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We previously identified a novel protein, nischarin, that selectively 
bound to the proximal transmembrane (IYILYKLGFFKR) region 
of the integrin a5 subunit cytoplasmic tail (1,2). Nischarin blocked 
Rac-induced cell migration and invasion in breast and colon 
epithelial cells, interacted with the p21 (cdc42/rac)-activated 
kinase 1 (PAK1) to block PAK activation, and influenced actin 
filament organization (1). Nischarin also blocked PAK-independent 
Rac signaling (3,4) and interacted with LIM kinase (LIMK) to 
inhibit LIMK activation and LIMK-driven cell invasion (5). 
A human ortholog of nischarin, IRAS, has been shown to bind to 
the adapter protein IRS4 to mediate translocation of a5 integrin 
from the cell membrane to endosomes (6).

Several studies, which included cytogenetic and homozygosity 
mapping, have indicated that distinct regions of human 
chromosome arm 3p are important for development of cancers 
including those of lung, breast, kidney, ovary, and cervix (7). 
Because nischarin was known to map at 3p21.1 (www.ncbi.nlm.nih.
gov), we hypothesized that it may have an important role in cancer 
progression. In this study, we investigated the role of nischarin in 
breast cancer progression by overexpressing it or by silencing 
its expression in cultured cells. Furthermore, we examined the 
mechanism by which nischarin regulates breast cancer progression 
using various in vitro biochemical and in vivo mouse xenograft 
experiments.
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 Background Nischarin (encoded by NISCH), an a5 integrin–binding protein, has been identified as a regulator of breast cancer 
cell invasion. We hypothesized that it might be a tumor suppressor and were interested in its regulation.

 Methods We examined nischarin expression in approximately 300 human breast cancer and normal tissues using quan-
titative polymerase chain reaction and immunohistochemistry. Loss of heterozygosity analysis was performed 
by examining three microsatellite markers located near the NISCH locus in normal and tumor tissues. We gen-
erated derivatives of MDA-MB-231 human metastatic breast cancer cells that overexpressed nischarin and mea-
sured tumor growth from these cells as xenografts in mice; metastasis by these cells after tail vein injection; 
and a5 integrin expression, Rac, and focal adhesion kinase (FAK) signaling using western blotting. We also 
generated clones of MCF-7 human breast cancer cells in which nischarin expression was silenced and measured 
tumor growth in mouse xenograft models (n = 5 for all mouse experiments). P values were from two-sided 
Student t tests in pairwise comparisons.

 Results Normal human breast tissue samples had statistically significantly higher expression of nischarin mRNA com-
pared with tumor tissue samples (mean level in normal breast = 50.7 [arbitrary units], in breast tumor = 16.49 
[arbitrary units], difference = 34.21, 95% confidence interval [CI] = 11.63 to 56.79, P = .003), and loss of hetero-
zygosity was associated with loss of nischarin expression. MDA-MB-231 cells in which nischarin was overex-
pressed had statistically significantly reduced tumor growth and metastasis compared with parental MDA-MB-231 
cells (mean volume at day 40, control vs nischarin-expressing tumors, 1977 vs 42.27 mm3, difference = 1935 
mm3, 95% CI = 395 to 3475 mm3, P = .025). Moreover, MCF-7 tumor xenografts in which nischarin expression 
was silenced grew statistically significantly faster than parental cells (mean volume at day 63, tumors with 
scrambled short hairpin RNA [shRNA] vs with nischarin shRNA, 224 vs 1262 mm3, difference = 1038 mm3, 95% 
CI = 899.6 to 1176 mm3, P < .001). Overexpression of nischarin was associated with decreased a5 integrin 
expression, FAK phosphorylation, and Rac activation.

 Conclusion Nischarin may be a novel tumor suppressor that limits breast cancer progression by regulating a5 integrin 
expression and subsequently a5 integrin–, FAK-, and Rac-mediated signaling.

   J Natl Cancer Inst 2011;103:1513–1528

www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
mailto:salaha@lsuhsc.edu


1514   Articles | JNCI Vol. 103, Issue 20  |  October 19, 2011

Materials and Methods
Cell Culture
MDA-MB-231 and MCF-7 human breast cancer cell lines and 
COS-7–transformed African green monkey kidney cells were 
obtained in 2006 from American Type Culture Collection (Manassas, 
VA) and maintained in high-glucose Dulbecco’s Minimal Essential 
Medium (DMEM) with 2 mM L-glutamine, 110 mg/mL sodium 
pyruvate, and 10% fetal bovine serum (FBS; Gemini Bio-Products, 
Sacramento, CA) at 37°C in a humidified atmosphere of 5% CO2. 
T47D and BT474 cells were also obtained from American Type 
Culture Collection and maintained in RPMI medium with  
10% FBS. Stable cell lines in which nischarin expression was 
increased or silenced were prepared as described elsewhere (see 
Supplementary Methods, available online). Experiments with 
T47D and BT474 cells were carried out soon after purchase. With 
regard to MCF7 and MDA-MB-231 cells, their morphologies 
were examined before conducting every crucial experiment, to 
confirm they were still the same lines.

Antibodies Used
The following antibodies were used for immunoblotting experi-
ments: mouse monoclonal anti-nischarin (BD Biosciences, San 

Diego, CA; 1:1000 dilution for western blots; 1:300 for immuno-
histochemistry), mouse monoclonal anti–focal adhesion kinase 
(FAK) (BD Biosciences; 1:1000), rabbit polyclonal anti-a5 integrin 
(Millipore, Bedford, MA; 1:1000), anti-phosphoFAK (Invitrogen, 
Carlsbad, CA; 1:1000), mouse monoclonal anti-vinculin (catalog 
number V9264; Sigma, St Louis, MO; 1:1000), mouse monoclonal 
anti-cyclin D1 (catalog number 2926; Cell Signaling, Beverly, 
MA; 1:1000), mouse monoclonal anti-CDK4 (sc-70831; Santa 
Cruz Biotech, Santa Cruz, CA; 1:1000), anti-retinoblastoma 
(RB) protein (BD Biosciences; 1:1000), anti-phosphoRB (BD 
Biosciences; 1:1000), rabbit polyclonal anti-extracellular signal 
regulated kinase (ERK) (sc-93; Santa Cruz Biotech; 1:1000), 
mouse monoclonal anti-phosphoERK (sc-7383; Santa Cruz Biotech; 
1:1000), mouse monoclonal anti-Rac1 (catalog number 610650; 
BD Biosciences; 1:1000), and anti-Ki67 (Novocastra Labs, 
Newcastle upon Tyne, UK; 1:50).

Tissues Used
Sixty human breast cancer surgical specimens, 60 noncancerous 
breast tissues, and 24 pairs of patient-matched breast cancer and 
nonmalignant breast tissue were obtained as frozen tissue sections 
from the Southern Division (Birmingham, AL), Eastern Division 
(Philadelphia, PA), Mid-Atlantic Division (Charlottesville, VA), 
Mid-Western Division (Columbus, OH), and Western Division 
(Nashville, TN) of the Cooperative Human Tissue Network. The 
patients ranged in age from 13 to 87 years. Sixty of the tumor 
samples represented six different histological types: there were 22 
invasive ductal carcinomas (IDCs), four ductal carcinoma in situ 
(DCIS) samples, 17 mixtures of IDC and DCIS, five invasive lob-
ular carcinomas (ILCs), six mixtures of ILC and lobular carcinoma 
in situ (LCIS), and a group of six miscellaneous samples. This 
group included two adenocarcinoma, one LCIS, one IDC + ILC 
mixture, one IDC + ILC + DCIS mixture, and one IDC + ILC + 
DCIS + LCIS mixture (see Figure 1, C).

RNA Isolation and Real-Time Quantitative Polymerase 
Chain Reaction (qPCR)
Total RNA was isolated from human breast tissues with an 
mRNeasy Kit (Qiagen, Valencia, CA). The quality of the RNA was 
determined using an Agilent 2100 bioanalyzer and an RNA Nano 
6000 Lab chip kit (Agilent Technologies, Palo Alto, CA); the con-
centration was determined with a Nanodrop apparatus (Nanodrop 
Technologies, Wilmington, DE). Expression of nischarin (gene 
name: NISCH) was determined in triplicate using TaqMan real-
time qPCR assays (Applied Biosystems, Foster City, CA). Reverse 
transcription was performed using 500 ng of total RNA in a 20-µL 
reaction volume. Real-time qPCR was performed using the stan-
dard TaqMan assay protocol and the ABI7900 Real-Time PCR 
Detection System (Applied Biosystems). Each 20-µL reaction in-
cluded 2 µL of reverse transcription product, 10 µL of TaqMan 
Universal PCR Master Mix (Applied Biosystems), and 1 µL of 300 
nM primer (primer sequences in Supplementary Methods, available 
online) and probe mix. The reactions were incubated in 96-well 
plates at 95°C for 10 minutes followed by 40 cycles of 95°C for 
15 seconds and 60°C for 1 minute. Expression of nischarin 
mRNA was measured using threshold cycle values (CT). The 
DCT was calculated by subtracting the CT of glyceraldehyde 

CONTEXT AND CAVEATS

Prior knowledge
Nischarin, a protein that binds the cytoplasmic tail of a5 integrin, 
has been shown to inhibit invasiveness of cells in culture. Because 
its gene maps to a chromosomal locus associated with several 
cancers, the authors investigated its role in cancer progression.

Study design
Expression of nischarin mRNA and protein was examined in breast 
cancer and normal tissue samples and in online databases, and 
loss of heterozygosity was tested in the clinical samples. Human 
breast cancer cell lines in which nischarin was overexpressed or 
silenced were used in vitro and as xenografts to examine its role in 
intracellular signaling, tumor growth, and metastasis.

Contribution
Normal breast tissue samples had higher levels of nischarin  
expression than breast cancers, and expression levels generally 
decreased with advancing cancer stage, often with loss of hetero-
zygosity at the nischarin locus. Tumor growth and metastasis 
were reduced in human breast cancer cells in which nischarin was 
overexpressed, and increased when expression was silenced, com-
pared with parental cell lines. Nischarin expression was associated 
with decreased a5 integrin expression and Rac and focal adhesion 
kinase activation.

Implication
Nischarin may inhibit the growth of cancer cells by limiting a5 
integrin expression and cellular signaling pathways associated 
with invasiveness.

Limitations
Nischarin expression has not been studied in other types of cancer. 
The exact mechanisms whereby it affects a5 integrin and cell 
signaling levels have not been fully determined.

From the Editors
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3-phosphate dehydrogenase (GAPDH) mRNA from the CT of 
nischarin mRNA.

Tissue Array Analyses and Immunohistochemistry
Tissue microarrays (CC08-01-005; CC08-00-001; CC08-21-002) 
were purchased from Cybrdi (Rockville, MD). Tissue microarrays 
were rehydrated and processed in 10 mM citrate buffer (pH 6.0) 

for four antigen retrieval cycles of 5 minutes each in a microwave 
oven (800 W). After blocking for 1 hour at room temperature with 
0.1% Triton X-100 and 10% normal goat serum in phosphate-
buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM 
Na2HPO4, 1.7 mM KH2PO4; pH 7.4), all tissue microarrays were 
incubated with primary anti-nischarin antibodies at a dilution of 
1:300 in the same solution at room temperature overnight. The 

Figure 1. Nischarin expression during breast cancer progression. 
A) Overall nischarin mRNA expression in normal vs breast cancer 
tissues. Expression was measured by quantitative polymerase chain 
reaction (qPCR) in 60 normal breast and 60 breast cancer tissues 
among which 24 samples of each type were paired specimens from 
the same patients. The experiment was repeated three times and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) expression was used 
for normalization. Paired t tests revealed that the expression of nischa-
rin was higher in normal tissues relative to tumors. The means and 95% 
confidence intervals from two different experiments are shown (P = 
.003). B) Nischarin mRNA expression by tumor stage. qPCR data from 
the same 60 breast cancer and 60 normal breast tissue specimens 
shown in (A) were normalized to GAPDH expression and grouped by 
tumor stage. The numbers of samples in each group are shown in 
parentheses below the graphs. Expression of nischarin was statistically 
significantly higher in normal tissues than in invasive ductal carcinoma 
(IDC; P = .019), and in IDC + ductal carcinoma in situ (IDC + DCIS; 
P = .018). The means and 95% confidence intervals from two independent 
experiments are shown. C) Subcategories of breast cancer patients and 
their association to nischarin expression as demonstrated by quantita-
tive reverse transcription-PCR assays. D) Relative expression of nischa-
rin in the subset of 24 patient-matched breast cancers and adjacent 
noncancerous breast tissues. Nischarin was more highly expressed in 
normal tissues than in tumors (Wilcoxon matched pairs t test; P = .026). 
Red lines indicating decreased expression and green lines indicating 
increased expression from two independent experiments are shown. 
E) Nischarin protein levels in breast cancer cell lines and tissues. 

Protein lysates were prepared from MCF-7 and MDA-MB-231 cells and 
commercially obtained tissue lysates were analyzed by western blotting. 
Stripped blots were reprobed with an antibody to vinculin. A representa-
tive example of several blots is shown here. F) Immunohistochemical 
staining of nischarin in breast cancer tissues. At least three samples 
from each category were stained with a mouse monoclonal antibody to 
nischarin (brown), and the experiments were repeated three times. 
Representative examples of grade 1, 2, and 3 are shown: normal breast 
(score 3), grade 1 (score 2), grade 2 (score 1), and grade 3 (score 0) infil-
trating ductal carcinoma (original magnification = 20×; scale bar = 500 µM). 
G) Mean anti-nischarin staining intensity among tissue microarray (TMA) 
samples, by tumor grade immunohistochemical staining scores for 
different breast cancer stages were analyzed by one-way analysis of 
variance, and Dunn post hoc test was applied to assess the possible 
differences between nonmalignant samples and breast cancers sam-
ples of different stages. There were 226 breast cancer and 10 normal 
breast tissue samples included. Nonmalignant samples had higher 
nischarin protein expression than grade 3 samples (P = .011). Means 
and 95% confidence intervals from two independent experiments are 
shown. H) Mean anti-nischarin staining intensity among TMA samples, 
by tumor type. The same samples were regrouped and analyzed as 
described in (F). Nonmalignant samples had statistically significantly 
higher levels of nischarin protein expression than invasive ductal 
samples (P = .005) and metastatic samples (P = .006). The means and 
95% confidence intervals from two independent experiments are 
shown. All P values were from two-sided tests. ILC = invasive lobular 
carcinoma; LCIS = lobular carcinoma in situ.
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sections were further processed with 100 µL of biotinylated anti-
mouse secondary antibodies and then with 100 µL of avidin–biotin–
peroxidase complex (Vector Labs, Burlingame, CA) and finally 
visualized with 50 µL of 3-3′ diaminobenzidine according to the 
Vector Labs protocol. All slides were scored for average staining 
intensity by two pathologists blinded to patient information. 
Staining intensity was graded as follows: 0, no expression (0% of 
the total cell population is positive); 1, weak expression (1%–30% 
of the cells positive); 2, moderate expression (30%–60% of the 
cells positive); and 3, strong expression (60%–100% of the cells 
positive). Average staining intensity was compared with the patho-
logical information provided by Cybrdi. Staining of control 
sections, in parallel, with a mouse IgG control antibody (Sigma; 
1:300) was used to estimate background staining.

Loss of Heterozygosity Analysis
Genomic DNA was extracted using a blood and tissue DNA kit 
(Qiagen) from portions of most of the 24 matched pairs of breast 
cancer and normal breast tissue samples, and loss of heterozygosity 
analysis was performed on 18 of those specimens (for which suffi-
cient DNA was available) using three polymorphic microsatellite 
markers that mapped across chromosome band 3p21.1 and con-
tained the NISCH gene. Assays were performed by PCR amplifica-
tion in 25 µL reaction volumes using 20 ng of genomic DNA, 300 
nM fluorescent dye–labeled forward primer and unlabeled reverse 
primer (purchased from IDT technologies, Coralville, IA), and 
AmpliTaq gold polymerase (Applied Biosystems) and the following 
conditions: initial denaturation at 95°C for 2 minutes; 35 cycles at 
94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 60 sec-
onds; final extension at 72°C for 10 minutes. Each 6-µL sample was 
loaded onto a 7.5% polyacrylamide gel, and allelic loss was deter-
mined upon ethidium bromide staining; the assay was repeated at 
least three times. Also, PCR products were visualized using an ABI 
genetic analyzer, and the data were analyzed using GeneScan soft-
ware (Applied Biosystems, Foster City, CA). Microsatellite markers 
D3S3688, D35361, and D3S3026 were used in the reactions. The 
primers used in this study are listed elsewhere (Supplementary 
Methods and Supplementary Table 1, available online).

qPCR for Microdeletion Analysis of Genomic DNA  
from Breast Tissue
Applied Biosystems SYBR Green Mix was used for genomic qPCR. 
Primers were designed using Primer 3 software (http://frodo.wi.
mit.edu/primer3/; see Supplementary Methods, available online, 
for sequences). Briefly, 20 ng genomic DNA was used in a 25-µL 
reaction with 300 nM primers. Reactions were performed in triplicate 
using an ABI 7900 HT real-time PCR thermocycler using the 
conditions: 95°C for 10 minutes, then 40 cycles at 95°C for 15 
seconds, and 60°C for 1 minute. Standard curves for nischarin and 
GAPDH (control) primers were generated using 10-fold dilution 
series ranging from 0.1to 100 ng and the slope value was determined. 
The CT values for each primer pair were corrected or normalized 
using the CT value of the GAPDH products for the same sample. 
Corrected CT (KCT) values were determined using the absolute 
standard curve, comparative CT, and relative standard methods as 
described (8). If the difference (DKCT) in corrected CT (KCT) value 
in normal and tumor sample was less than 20.35, it was considered 

to indicate a microdeletion, and if the difference was 20.35 to 
+0.35, it was considered to indicate no deletion.

Anchorage-Independent Growth
To assess anchorage-independent growth of breast cancer cells in 
which nischarin expression was increased or silenced, we performed 
soft agar assays. In each well of six-well tissue culture plates, we 
plated 50 000 cells in 1 mL of 0.35% agarose in DMEM with 10% 
FBS (warmed to 40°C) on top of 1 mL of solidified 0.5% agarose in 
DMEM with 10% FBS. After the top layer of agarose solidified, 1.5 
mL of DMEM with 10% FBS was added to each well, and the plates 
were incubated at 5% CO2 and 37°C. The medium was changed 
once every 3 days. After 3 weeks, colonies were stained with 0.1% 
crystal violet for 1 hour and destained with several washes of PBS. 
The number of colonies growing in soft agar that were greater 
than 100 microns in size were determined by examination under  
a simple Nikon microscope (Nikon Instruments, Melville, NY)  
and digital images were captured using Epson Perfection V700 
Photo Scanner (Epson American, Long Beach, CA).

Tumor Growth Assays
A xenotransplantation assay was performed to understand the effect 
of nischarin on breast tumorigenesis using mouse models. Mouse 
experiments were done in accordance with protocols approved by 
the Institutional Animal Care and Use Committees of Rockefeller 
University and Louisiana State University Health Sciences Center 
(LSUHSC). We used 4- to 6-week-old female BALB/c nude mice 
in the xenograft studies (five mice per group). MDA-MB-231 cells 
overexpressing nischarin and their parental cells (as a control) or 
MCF-7 cells in which nischarin expression had been silenced and 
their parental cells (as a control) were incubated in trypsin, washed 
three times in PBS, and counted. Mice were anesthetized for 20 
minutes with 50–100 mg/kg of ketamine–HCl and 5–10 mg/kg of 
xylazine–HCl, delivered intraperitoneally, and a small incision was 
made in the abdomen to visualize the mammary fat pads. We 
injected 1 × 106 cells, suspended in 100 µL of Matrigel diluted 1:1 
in PBS, into each of the two fat pads per mouse. We also subcuta-
neously implanted a 60-day release tablet of 17b-estradiol 
(Innovative Research of America, Sarasota, FL) in each mouse 
when performing experiments with MCF-7 cells because these 
cells are estrogen-dependent. Tumor growth was measured twice 
per week using calipers, and the tumor volume was calculated using 
the formula p × length × width2/6 as previously described (9).

Experimental Metastasis Followed by Bioluminescent 
Imaging
MDA-MB-231 cells that stably expressed luciferase (referred to as 
MDA-MB-231-luc) were a generous gift from Dr Jerry W Shay, 
University of Texas Southwestern Medical Center at Dallas, TX. 
We transfected these cells to express nischarin (Supplemental 
Methods, available online). For lung metastasis experiments, 1 × 106 
luciferase-expressing MDA-MB-231 cells that either did or did 
not overexpress nischarin were suspended in 100 µL of PBS and 
injected into the tail veins of 6-week-old BALB/c nude mice. On 
days 5, 10, 20, and 40 after injection of the cells, the mice were 
analyzed for metastatic disease by bioluminescence imaging using 
an IVIS-200 camera system for detection of luciferase expression 

http://frodo.wi.mit.edu/primer3/
http://frodo.wi.mit.edu/primer3/


jnci.oxfordjournals.org   JNCI | Articles 1517

(Xenogen, Hopkinton, MA) (10). Fifteen minutes before the in 
vivo imaging, the mice were anesthetized using the XGI-8 Gas 
Anesthesia System (Caliper Life Sciences, Hopkinton, MA) with 
3% isofurane, and they were injected intraperitoneally with 
D-luciferin (150 mg/kg in PBS). Mice were kept inside the warm 
chamber of the Xenogen camera system with a continuous flow of 
1.5% isofurane gas along with 100% oxygen to keep them anesthe-
tized. For ex vivo lung imaging, 300 µL of luciferin (150 mg/kg in 
PBS) was injected intraperitoneally just before killing the mice by 
CO2 asphyxiation, and lungs were extracted and imaged using the 
IVIS-200 camera. Both experiments were performed using five or 
six mice per condition and were repeated three times. Also, intact 
lungs were extracted and subsequently fixed in 4% formalin 
(Sigma) and prepared for standard histological examination. The  
imaging results were analyzed using Living Image, version 3.0 
(Xenogen software). A region of interest was manually selected over 
relevant regions of signal intensity, and the intensity was recorded 
as the maximum number of photons emitted within a region of  
interest. Luminescent intensity obtained from each mouse was plotted 
using Graph Pad Prism software version 5.0 (San Diego, CA).

Truncation Constructs of a5 Integrin
Full-length a5 integrin and truncation mutations that we made 
have been described previously (11). The a5 c-10 construct 
expressing a5 integrin had only 10 amino acids instead of 27 in the 
cytoplasmic region, whereas a5 c-1 had only one amino acid; the 
entire cytoplasmic domain of 27 C-terminal amino acids including 
KLGFFKR residues was deleted, except for lysine in the proximal 
transmembrane region. The latter construct is often referred to as 
a “tailless” mutant.

Luciferase Reporter Transfection and Dual Luciferase 
Assay
To measure activation of the a5 integrin promoter, 5 × 104 stably 
transfected MDA-MB-231 cells that overexpressed nischarin or 
5 × 104 stably transfected MCF-7 cells in which nischarin expres-
sion had been silenced were transiently transfected with 400 ng of 
the pGL3 vector carrying either 923 bp or 26 bp of the integrin a5 
promoter (12) (generous gift from Dr Jesse Raman, University of 
Louisville, KY), along with Renilla vector to normalize the expres-
sion. Cell lysates were prepared 48 hours after transfection, and 
reporter activity was measured with the Dual Luciferase Assay kit 
as recommended by manufacturer’s protocol (Promega, 
Madison, WI). Data represent the average of three independent 
experiments, and P values less than .05 were considered to be statis-
tically significant.

Rac GTPase Assay
Rho/Rac/Cdc42 Activation Assay Combo Kit was used to perform 
Rac activation assay as described (Cell Biolabs, San Diego, CA). 
Briefly, MDA-MB-231 green fluorescence protein (GFP) and 
MDA-MB-231 GFP nischarin cells were washed two times in 
cold PBS and then lysed in buffer B (50 mmol/L Tris [pH 7.6], 
150 mmol/L NaCl, 1% Triton X-100, 0.5 mmol/L MgCl2, supple-
mented with 1 mmol/L PMSF, 1 µg/mL aprotinin, and 1 µg/mL 
leupeptin). One milligram of total protein was then incubated with 
30 µg glutathione S-transferase (GST)-PAK (PBD) beads for 

30 minutes. The complexes were then washed, followed by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), 
and the amount of active-Rac was determined by western blotting 
using Rac1-specific antibodies. Total cellular lysates were also 
separated by SDS-PAGE, and western blot analysis with anti-Rac1 
antibodies was done as a control for protein loading.

Lung Histology
Mice were killed, and lungs were inflated and fixed with 1.0 mL of 
Z-fix solution overnight followed by washing with PBS and dehy-
dration in 70% ethanol. Tissue paraffin embedding, sectioning, 
and hematoxylin and eosin (H&E) staining were performed by 
Morphology and Imaging Core facility at LSUHSC.

Microarray Data Retrieval and Bioinformatics Analysis
Public-domain expression microarray data was obtained from 
web sites and further analyzed using web-based microarray analysis 
software (13–23).

Statistical Analyses
Statistically significant differences between samples were deter-
mined by paired two-tailed t tests. Statistical significance of nischa-
rin expression differences between samples were also determined 
by paired two-tailed t tests. One-way analysis of variance was used 
to assess differences in nischarin expression between tumor types. 
Tukey multiple comparisons test was used for all possible pairwise 
comparisons.

In determinations of recurrence-free survival, nischarin expres-
sion levels from a microarray analysis of breast cancer patients 
were averaged, and patients were then stratified either into the 
low-nischarin expression group (below mean expression) or the 
high-nischarin group (above mean expression). Associated times to 
recurrence of breast cancer were then plotted using a Kaplan–
Meier survival curve. For mouse experiments, we used two-sided 
student t tests to verify statistical significance.

Results
Nischarin Expression During Breast Cancer Progression
We investigated nischarin expression in human breast cancer cell 
lines and specimens from human breast cancer patients. Nischarin 
mRNA expression was lower in moderately invasive cells (MCF-7, 
T47D, BT474) than in nontumorigenic MCF-10A cells and was 
lowest in the highly invasive cancer cell line, MDA-MB-231, as 
assessed by reverse transcription-PCR (Supplementary Figure 1, 
available online). Using qPCR, we assessed nischarin mRNA 
expression in 60 human breast cancer specimens relative to 60 
normal breast tissues (Figure 1, A and B). Nischarin mRNA was 
strongly expressed in normal tissues; however, in comparison, 
expression was lower in the breast cancer specimens (mean level 
in normal breast = 50.7 [arbitrary units], in breast tumor = 16.49 
[arbitrary units], difference = 34.21, 95% confidence interval [CI] 
on difference = 11.63 to 56.79, P = .003; Figure 1, A). The 60 breast 
cancers were a mixture of different types, among them, in order of 
increasing aggressiveness, DCIS, LCIS, IDC, ILC, and various 
mixtures thereof. IDC samples had lower nischarin expression. 
Overall, all of the specimens with invasive components exhibited 
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lower nischarin expression than the nonmalignant tissues, and the 
results were statistically significant (P = .019) (Figure 1, B and C).

To explore whether nischarin expression levels were associated 
with breast cancer stage, we used qPCR to quantify nischarin 
mRNA expression in a panel of 45 cDNAs prepared from breast 
cancer tissue at different stages. Nischarin expression was high in 
stage 0 specimens, whereas stage I–IV specimens had lower expression 
(Supplementary Figure 2, available online). To assess nischarin 
expression during breast cancer progression, we further quantified 
nischarin mRNA in a panel of 24 primary breast tumor samples 
with matched normal breast tissue from the same patient. Nischarin 
expression was statistically significantly higher in nonmalignant 
than in malignant specimens in 17 (71%) of 24 of these matched 
pairs (mean nischarin expression in normal breast = 61.76 arbitrary 
units, in breast tumor = 22.48 units, difference = 39.28, 95% CI on 
the difference = 8.66 to 88.15, P = .026 by Wilcoxon matched 
paired t test; Figure 1, D). These findings support the possibility 
that nischarin expression is lost during breast cancer progression.

To further examine whether nischarin expression was decreased 
in a broader spectrum of human breast cancers and further explore 
any associations with clinical and pathological data, we examined 
nischarin expression in three publicly available microarray datasets 
of human breast cancer specimens that we analyzed by the  
web-based microarray bioinformatics tool, ONCOMINE (13). 
Nischarin expression was decreased in breast cancers compared 
with levels in normal breast in the database (reference 14 dataset 
P < .001, reference 15 dataset P = .011, reference 16 dataset P = .014; 
Supplementary Figure 3,A, available online). We also used eight 
additional ONCOMINE datasets to examine the association of 
nischarin mRNA expression with breast carcinoma tumor grade 
(Supplementary Figure 3,B, available online). There were 258 
grade 1, 536 grade 2, and 457 grade 3 samples in these datasets. 
Nischarin expression was statistically significantly lower in the 
high-grade tumors relative to the low-grade tumors (P < .05 for 
datasets 17–21 overall; reference datasets 17–21, P < .001; refer-
ence dataset 22, P = .002; reference dataset 23, P = .006; reference 
dataset 16, P = .007; Supplementary Figure 3, B, available online). 
Taken together, these data suggest that decreased nischarin 
expression is a common event in human breast cancer and that loss 
of expression is associated with higher tumor grade and with inva-
sive disease.

We next examined nischarin protein expression in breast cancer 
cell lines and tumor tissues. Consistent with our nischarin mRNA 
expression data, western blot analysis detected little nischarin in 
highly invasive MDA-MB-231 cells or in invasive ductal and inva-
sive lobular breast carcinoma tissues, whereas nischarin protein 
expression could be detected in MCF-7 cells, normal breast tissue, 
and in DCIS (Figure 1, E). To examine nischarin protein expres-
sion in a broader spectrum of human breast cancers, we performed 
immunohistochemical analysis on three commercially available 
tissue microarrays that collectively consisted of 226 breast cancer 
and 10 unmatched normal mammary tissue samples. Using an 
antibody that detects nischarin for which the specificity was inde-
pendently verified (see Supplementary Figure 8, available online), 
these arrays were stained for nischarin and then scored for staining 
intensity by two pathologists. The intensity of staining was scored 
as the average staining intensity of the epithelial cells in each 

sample (0, no staining; 1, light staining; 2, medium staining; and 3, 
intense staining), as shown in representative examples (Figure 1, F). 
We used three different arrays and established that nischarin 
expression was highest in normal breast specimens, lower levels in 
grades 1 and 2 (which had approximately equal levels), and lowest 
for grade 3 (staining scores of nischarin expression in normal 
breast = 1.21 arbitrary units, in grade 3 breast tumor = 0.25 units, 
difference = 0.96, 95% CI = 0.329 to 1.639, P = .011; Figure 1, G). 
Furthermore, we compared mean staining intensity for nischarin 
in different types of breast cancer in all three microarrays (CC08-
00-001, CC08-21-002, and CC08-01-005). Quantification of the 
mean nischarin staining intensity indicated that nischarin expres-
sion was lower in invasive carcinoma compared with normal breast 
tissue (Figure 1, H). These data are consistent with our nischarin 
mRNA level studies, supporting loss of nischarin expression in 
association with invasive disease and higher tumor grade.

Genomic Loss of the NISCH Locus in Human 
Breast Cancer
The nischarin gene, NISCH, maps to chromosomal locus 3p21, 
a cytogenetic region reported to exhibit loss of heterozygosity 
(LOH) in a variety of human cancers including breast cancer 
(24,25). To further investigate the mechanism for loss of nischarin 
expression during the breast cancer progression, we examined 
LOH at the NISCH locus using microsatellite markers in DNA 
samples extracted from 18 human breast cancers and patient-
matched normal tissue counterparts. With three microsatellite 
markers, we established that 50% of tumor samples (nine of 18) 
exhibited LOH at the NISCH locus. Data are shown for the 
D3S3026 marker (Figure 2, A). Importantly, LOH at the NISCH 
locus was associated with decreased nischarin expression (Figure 2, B).

In addition, we performed microdeletion analysis on twenty 
matched pairs of breast tissue samples using qPCR with three 
pairs of primers (see “Methods” for details) designed to amplify 
within intron 2, 3, and 6 of the human nischarin gene. The data 
shown are for intron 6 only (Figure 2, C). The qPCR analysis 
further validated the loss of nischarin locus in 12 of 20 matched 
tumor samples. These results support the conclusion that nischarin 
expression is decreased in a large proportion of primary human 
breast cancers through LOH.

Because decreased nischarin expression is frequently observed in 
human breast cancers, we investigated whether nischarin expression 
could be a prognostic marker for breast cancer patients. We analyzed 
multiple expression datasets for which both nischarin expression and 
recurrence-free survival data were available (26). The patient popula-
tion (n = 286) was stratified into two groups based on nischarin expres-
sion. The cut point was defined as the mean of the entire population, 
with high-expressing nischarin samples above the mean (n = 128 
patients) and low-expressing nischarin samples below the mean (n = 
158 patients). We found that patients with elevated nischarin expres-
sion showed statistically significantly increased recurrence-free 
survival compared with those with low expression levels of  
nischarin (hazard ratio of survival = 1.473, 95% CI = 1.003 to 2.148, 
P = .048) (Figure 2, D). Specifically, a twofold increase in nischarin 
expression conferred a 2.8-fold decrease in risk of tumor recurrence. 
These data suggest that decreased nischarin expression may 
predict decreased recurrence-free survival in breast cancer patients.
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Effect of Nischarin on Cell Growth, Anchorage-
Independent Growth, and Tumor Growth In Vivo
The loss of nischarin expression during breast cancer progression 
suggested that nischarin might normally function to prevent 
cancer progression. We previously demonstrated that nischarin 
decreases the migratory potential of breast cancer cells (1). Cell 
proliferation is an important determinant of tumor growth and 
metastasis. To examine whether nischarin could function as a 
putative tumor suppressor, we initially assessed the effects of nis-
charin expression on the growth of MDA-MB-231 cells. Whereas 
control MDA-MB-231 cells that carried the empty vector grew 
robustly, growth of nischarin-expressing cells was statistically sig-
nificantly inhibited (at day 5, mean growth of MDA-MB-231 GFP 
cells = 1.000 absorbance units; mean growth of MDA-MB-231 

GFP- and nischarin-expressing cells = 0.3267 absorbance units, 
difference = 0.6733, 95% CI = 0.6262 to 0.7206, P < .001; 
Supplementary Figure 4, available online), supporting an effect by 
nischarin on breast cancer cell growth. Because nischarin inhibited 
MDA-MB-231 cell growth in tissue culture dishes, we also inves-
tigated whether it could inhibit anchorage-independent growth. 
Vector-expressing MDA-MB-231 cells exhibited high potential to 
form colonies in soft agar; however, nischarin-expressing cells had 
a substantially reduced propensity for soft agar colony formation 
(Figure 3, A and B).

Our in vitro studies suggested that decreased nischarin expres-
sion in MDA-MB-231 breast cancer cells may provide a growth 
advantage. To investigate this possibility, we stably expressed 
GFP–nischarin or GFP alone, as a control, in MDA-MB-231 cells 

Figure 2. Association of loss of the nischarin (NISCH) gene locus with 
loss of nischarin expression in breast cancers. A) Loss of heterozygosity 
(LOH) at the NISCH locus. Genomic DNAs were isolated from 20 
matched normal and tumor samples and were amplified by polymerase 
chain reaction (PCR) using primers specific to microsatellite markers 
located near the NISCH locus; PCR products were separated on acryl-
amide gels to confirm the allelic loss in tumor samples. The experiment 
was repeated three times. Representative results show allelic loss in 
tumors 2, 3, 4, 6, and 7 (indicated by asterisks) after PCR products were 
separated on a 7.5% polyacrylamide gel. Data are shown for D3S3026 
microsatellite marker, allele length: 209–226 (PCR product from two 
different alleles). B) Presence of nischarin mRNA compared with pres-
ence of LOH in breast cancer specimens. Nischarin mRNA expression 
was measured by quantitative PCR. Red bars represent the tissue sam-
ples with LOH and black bars represent the samples without apparent 
allelic loss. C) Microdeletion analysis of nischarin locus in matched 
breast tissue samples. Genomic DNA isolated from matched normal 

and tumor samples were amplified by PCR using primers located in 
introns 2, 3, and 6 of nischarin. The experiment was repeated three 
times. Eight paired tissues did not have microdeletions at the NISCH 
locus (ΔKCT values of 0 ± 0.35), whereas 12 paired tissues did have 
NISCH microdeletions (ΔKCT below 20.35) in tumor tissues. D) Nischarin 
message levels and recurrence-free survival in women with breast 
cancer. Nischarin expression levels from a microarray analysis of 286 
breast cancer patients were averaged, and patients were then stratified 
either into the low-nischarin group (below mean expression, n = 158) or 
the high-nischarin group (above mean expression, n = 128). Associated 
times to recurrence of breast cancer were then plotted using a Kaplan–
Meier survival curve (n = 286, P = .050 [two-sided log-rank test]). At month 
40, recurrence-free survival among women with high nischarin (105 of 128) 
= 82%, among women with low nischarin (106 of 158) = 67.1%, difference 
= 14.9%, 95% CI = 13% to 16.8%, P = .046 (two-sided log-rank test). 
At 20, 40, and 60 months, 95% confidence intervals are shown. M = molec-
ular weight marker; N = normal tissue; T = tumor tissue.
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using a lentiviral expression vector. Cells were injected into the 
mammary fat pads of BALB/c nu/nu mice and measured tumor 
volume once every 3 days for 40 days. Although tumors formed in 
both groups, tumors derived from cells expressing GFP alone 
consistently grew more rapidly and attained greater volumes than 
tumors derived from nischarin-expressing MDA-MB-231 cells. 
Overall, tumors from the control cells attained a mean calculated 
volume that was 10 times greater than that of tumors from nischa-
rin-expressing cells (at day 40, mean volume of tumors from 
MDA-MB-231–GFP control cells = 1977 mm3, of tumors from 
MDA-MB-231–nischarin cells = 42.27 mm3, difference = 1935 
mm3, 95% CI = 395.0 to 3475, P = .025; Figure 3, C and D). 

Western blot analysis of protein extracted from the tumors con-
firmed that tumors that carried GFP–nischarin plasmids continued 
to express nischarin (see Figure 5, E), suggesting that inhibition of 
tumor growth is due to nischarin expression. These results suggest 
that nischarin inhibits tumor growth and that it may act as a tumor 
suppressor in vivo. To investigate whether nischarin-expressing 
cells were less proliferative in vivo, we performed immunohisto-
chemical staining for Ki67, a marker for proliferation. Nischarin-
expressing tumors had statistically significantly less Ki67 staining 
than GFP-expressing controls (mean number of Ki67-positive 
MDA-MB-231 cells per field = 34.33, of Ki67-positive MDA-MB-
231–nischarin cells = 6.333, difference = 28.00, 95% CI = 12.91 to 

Figure 3. Effect of restoring nischarin expression on anchorage-
independent growth and tumor growth. A) Anchorage-independent 
growth of MDA-MB-231 cells overexpressing nischarin. Cells were stably 
transfected with a nischarin-expressing or green fluoresecence protein 
(GFP) control plasmid and assayed for growth in soft agar. Representative 
images of colonies formed from vector and nischarin-overexpressing 
cells are shown (scale bar = 100 µM). B) Quantification of soft agar 
colonies formed by nischarin-expressing MDA-MB-231 cells. Cells with-
out nischarin overexpression (GFP control cells: MDA-MB-231 GFP) 
formed statistically significantly more colonies than nischarin-overex-
pressing MDA-MB-231 cells (two-sided paired t test; asterisks denote 
P = .001). The experiment was repeated three times. C) Effect of nischarin 
expression on growth of MDA-MB-231 cell xenografts. Nischarin- or 
GFP-expressing MDA-MB-231 cells were injected into the two breast fat 
pads per female nu/nu mouse (n = 5 per group). A representative pho-
tograph of the tumors produced by vector vs nischarin-expressing cells 
is shown. Tumors and the sites of injected tumor cells are shown with 

asterisks. D) Quantification of primary tumor growth from nischarin- or 
GFP-expressing MDA-MB-231 cells. Experiments were performed in 
triplicate. At day 40, mean volume of tumors from MDA-MB-231–GFP 
control cells = 1977 mm3, of tumors from MDA-MB-231–nischarin cells = 
42.27 mm3, difference = 1935 mm3, 95% confidence interval = 395.0 to 
3475 mm3, P = .003 (paired two-sided test). E) Cell proliferation in 
nischarin-expressing vs control tumors. Paraffin-embedded tissue 
sections of primary tumors from mice injected with MDA-MB-231 (Top 
panel) and MDA-MB-231-Nisch (bottom panel) cells were immunos-
tained with anti-Ki67 antibody (brown stain; right) or hematoxylin and 
eosin (H&E; blue nuclei and red cytoplasm; left). Photomicrographs 
were taken at 40× magnification; scale bars = 100 µM. F) Quantification 
of cell proliferation in tumors from nischarin-expressing cells or control 
MDA-MB-231 cells. The number of Ki67-positive cells per field is shown, 
as an average of three of fields viewed. Error bars represent 95% confi-
dence intervals, and the P value was calculated using a two-sided 
Student t test; P = .006.
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43.09, P = .006; Figure 3, E and F), which supports a role for 
nischarin in regulating tumor growth, in part via effects on cell 
proliferation.

Nischarin and Lung Metastasis
We further examined the function of nischarin in vivo using an 
experimental lung metastasis model. In this mouse model, tumor 
cells are injected directly into the blood stream, bypassing the 
invasion and intravasation steps of metastasis and seeding the lung. 
MDA-MB-231 cells (referred to as MDA-MB-231-luc) were 
genetically engineered to express the firefly luciferase gene. These 
cells were transduced with lentivirus particles that expressed nis-
charin or served as an empty vector control. Nischarin-expressing 
MDA-MB-231-luc or vector-expressing MDA-MB-231-luc cells 
were injected into the tail veins of nude mice. Two hours after 
injection, bioluminescent imaging was performed to establish 
whether the cells were homing to the lung, and subsequent biolu-
minescent imaging was performed every week for 8 weeks. In the 
mice injected with nischarin-expressing MDA-MB-231 cells, there 
was a statistically significantly lower bioluminescent signal than in 

mice injected with vector control MDA-MB-231 cells (at day 40, 
mean signal in lung for MDA-MB-231-luc = 17 110 000 photon 
per second; for MDA-MB-231-luc–nischarin = 513 300 photon per 
second, difference = 16 600 000 photon per second; 95% CI = 
13 050 000 to 20 150 000 photon per second; P < .001; Figure 4, A). 
The bioluminescent signals from mice injected with nischarin-
expressing MDA-MB-231 cells were six orders of magnitude less 
than those of controls injected with vector-expressing MDA-MB-231 
cells (Figure 4, C). Ex vivo bioluminescent imaging of lungs from 
these mice after 8 weeks also revealed that nischarin suppressed 
lung metastasis (Figure 4, B).

To further confirm the effect of nischarin on metastasis, we 
performed a histological analysis of lung tissues from the mice that 
were injected with breast cancer cells through the tail veins. Lung 
tissues were extracted and sectioned, and H&E staining revealed 
that very few metastases were formed in the lungs of mice injected 
with nischarin-expressing cells (Figure 4, D). By contrast, lungs 
from mice injected with vector control cells were heavily infiltrated 
by metastases. Further pathological examination of lung metastases 
in mice carrying nischarin-expressing MDA-MB-231-luc xenografts 

Figure 4. Nischarin overexpression and lung metastasis in a nude 
mouse model. A) Time course of lung metastasis in mice carrying 
nischarin-expressing or control MDA-MB-231 cells. One million MDA-
MB-231–luc cells transfected with an empty luciferase vector (as a control) 
or with the same plasmid overexpressing nischarin were injected into 
the tail vein of nude mice (n = 5), and bioluminescent imaging was 
performed once a week. Here, bioluminescent images of three repre-
sentative mice at 5, 10, 20, and 40 days after tail vein injection (post tail 
vein injection) are shown. B) Ex vivo bioluminescent imaging of lungs 

from mice injected with vector control–expressing cells or nischarin–
expressing cells. Imaging was performed at 8 weeks after injection. C) 
Quantification of bioluminescence data. Photon intensity per second in 
whole mice was quantitated as in (A). Error bars represent 95% confi-
dence intervals, and the P value was calculated at day 40 using a 
two-sided Student t test; P < .001 (n = 5 mice per group). D) Hematoxylin- 
and eosin-stained lung tissue sections from mice injected with 
MDA-MB-231 cells stably expressing nischarin or a vector control. The 
“T” indicates a tumor metastasis (Scale bar = 500 µM).
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revealed that these metastases were small and isolated compared 
with the large locally invasive metastases observed in mice carrying 
control MDA-MB-231-luc xenografts (data not shown). These 
results suggest that nischarin is an important regulator of breast 
cancer cell invasion and metastasis in vivo.

Role of a5 Integrin in Nischarin-Mediated Inhibition 
of Cell Invasion
Cell invasion is an important event in tumor progression and both 
adhesion of tumor cells to the extracellular matrix and migration 
of tumor cells contribute to cancer cell invasion and metastasis 

(27). To define the mechanism whereby nischarin suppresses inva-
sion, we examined invasion by nischarin-expressing vs vector-
expressing MDA-MB-231 cells with in vitro assays in the presence 
of different types of extracellular matrices. Although nischarin 
overexpression did not affect basal or serum-stimulated invasion 
in transwell assays in the presence of polylysine (Supplementary 
Figure 5, A, available online) or collagen (Supplementary Figure 5, B, 
available online), nischarin expression did inhibit the invasiveness 
of MDA-MB-231 cells in the presence of fibronectin (Figure 5, A). 
These findings suggested that nischarin inhibits tumor cell inva-
sion specifically in the context of fibronectin.

Figure 5. Effect of nischarin expression on a5 integrin expression and 
a5-mediated invasion. A) Effect of nischarin on invasiveness of 
MDA-MB-231 cells through fibronectin. MDA-MB-231 cells were tran-
siently transfected with nischarin + vector, vector alone, or nischarin + 
a5 integrin. A plasmid encoding b-galactosidase was introduced in 
every transfection to visualize the cells. Invasiveness was tested by 
placing cells in serum-free medium on top of a fibronectin-coated 
filter with eight micron pores in a transwell dish and monitoring cell 
invasion toward serum-containing medium on the opposite side of 
the filter (except in one control sample, in which serum was omitted). 
Error bars represent 95% confidence intervals and for all three bracketed 
comparisons; P = .001 (two-sided Student t tests). Experiments were 
repeated three times. B) Role of a5 integrin in nischarin-mediated 
inhibition of MDA-MB-231 invasiveness on fibronectin. MDA-MB-231 
cells were transfected with nischarin + a5 integrin, nischarin + vector, 

nischarin + a5 integrin c-1, or nischarin + a5 integrin c-10, and a 
serum-induced invasion assay was performed in triplicate. Error bars 
represent 95% confidence intervals, and P values were calculated 
using two-sided Student t tests. C) Effect of nischarin on a5 integrin 
mRNA expression. Nischarin, a5 integrin, and b-actin mRNA expres-
sion were examined by reverse transcription-polymerase chain 
reaction in MDA-MB-231 cells expressing green fluorescence protein 
(GFP) or nischarin. D) Effect of nischarin on a5 integrin protein expres-
sion. Nischarin, a5 integrin, and vinculin protein expression were 
examined by western blot analysis in MDA-MB-231 cells expressing 
GFP or nischarin. E) Effect of nischarin on a5 integrin protein expres-
sion in xenografted tumors. Nischarin, a5 integrin, and vinculin 
protein expression were examined by western blot analysis in 
MDA-MB-231 xenograft tumors expressing GFP or nischarin. nisch = 
nischarin; vect = vector.
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We previously established a specific protein-protein interaction 
between nischarin and a5 integrin (1): a5 integrin complexes with 
b1 integrin to form the classic fibronectin receptor, which plays a 
vital role in both cell migration and cell adhesion. Because nischa-
rin specifically inhibited cancer cell invasion in the context of 
fibronectin, we investigated whether these effects were mediated 
through a5 integrin by expression of a5 integrin could abrogate 
nischarin-mediated inhibition of invasion. Although a5 integrin 
had no effect on the invasion through polylysine (Supplementary 
Figure 5, A, available online) or collagen (Supplementary Figure 5, B, 
available online) by MDA-MB-231 cells, exogenous a5 integrin 
did abrogate nischarin-mediated inhibition of invasion through 
fibronectin (Figure 5, A and B).

We previously demonstrated that the proximal transmembrane 
region (KLGFFKR) of a5 integrin is important for its interaction 
with nischarin (2). To examine whether nischarin inhibited cell 
invasiveness through a5 integrin, we introduced a5 truncation 
constructs into MDA-MB-231 cells before doing similar assays. 
One truncation mutant, a5 c-10, was missing 16 amino acids in the 
cytoplasmic domain but contained the nischarin binding region. 
The other, a5 c-1, lacked the entire cytoplasmic domain and did 
not include the nischarin binding region. Although a5 c-10 was 
partially able to recapitulate the effects of full-length a5 integrin, 
a5 c-1 was largely inactive (Figure 5, B). These data suggest that 
nischarin’s interaction with a5 integrin is critical for nischarin-
mediated inhibition of invasion.

Effect of Nischarin on a5 Integrin Expression
We next investigated whether nischarin regulated a5 integrin 
expression. To examine this possibility, we performed reverse 
transcription-PCR on RNA from nischarin-expressing cells using 
a5 integrin–specific primers and western blot analysis using a5-
specific antibodies. In MDA-MB-231 cells, nischarin expression 
was associated with potently decreased a5 integrin expression both 
at the mRNA level (Figure 5, C) and the protein level (Figure 5, D). 
These data suggested that a reduction of a5 integrin expression by 
nischarin could be one of the mechanisms by which nischarin func-
tions as a tumor suppressor. To establish whether this mechanism 
was operating in vivo, we analyzed expression of nischarin and a5 
integrin protein in MDA-MB-231 tumors formed in nude mice in 
the presence and absence of nischarin. Similar to our findings in 
vitro, nischarin expression was associated with potently decreased 
a5 integrin expression in vivo (Figure 5, E), supporting nischarin-
induced loss of a5 integrin expression as one mechanism for the 
tumor-suppressing effects of nischarin.

To examine whether nischarin expression modulates the 
transcriptional regulation of a5 integrin, we performed dual 
luciferase assays on stable clones of MDA-MB-231 cells that 
overexpressed nischarin and transiently expressed either the 
full-length (923 bp) a5 integrin promoter or a 26-bp segment 
of the a5 integrin promoter fused with the luciferase gene in a 
pGL3 vector (the 26-bp promoter construct served as a negative 
control). When nischarin was overexpressed, activity of the full-
length a5 integrin promoter was statistically significantly 
decreased (P = .001; Figure 6, A). These data suggested that nis-
charin might transcriptionally regulate a5 integrin to decrease its 
expression.

To further define the mechanism for nischarin’s tumor sup-
pressor effects, we examined the effects of nischarin on a5-medi-
ated signaling (28). FAK has been shown to promote cell migration 
and cell invasion, and it is overexpressed in human cancers. 
Because a5 integrin is known to stimulate FAK signaling (29), we 
examined whether nischarin affected FAK phosphorylation as a 
surrogate for FAK activation. Lysates prepared from MDA-MB-231 
cells expressing nischarin and control cells were immunoblotted 
with an anti-phosphoFAK antibody. In the MDA-MB-231 model, 
nischarin expression was accompanied by strongly decreased FAK 
phosphorylation (Figure 6, B). To investigate whether these effects 
could be attributed to altered a5 integrin expression, we rescued 
the loss of a5 integrin expression in these cells by expression of 
exogenous a5 integrin or the a5 integrin cytoplasmic domain 
mutants a5 c-1 and a5 c-10. Although restoring a5 integrin ex-
pression reversed nischarin-mediated suppression of FAK phos-
phorylation, a5 c-1 and a5 c-10 were only partially able to do so 
(Figure 6, C). To establish whether this mechanism was operating 
in vivo, we analyzed the expression of nischarin and phosphory-
lated FAK in tumors formed in nude mice from MDA-MB-231 
cells with and without nischarin expression. As in our in vitro 
studies, the expression of nischarin was accompanied by potently 
decreased FAK phosphorylation in vivo (Figure 6, D). Taken 
together, these results support a model in which nischarin func-
tions as a tumor suppressor by decreasing a5 integrin expression 
and thereby decreasing FAK signaling.

Nischarin Silencing and a5 Integrin Expression
Because restoring expression of nischarin to MDA-MB-231 cells 
inhibited tumor growth and metastasis, we examined whether loss 
of nischarin expression could promote these processes in MCF-7 
breast cancer cells, which are normally weakly tumorigenic and 
invasive. Expression of nischarin shRNA effectively reduced nis-
charin expression in MCF-7 cells at the mRNA (Figure 7, A) and 
the protein level (Figure 7, B). Whereas restoring nischarin 
expression in MDA-MB-231 cells reduced a5 integrin expression, 
reducing nischarin expression induced a5 integrin expression in 
MCF-7 cells (Figure 7, A and B, middle panels). Also, MCF-7 cells 
in which nischarin expression was silenced had statistically signifi-
cantly increased a5 integrin promoter activity (Figure 7, C, 
P < .001). These data suggest that nischarin-mediated reduction of 
a5 integrin expression could be one mechanism by which nischarin 
functions as a tumor suppressor in breast cancer.

a5 Integrin Expression During Breast Cancer Progression
Because nischarin regulates a5 integrin expression, we examined 
the expression of a5 integrin mRNA in 54 human breast tumors 
relative to 54 normal tissues. By contrast to nischarin (shown in 
Figure 1), a5 integrin was weakly expressed in normal tissues and 
more strongly expressed in the breast cancer specimens (P = .002; 
Supplementary Figure 6, A, available online) including IDC and 
IDC + DCIS specimens (Supplementary Figure 6, B, available 
online). To further assess integrin a5 expression, we quantified 
ITGA5 mRNA in a panel of 24 primary breast tumor samples with 
matched normal breast tissue from the same patients. Average 
ITGA5 expression was higher in tumors compared with normal 
specimens in 22 (91%) of 24 of these matched pairs (P < .001; 
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Supplementary Figure 6, C, available online). Furthermore, we 
compared the expression of nischarin mRNA and of ITGA5 
mRNA in 54 tumor specimens (Supplementary Figure 6, D, avail-
able online). Our data clearly show that nischarin and ITGA5 are 
inversely related with regard to their expression levels.

Nischarin Silencing and Tumorigenic Potential
Because restoring nischarin expression inhibited the growth of 
MDA-MB-231 cells, we investigated the effect of silencing nis-
charin expression on anchorage-independent growth of MCF-7 
cells. As expected, cells with nischarin shRNA had enhanced 
anchorage-independent growth relative to control shRNA–
expressing cells (Figure 7, D and E), with an increase in both the 
size and the number of soft agar colonies. Consistent with these 
results, nischarin silencing was accompanied by increased prolif-
eration of MCF-7 cells in culture (Supplementary Figure 7, A, 
available online). Silencing of nischarin expression also potently 
increased the invasiveness of MCF-7 cells through Matrigel 

(Supplementary Figure 7, B, available online). These data indicate 
that decreased expression of nischarin enhances in vitro tumori-
genic functions.

We next examined whether reducing endogenous levels of nis-
charin would affect tumorigenesis in vivo. We injected MCF-7 
cells that expressed GFP alone, control shRNA, or nischarin 
shRNA into the mammary fat pads of BALB/c nu/nu mice and 
measured tumor volume. Mice bearing MCF-7 cells that expressed 
nischarin shRNA developed statistically significantly larger tumors 
compared with either mice that bore cells with vector alone or 
scrambled control shRNA (at week 9, mean volume of nischarin 
shRNA–containing tumor = 1262 mm3, of vector-containing con-
trol tumor = 258 mm3, of scrambled shRNA–containing tumor = 
224 mm3; difference, nischarin shRNA vs vector = 1003 mm3, 95% 
CI = 860.6 to 1146, P < .001; difference nischarin shRNA vs 
control scramble shRNA = 1038 mm3, 95% CI = 899.6 to 1176, 
P < .001; Figure 7, F and G). Taken together, these results support 
nischarin as a candidate tumor suppressor in breast cancer.

Figure 6. Nischarin and a5 integrin–mediated 
signaling. A) The a5 integrin promoter assay. 
In triplicate experiments, MDA-MB231-derived 
cell lines expressing green fluorescence 
protein (GFP)–nischarin or a control plasmid 
were transiently transfected with plasmids 
encoding firefly luciferase under the control of 
the a5 integrin promoter: either 500 ng of the 
full-length a5 integrin promoter (923 base pair, 
left two bars) or a truncated (25 base pair, right 
two bars) portion of the a5 integrin promoter. 
Transfections also included 50 ng of the Renilla 
luciferase vector as a control to normalize the 
experiments. Firefly luciferase activity, relative 
to Renilla luciferase activity, was measured in 
dual assays at 40 hours after transfection. Error 
bars represent 95% confidence intervals; aster-
isks indicate a P < .001 that was calculated 
using a two-sided Student t test. Experiments 
were performed in triplicate. B) Effect of 
nischarin on focal adhesion kinase (FAK) 
phosphorylation. Stable MDA-MB-231 cells, or 
derivatives that expressed GFP-nischarin or a 
control plasmid, were lysed and 30 µg of 
protein was used, and phosphorylation of FAK 
at tyrosine-397 (P-FAK), total FAK, and nis-
charin and vinculin protein expression were 
examined by western blot analysis. Thirty 
micrograms of protein were loaded in each 
lane. C) Effect of nischarin on FAK phosphory-
lation in presence of a5 integrin truncation 
constructs. MDA-MB-231 cells were transiently 
transfected as shown, and the lysates made 
from these cells were immunoblotted with 
FAK, phosphotyrosine 397-FAK (P-FAK), a5 
integrin, nischarin, and vinculin antibodies. 
The rabbit polyclonal a5 integrin cytoplasmic 
domain–specific antibody (Millipore AB1928) 
detected a robust a5 integrin signal only in 
lysates from cells that were transfected with  
full-length a5 integrin. Experiments were per-
formed in triplicate. D) Effect of nischarin on 
FAK phosphorylation in vivo. Phosphorylation 
of FAK at tyrosine-397 (P-FAK), total FAK, and 
nischarin protein expression were examined 
by western blot analysis in MDA-MB-231 xeno-
graft tumors expressing GFP or nischarin. 
Experiments were performed in triplicate.
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Model
Because it is known that a5 integrin activates Rac and Rac regulates 
PAK, we hypothesized that nischarin may regulate Rac activation. 
Nischarin-expressing MDA-MB-231 cells and GFP control cells 
were serum starved and stimulated with serum for 1 hour, and Rac 
GTPase assays were performed. In nischarin-expressing cells, Rac 
GTP loading was substantially reduced (Figure 8, A). These data 
suggest that nischarin regulates a5 integrin expression, which affects 
Rac-mediated signaling to regulate tumorigenesis. Moreover, PAK1 
regulates ERK phosphorylation, and thus we examined whether 

nischarin regulates ERK phosphorylation. As predicted, restoring 
nischarin expression reduced ERK phosphorylation (Figure 8, A). By 
contrast, suppression of endogenous nischarin in MCF-7 xenograft 
tumors stimulated FAK and ERK phosphorylation as well as Rac 
GTP loading (Figure 8, B). These data suggest an important role for 
nischarin. Because we examined these signaling mechanisms in tumor 
xenografts from two distinct breast cancer models, using both overex-
pression and silencing of nischarin, our results strongly support a role 
for nischarin in regulating the FAK-, Rac-, and ERK-signaling 
cascades to regulate breast cancer progression (Figure 8, C).

Figure 7. Effects of nischarin silencing on a5 integrin expression and 
tumor growth. A) Expression of a5 integrin mRNA in cells with nischarin 
silencing. RNA was prepared from MCF-7 cells and from MCF-7 cells 
expressing short hairpin RNA (shRNA) to nischarin or scrambled shRNA. 
Nischarin, a5 integrin, and b-actin mRNA expression were examined 
using reverse transcription-polymerase chain reaction. B) Expression of 
a5 integrin protein. Lysates were prepared from MCF-7 cells and from 
MCF-7 cells expressing shRNA to nischarin or scrambled shRNA. Thirty 
micrograms of lysate proteins were loaded in each lane of a gel, and 
levels of nischarin, a5 integrin, and vinculin protein expression were 
examined by western blot analysis. C) The a5 integrin promoter assay. 
MCF-7 cell lines that stably expressed scrambled shRNA or shRNA to 
nischarin were transiently transfected with 400 ng of a plasmid that 
expressed firefly luciferase under the control of either the full-length a5 
integrin promoter (923 bp) or a truncated (26 bp) a5 integrin promoter. 
They were also transfected with 50 ng of the Renilla luciferase vector as 
a control to normalize between experiments. Dual luciferase assays were 
conducted at 40 hours post-transfection. In the graph, 95% confidence 
intervals are shown and asterisks denote P = .001 from a two-sided 
Student t test. Experiments were performed in triplicate. D) Effect on 
anchorage-independent growth. MCF-7 cells or MCF-7 cells expressing 

scrambled shRNA or nischarin shRNA were suspended in culture me-
dium containing 0.35% agarose, and the suspension was layered over 
0.5% agarose. Representative images of the colonies formed from 
vector, scramble, and nischarin-silenced cells are shown (scale bar = 
100 µM). E) Quantification of cell growth in the soft agar assay. 
Anchorage-independent growth is graphed for MCF-7 cells infected with 
lentiviruses expressing green fluorescence protein (GFP) alone, scram-
bled shRNA, or shRNA to nischarin. Error bars represent 95% confidence 
intervals; via two-sided Student t tests; experiments were performed in 
triplicate. F) Effect on tumor growth. To determine the effect of nischarin 
silencing on tumor growth in vivo, female nu/nu mice (n = 5 per group) 
were injected with 1 × 106 MCF-7-derived cells in each of two breast pads 
per mouse. The MCF-7 cells used expressed scrambled shRNA or nischa-
rin shRNA or contained only the vector. Tumor volume was measured 
every 3 days. Tumors and their site of injections are shown with asterisks 
in representative mice. G) Quantitative analysis of tumor growth. Here, 
tumor volumes of MCF-7 cells with GFP alone, scrambled shRNA, or 
shRNA to nischarin (panel F) are quantified. The data are averaged from 
three independent experiments. Error bars represent 95% confidence 
intervals, and P values were calculated using two-sided Student t tests. 
n.s. = not significant; Nis = nischarin.
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Figure 8. Effect of nischarin on the cell 
cycle and cell cycle regulators. A) Rac1 
GTPase assay in MDA-MB-231 express-
ing green fluorescence protein (GFP) or 
nischarin. Nischarin and GFP stably trans-
fected MDA-MB-231 cells were serum 
starved overnight and stimulated with 
serum for 1 hour. GTP bound Rac (active) 
was precipitated and blotted with anti-Rac1 
antibody. B) Expression of the indicated 
proteins by western blots in MCF-7 
scramble shRNA or MCF-7 shRNA nischa-
rin xenograft tumors. Total cell lysates 
prepared from nischarin-silenced cells 
were immunoblotted with total FAK, ERK, 
and phospho-specific antibodies for ERK 
(tyrosine 204) and FAK (tyrosine 397) as 
described in the methods. C) Model of 
the mechanism of nischarin action during 
breast cancer progression. Nischarin, 
which is frequently expressed at lower 
levels in human breast cancers, regulates 
the expression of a5 integrin, which in 
turn modulates the FAK and Rac sig-
naling to regulate breast cancer progres-
sion. Also, our previous data indicate that 
nischarin expression is associated with 
decreased PAK1 activation, and PAK1 is 
known to regulate tumor growth through 
ERK (4). Similarly, nischarin modulates 
LIM kinase (LIMK) activation, which is 
known to regulate tumor growth (5). Nis = 
nischarin.

Discussion
Based on our previous studies, which defined nischarin as a regu-
lator of cell migration and invasion (3–5), we hypothesized that 
nischarin may function as a tumor suppressor in human breast 
cancer. Here, we demonstrate that nischarin expression is fre-
quently decreased at the mRNA and protein level in human breast 
cancers. Loss of nischarin expression was associated with acquisi-
tion of an invasive phenotype, more advanced tumor grade, and 

decreased patient survival. LOH at the NISCH locus is one mech-
anism for loss of nischarin expression; 50% of breast cancer 
patients exhibited LOH, which was strongly associated with loss of 
nischarin expression. Moreover, a recent genome-wide study iden-
tified nischarin promoter methylation in 30% of breast cancers 
(30), which would also result in loss of nischarin expression in 
breast cancer. Functionally, restoration of nischarin expression to 
MDA-MB-231 cells, which lacked it, inhibited proliferation and 
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soft agar colony formation in vitro and tumor growth in vivo, 
whereas directly silencing nischarin expression in MCF-7 cells, 
which had it, increased cell proliferation and soft agar colony 
formation in vitro and tumor growth in vivo. Mechanistically, re-
storing nischarin expression in MDA-MB-231 cells decreased a5 
integrin expression and reduced FAK phosphorylation, leading to 
decreased ERK activation. In a reciprocal manner, shRNA-medi-
ated silencing of nischarin expression in MCF-7 cells increased a5 
integrin expression, FAK phosphorylation, and ERK phosphoryla-
tion. Furthermore, our data show an inverse relationship between 
a5 integrin and nischarin expression. Taken together, these results 
suggest that nischarin is a potential tumor suppressor in breast 
cancer and that it is likely to function by potently inhibiting a5 
integrin, FAK, and Rac to regulate tumorigenesis.

Integrins have been shown to play an important role in cancer 
progression, especially by promoting tumor cell survival, tumor 
angiogenesis, and metastasis; thus, agents targeting integrins have 
great therapeutic potential (31). Our data agree with several recent 
studies showing that a5b1 integrin is important to induction of 
invasion of breast carcinoma cells. Also in several cell types, 
a5b1-mediated activation of ERK and FAK signaling has been 
demonstrated (32). Our data further support the conclusion that a 
nischarin-mediated decrease in a5 integrin expression affects ERK 
and FAK phosphorylation. A recent study (28) elegantly showed 
that FAK catalytic activity is required when a5b1 integrin stimu-
lates Src activation through FAK phosphorylation. E-cadherin is 
known to function as a tumor suppressor that regulates epithelial 
mesenchymal transition (33). Furthermore, downregulation of 
E-cadherin upregulates a5 integrin protein expression through 
activation of the EGFR/FAK/ERK1 signaling pathway (34) sug-
gesting an inverse correlation between E-cadherin and a5 integrin 
expression levels. Loss of E-cadherin has been reported to increase 
a5 integrin expression under conditions of hypoxia (35). FAK has 
been depicted to play an important role in transcriptional upregu-
lation of mesenchymal markers and delocalization of membrane 
bound E-cadherin (36,37). E-cadherin levels, like nischarin levels, 
are sometimes substantially decreased in breast cancers, further 
suggesting that nischarin and E-cadherin reduce tumor growth 
through the modulation of a5-FAK signaling. Whereas a5b1 
functions as a tumor promoter, an antagonist of this integrin was 
shown to block proliferation, adhesion, and anchorage-independent 
growth of human astrocytoma cells (38). Further support comes 
from a study demonstrating that a5 integrin expression is elevated 
in metastatic B16F10 melanoma cells (39). The exact mechanism 
by which nischarin regulates ITGA5 is currently unknown. One 
possibility is that the nischarin leucine zipper domains (1) could 
associate with other leucine zipper–containing proteins (40). For 
example, they might bind to AP1 complex proteins such as c-fos or 
c-jun, which are known to increase transcription of several genes 
involved in proliferation and have been shown to regulate the 
expression of ITGA5 (41,42). However, nischarin is primarily 
localized to the cytosol, and what, if anything, stimulates its trans-
location to the nucleus remains to be determined.

Although we have identified a tumor suppressor function for 
nischarin using qPCR expression analysis and in vitro and in vivo 
experiments with human breast cancer tissues and cell lines, there 
are several limitations for our study. First, nischarin also interacts 

with PAK and LIMK kinase, which have established roles in can-
cer migration and invasion (4,5), and how nischarin regulates those 
pathways in breast cancer is beyond the scope of this study. 
Second, our data strongly suggest that nischarin transcriptionally 
regulates a5 integrin, but the exact mechanism is not known. 
Third, it remains to be established whether the tumor suppressor 
function of nischarin is tissue-specific or a general phenomenon 
among various cancers. Furthermore, because FAK-Src signaling 
has been shown to play a critical role in epithelial mesenchymal 
transition and regulation of E-cadherin, it is important to examine 
whether nischarin plays a role in these events. Future studies with 
a mouse model in which nischarin expression has been eliminated 
will be a key step to identify the complex role played by nischarin 
in normal and cancer biology.

Based on our data, we propose a model in which nischarin 
reduces a5 integrin expression leading to reduction of FAK phos-
phorylation and Rac GTP loading, which in turn reduces tumor 
growth. In addition to effects on a5 integrin and FAK as shown 
above, nischarin also regulates PAK and LIMK signaling, all of 
which have defined roles in breast carcinogenesis (1,4,5). Whether 
nischarin mediates some of its tumor suppressor roles in breast 
cancer through regulation of these pathways is an area of current 
investigation.
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