjacent tissue
samples, we envision D4-GDI as a potential marker for
breast cancer progression and that in combination with

other established cellular markers could prove useful
as a prognostic tool.

3.4. D4-GDI expression during early pre-cancerous
stages

In order to confirm the upregulation of D4-GDI in
the early stages of breast cancer progression we em-
ployed a tissue microarray that contained 100 cases of
pre-cancerousdisease and cancerwith clinicopatholog-
ical data. The data was grouped by disease stage and
graphedagainstD4-GDI staining intensity (Fig. 4A and
Table 3). This data confirms the results from an inde-
pendent array (Fig. 3) that there is an increase in the per-
centage of D4-GDI positive samples in the hyperplasia
and dysplasia (atypical hyperplasia) stages (Fig. 4B).
Together these data suggest a positive role for D4-GDI
early during breast tumorigenesis.
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Table 2
Average D4-GDI protein expression according to disease stage

Average D4-GDI intensity Normal or NAT Hyperplasia Benign In situ Malignant Metastasis
(n = 21) (n = 4) (n = 8) (n = 19) (n = 84)

0 0 0 0 0 28 (33%) 18 (62%)
0.5 2 (9.5%) 0 2 (25%) 0 7 (8%) 3 (10%)
1 7 (33%) 0 0 10 (53%) 31 (37%) 8 (28%)

1.5 6 (28.5%) 0 2 (25%) 7 (37%) 11 (13%) 0
2 5 (24%) 3 (75%) 3 (37.5%) 1 (5%) 3 (4%) 0

2.5 0 1 (25%) 1 (12.5%) 1 (5%) 4 (5%) 0
3 1 (5%) 0 0 0 0 0

The staining intensities when compared to negative and positive controls on the same tissue core were defined as: 0,
negative or background level staining; 1, weak staining; 2, medium intensity staining and 3, strong intensity staining.
The average D4-GDI intensity was calculated by adding the scored from both pathologists and dividing it by two
(Pathologist #1 score + Pathologist #2 score/2).
Normal or NAT, normal breast tissue or normal adjacent to tumor; Hyperplasia; Benign, fibroadenoma; In Situ,
intraductal and lobular carcinoma in situ; Malignant, invasive ductal and lobular carcinomas; Metastatic,breast cancer
metastases to the lymph nodes.

Table 3
Average D4-GDI protein expression in pre-cancerous and cancer
stages

D4-GDI intensity Normal Hyperplasia Dysplasia Malignant
(n = 5) (n = 10) (n = 10) (n = 20)

0 1 (20%) 0 0 1 (5%)
0.5 0 0 1 (10%) 1 (5%)
1 3 (60%) 5 (50%) 4 (40%) 16 (80%)

1.5 0 3 (30%) 2 (20%) 1 (5%)
2 1 (20%) 2 (20%) 1 (10%) 1 (5%)

2.5 0 0 2 (20%) 0
3 0 0 0 0

The average D4-GDI intensity was calculated based on the stain-
ing intensities of duplicated cores per sample. The staining inten-
sities were defined as: 0, negative or background level staining; 1,
weak staining; 2, medium intensity staining and 3, strong intensity
staining.

3.5. D4-GDI expression in paired tissue samples

Next we sought to examine if D4-GDI expression
is lost during cancer progression using pair-matched
samples (duplicated cores per case) from the same pa-
tients. Figure 5A shows representative images from
normal and malignant pair-matched samples. The av-
erage D4-GDI staining intensity (mean ± SD) for the
normal samples was 1.7± 0.15which was significantly
higher than malignant samples (0.9 ± 0.32; p = 0.04).
There was an overall decrease in D4-GDI expression in
malignant samples when compared to their correspond-
ing pair-matched normal adjacent tissue. On the other
hand, there was no significant difference between the
expression of D4-GDI in malignant (0.72± 0.19; mean
± SD) and metastatic (0.77 ± 0.15; mean ± SD) (p >
0.5) pair-matched samples (Fig. 5B). The percentages
of D4-GDI positive samples in each group are graphed
in Fig. 5C. This result shows a progressive decrease
of D4-GDI protein expression through breast cancer

Fig. 2. Localization of D4-GDI expression. Immunohistochemical
staining of human breast cancer tissue with anti-D4-GDI (N 1-20)
rabbit polyclonal antibody (brown) and counterstained with Hema-
toxylin QS (blue). Immunoreactivity to D4-GDI was localized pre-
dominantly in the luminal cell population (asterisk,*) while the my-
oepithelial cell layer (arrows) was negative for D4-GDI staining. a,
normal breast glandular epithelium. b, normal adjacent to tumor
(NAT). c, benign tumor. d, illustration of a mammary duct.

progression into malignancy with no further significant
decease during metastasis.

Given that there was a loss of D4-GDI expression in
breast cancermetastases to the lymph nodes (Figs 3 and
5), we next examined a possible association between
D4-GDI expression and lymph node positivity from
the clinical data available. The mean D4-GDI staining
intensity (mean ± SD), in samples that were known
to have no lymph node involvement (n = 11) was 1.1
± 0.25, while in lymph node positive samples (n =
18) was 0.83 ± 0.15 (p > 0.5). There is no apparent
correlation between loss of D4-GDI expression and
lymph node involvement in this data set.
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Fig. 3. D4-GDI protein expression in human breast cancer tissues. A. Immunohistochemical staining of D4-GDI in breast cancer progression
tissue array (BR2082, US Biomax). Representative images from: a. normal, b. benign, c-f. malignant, g. lymph node metastasis and h.
normal rabbit serum control, with their corresponding qualitative intensity scoring. (Normal or NAT, normal breast tissue or normal adjacent to
tumor; Hyperplasia; Benign, fibroadenoma; In Situ, intraductal and lobular carcinoma in situ; Malignant, invasive ductal and lobular carcinomas;
Metastatic, breast cancer metastases to the lymph nodes). B. Overall D4-GDI staining intensity distribution as a function on breast cancer
progression. Each tissue sample was analyzed by two certified pathologist and given a semi-quantitative score based on staining intensity (y-axis),
0- no staining, 1- weak staining, 2- medium staining and 3- strong staining and grouped by disease stage (x-axis). The average combined staining
intensity scores are plotted (mean ± SD). C. The percentages (%) of samples that had D4-GDI intensity score higher than one (>1) for each
disease stage were plotted. D. Malignant samples with grade information (Grade 1 or Grade 2) were plotted against D4-GDI intensity staining
(mean ± SD). Grade 1 or 2 is equivalent to well-differentiated, and moderately-differentiated, respectively.

Fig. 4. D4-GDI expression during early stages of cancer progression. Human breast cancer tissue array (BR1003, US Biomax) containing
duplicated cores of 10 cases of each type (hyperplasia, dysplasia [atypical hyperplasia], malignant [ductal carcinoma and lobular carcinoma] and
triplicated cores of 7 breast normal tissues) was stained for D4-GDI expression. A. Samples were grouped by disease stage and plotted against
D4-GDI staining intensity (mean ± SD). B. The percentages (%) of D4-GDI positive (> 1) samples for each disease stage were plotted.
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Fig. 5. D4-GDI expression in patient-matched tissue samples. Human breast cancer tissue array (BR953, US Biomax) containing duplicates
of (A) normal and malignant (n = 7) and (B) malignant and metastatic (n = 8) matched samples was stained for D4-GDI. A. Normal tissue
samples (left column) showed higher D4-GDI immunostaining than their malignant counterparts (right column). B. Malignant (left column) and
metastatic (right column) tissue samples had low levels of D4-GDI staining. C. The percentages (%) of D4-GDI positive samples (> 1) were
plotted. D. Malignant tissue samples with available data for lymph node involvement were plotted against D4-GDI staining intensity (mean ±
SD). There was non-statistical significance (n.s.) between the two groups.

4. Discussion

D4-GDI is a key regulator of Rho GTPases that have
been implicated in several aspects of tumorigenesis,
including malignant transformation and invasive phe-
notypes. In this study, we found an increased expres-
sion of D4-GDI in hyperplastic and benign stages of
breast cancer when compared to normal mammary tis-
sues, which was followed by a dramatic decrease in
malignant tumors and metastatic lymph nodes.

D4-GDI was originally found in hematopoietic tis-
sues such as T andB cells [19,31]. However, increasing

evidence shows that D4-GDI is also expressed in non-
hematopoietic neoplasms [5,9,11,20,27,37,38]. The el-
evated D4-GDI expression has been associated with tu-
mor growth and malignant progression of ovarian [37],
lung [27], gastric [5] and colorectal cancers [20]. In
line with these observations, we have previously shown
that D4-GDI is highly expressed in a panel of 8 breast
cancer cell lines but not in normal mammary epithelial
cells [45]. When a large number of cell lines were
tested, however, the expression of D4-GDI appeared to
be highly heterogeneous with no apparent correlation
with any of the clinically relevant parameters (Table 1).
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This result promoted us to determine the expression of
D4-GDI in primary breast tumors. The commercially
available breast cancer progression tissue microarray
used in our study contains samples that represent the
stages of the current model for breast cancer progres-
sion. Themultistepmodel of breast carcinogenesis sug-
gests a transition from normal epithelia to non-atypical
and atypical hyperplasia, evolving to carcinoma in situ
and culminating in invasive carcinoma [2,3,18]. We
found an increase in the percentage of D4-GDI positive
samples in the hyperplasia and dysplasia stages when
compared to normal breast or tumor adjacent tissues.
Breast cancer is believed to develop mostly from cells
of luminal lineage [21]. Notably, D4-GDI is predomi-
nantly expressed in the luminal cells of the mammary
ducts but not in themyoepithelial cells at the outer layer.
This observation, together with the increased D4-GDI
expression during early stages of the disease, suggests
that D4-GDI may promote tumorigenic transformation
of mammary epithelial cells. In support of this notion,
depletion of D4-GDI in MDA-MB-231 breast cancer
cells suppressed invasive phenotypes both in vitro and
in animal models [44,45]. Likewise, overexpression of
D4-GDI in colorectal cancer cells promoted cell prolif-
eration and in vitro motility and invasion [20]. On the
other hand, our results show that the majority (78%)
of malignant breast cancer and all metastatic lymph
nodes samples had little or undetectable D4-GDI im-
munoreactivity which is in agreement with reports by
others [12,25,33]. Within the malignant samples, those
that were grade 2 (moderately differentiated, data pro-
vided by US Biomax) tumors had the lowest D4-GDI
expression (Fig. 3D). Given this observation, it will be
of interest to study the expression of D4-GDI along the
extent of cancer dedifferentiation and the possibility of
D4-GDI playing a role in that process. The loss of D4-
GDI expression in malignant samples was confirmed
by pair-sample analysis. Loss of D4-GDI expression in
malignant breast cancers suggests a role for D4-GDI in
preventing the development of a poorly-differentiated
phenotype and/or tumor metastasis. In this regard, D4-
GDI has been proposed as a metastasis suppressor in
bladder cancer [11,38]. Although our results reveal a
similar pattern of D4-GDI expression as reported by
Hu et al., we believe that the two groups are looking at
two different forms of D4-GDI. While Hu et al. used an
antibody that is now proved to recognize only the D4-
GDI cleavage fragment, we used the anti-D4-GDI N1-
20 polyclonal that specifically detects the full-length
D4-GDI protein in breast cancer cells.

The prognostic significance of D4-GDI expression
in breast cancer is still controversial. cDNA microar-

ray analysis showed no association between D4-GDI
mRNA levels and clinical outcomes (e.g. disease-free
or patient survival) [13,33]. However, careful consid-
eration must be taken when analyzing D4-GDI mRNA
levels as a measure of total amounts of D4-GDI protein
in tumor tissues. Although it appears that D4-GDI pro-
tein expression correlates with the amount of D4-GDI
RNA transcript in some cell lines [45], our unpublished
results indicate that this is not always the case. Al-
so, D4-GDI is highly expressed in hematopoietic cells,
which may well be present in the heterogeneous tis-
sue samples, which may cause contamination and even
misleading results. We have directlymeasuredD4-GDI
protein expression in a large number of breast tissue
and tumor samples (n = 165) using a validated, high-
ly specific antibody to the full-length D4-GDI protein.
Our results warrant further studies to determine how
D4-GDI gene and protein expression is turned on in the
luminal cells of mammary ducts and how it contributes
to the malignant transformation.

D4-GDI appears to exhibit a biphasic pattern of ex-
pression along with breast cancer progression (Fig. 3).
These seemingly contradictory results suggest that D4-
GDI may play dual roles in regulation of breast cancer
cell functions depending on the genetic background as-
sociated with disease stages such as the status of Rho
GTPases and their other regulatory proteins. In this re-
gard, it has been shown that breast tumors have higher
expression level of RhoA, Rac1 and Cdc42 compared
to normal breast tissue [8,32]. As shown previously,
D4-GDI binds preferentially to Rac GTPases in breast
cancer cell lines [44]. By forming a stable complex,
D4-GDI could either act as a Rac1 inhibitor by keeping
the GTPase in its cytosolic, GDP-bound form [42] or as
a Rac1 activator by shuttling the protein to membrane
compartmentswhere interacts and activate downstream
targets [24,28]. Therefore, the dual roles of D4-GDI in
breast cancer progression could be, at least in part, at-
tributed to its dual role in Rac1 regulation. In addition,
D4-GDI is known to be a substrate of caspase-3 and be-
come cleaved in response to some physiological condi-
tions such as fasting or stressful stimuli. The resulting
fragment ofD4-GDI (23 kDa)was detected in the breast
tumor tissues. However, it is not clear whether cleav-
age of D4-GDI promotes or inhibits the activity of D4-
GDI protein. Studies are underway in our laboratory
to investigate the functional outcome of D4-GDI cleav-
age, including its subcellular localization and binding
affinity to Rac1 GTPase. Nonetheless, what it is clear
from this study is that D4-GDI is over-expressed early
during breast cancer progression and downregulated in
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malignant and lymph node metastatic lesions, suggest-
ing a positive role for D4-GDI in tumorigenesis and a
negative role during malignant transformation and/or
metastasis.

In summary, D4-GDI protein is preferentially ex-
pressed in the luminal cells of the breast duct and at
higher levels in hyperplasic and benign breast tumors.
The expression of D4-GDI displays a biphasic pat-
tern along with breast cancer progression i.e. it is in-
creased in hyperplasia and benign tissues that is fol-
lowed by a decrease in higher grades malignant cancers
and metastatic lymph nodes. Although the prognos-
tic significance of D4-GDI expression in breast cancer
is still under debate, this study adds to the mounting
amount of evidence suggesting a role for D4-GDI in
breast cancer progression and metastasis.
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