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Abstract
Acheron (Achn) is a new member of the Lupus Antigen family of RNA binding proteins. Previous
studies have shown that Achn controls developmental decisions in neurons and muscle. In the
human mammary gland, Achn expression is restricted to ductal myoepithelial cells. Microarray
analysis and immunohistochemistry have shown that Achn expression is elevated in some basal-
like ductal carcinomas. To study the possible role of Achn in breast cancer, we engineered human
MDA-MB-231 cells to stably express enhanced green fluorescent protein-tagged wild-type Achn
(AchnWT), as well as Achn lacking either its nuclear localization signal (AchnNLS) or its nuclear
export signal (AchnNES). In in vitro assays, AchnWT and AchnNES, but not AchnNLS, enhanced
cell proliferation, lamellipodia formation, and invasive activity and drove expression of the
elevated expression of the metastasis-associated proteins MMP-9 and VEGF. To determine if
Achn could alter the behavior of human breast cancer cells in vivo, Achn-engineered MDA-
MB-231 cells were injected into athymic SCID/Beige mice. AchnWT and AchnNES-expressing
tumors displayed enhanced angiogenesis and an approximately five-fold increase in tumor size
relative to either control cells or those expressing AchnNLS. These data suggest that Achn
enhances human breast tumor growth and vascularization, and that this activity is dependent on
nuclear localization.
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Impact: This study is the first to suggest a role for the newly described Acheron protein in human pathogenesis. Multiple lines of
evidence are presented to support the hypothesis that Acheron is differentially expressed in some human breast cancers and that
Acheron expression enhances tumor formation and angiogenesis.
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INTRODUCTION
Breast cancer is the leading cause of cancer among women in the United States. Although
early diagnosis and treatment have significantly improved long-term survival, patients with
metastatic disease have not realized the same benefits. Improvements in both clinical
diagnosis and treatment will require a better understanding of the molecular mechanisms
responsible for tumor progression.

While many processes influence the ability of solid tumors to mediate pathology, the two
main factors are metastasis and angiogenesis1–4. During metastasis, tumor cells must acquire
a number of new capabilities that allow them to leave the primary tumor, travel to ectopic
locations, and seed the formation of secondary colonies. In order for tumor cells to move
through solid tissues they must first degrade extracellular matrix (ECM) proteins with a
class of gelatinase family enzymes known as matrix metalloproteinases (MMPs)5–7. In this
regard, the induction of MMPs such as MMP-2, MMP-3 and/or MMP-9, is directly
correlated with the incidence of tumor metastasis8–10.

MMPs are usually secreted as inactive pro-enzymes that require the proteolytic removal of
the N-terminus for activation. MMP-2 and MMP-9 are implicated in the invasiveness of
numerous human cancers since they can degrade the ECM and activate a wide range of
molecules including growth factors and cytokines11, 12. Release of these factors in turn
induces tumor cell proliferation, adhesion, migration, angiogenesis, and host defense
evasion13, 14. Recent data has demonstrated that MMP-9 can exert a pro-angiogenic function
directly via vascular endothelial growth factor (VEGF) during tumor progression2, 15, 16.

Angiogenesis is another essential step in tumor survival and metastasis. Angiogenic factors,
derived predominantly from tumor cells and infiltrating inflammatory cells, include:
fibroblast growth factor-2 (FGF-2 or bFGF), vascular endothelial growth factor (VEGF),
platelet derived growth factor (PDGF), angiopoietins and ephrins, with VEGF emerging as
one of the most potent17–19. Indeed, the groundbreaking work of Folkman has led to the
development of anti-angiogenic therapies that have the potential to effectively suppress
tumor growth and attenuate metastasis20–23.

The Acheron (Achn) gene (also known as La Related Protein 6; LARP6) was recently
discovered in our laboratory in a molecular screen for genes that are induced when insect
skeletal muscles become committed to die at the end of metamorphosis24. Molecular and
phylogenetic analysis has demonstrated that Achn is highly conserved throughout evolution
and defines a new sub-family of Lupus Antigen (La) proteins. Human Achn encodes a 55
KDa protein that contains three highly conserved N-terminal La motifs, an imperfect RNA
binding domain, and putative nuclear localization (NLS) and nuclear export (NES) signals.
Achn binds to the CASK/Lin-2 signal transduction protein, which can regulate membrane
signaling and gene expression25, 26. It also binds to stem loop sequences in the 5’ region of
type I collagen mRNA and co-localizes these transcripts to non-muscle myosin, where it
may facilitate translation27, 28.

Achn is predominantly expressed in neurons, striated skeletal muscle and cardiac muscle24.
It plays essential roles in differentiation of several lineages, including neurons and
muscles29. Blockade of endogenous Achn in zebrafish embryos with antisense morpholinos
greatly reduces the formation of forebrain neurons and differentiated striated skeletal
muscles. In vitro analysis in the mouse myoblast cell line C2C12 has shown that Achn is
required for cells to both differentiate into striated skeletal muscles and initiate apoptosis
following growth factor removal. As well, Achn has been shown to regulate myoblast
migration and adhesion30, properties that are essential for both normal development and
pathogenesis.
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In the present study we extended these analyses to determine if Achn might play a role in the
behavior of human breast cancer, since preliminary data (presented below) demonstrates that
Achn is highly expressed in some basal-like ductal carcinomas in human. Expression of
ectopic Achn in human MDA-MB-231 breast cancer cells enhances proliferation,
lamellipodia formation, invasion and the expression of both MMP-9 and VEGF in vitro, and
tumor angiogenesis and growth in an in vivo mouse xenograft model. The ability of Achn to
mediate these behaviors appears to be dependent upon its ability to enter the nucleus, since
loss of the NLS abrogates all of these effects. Taken together, these data support the
hypothesis that Achn may play a role in the development and aggressive behavior of some
human breast cancers.

MATERIAL AND METHODS
Immunohistochemistry and quantification

For IHC staining of Achn in human cancer samples, anonymous cancer samples were
obtained from the tissue archives at the Department of Pathology, Baystate Medical Center
under the auspices of an approved Internal Review Board protocol. Formalin fixed, paraffin-
embedded human breast tissues with invasive carcinoma were processed for
immunohistochemical (IHC) using our rabbit anti-human Achn antiserum (1:100) as
described below. A detailed description of the anti-Achn antibody is presented elsewhere
(Schwartz et al., in preparation).

Mouse tumor samples were processed for both paraffin-embedding and frozen sectioning,
and 10 µm sections were randomly selected for IHC staining using antisera against VEGF,
CD31, cytokeratins CK1/5/10/14, smooth muscle actin (SMA), and estrogen receptor alpha
(ERα). All procedures were performed at room temperature. In brief, the samples were
incubated in 3% H2O2 for 30 min to block endogenous peroxidase activity followed by
incubation with blocking buffer (Vector Laboratories, Burlingame, CA) containing 10%
goat serum for 1 hr. Slides were incubated with anti-VEGF polyclonal antibody (1:50, Santa
Cruz), anti-CD31 monoclonal antibody (1:400, BD Biosciences, San Jose, CA),
CK1/5/10/14 polyclonal (1:500, Dako, Carpinteria, CA), SMA monoclonal (1:500, Sigma),
or ERα (1:200, Santa Cruz) for 2 hr and goat anti-rabbit/or rat secondary antibody (1:100)
conjugated with HRP was added for 30 min. Finally, DAB substrate (Dako) was introduced
for several minutes, and after washing, methyl green was used for counterstaining. For
quantification of VEGF expression, the staining intensity was evaluated: no staining = 0
points, weak staining = 1 point, moderate staining = 2 points, and strong staining = 3 points.
A final average value for each tumor sample was used for statistical analysis.

To quantify blood vessel density, we analyzed an average of CD31 density from six to eight
fields in each section using the NIH Image J analysis program. Data are expressed as mean ±
SE and “n” = the numbers of individual experiments performed. Differences among groups
were determined using one-way analysis of variance followed by the Newman-Keuls
procedures. The 0.05 level of probability was used as the criterion of significance.

Achn labeled with different tag proteins and Achn mutants
The human Achn coding sequence was subcloned into the pCMV-neo retroviral vector to
create pCMV-Achn. The same coding region was subcloned into pCMV-GFP to create a C-
terminal enhanced green fluorescent protein (eGFP) epitope tag (Achn-eGFP). In separate
constructs, N-terminal HA or C-terminal 6X-His epitope tags were generated via PCR to
create HA-Achn and Achn-His, respectively. PCR-based mutagenesis was used to delete the
NLS (amino acids 271–305) or NES (amino acids 186–218) to generate AchnNLS and
AchnNES, respectively.
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Cell lines
Fugene 6 (Roche, Indianapolis, IN) was used to transfect both the pCL 10A1 vector and one
of the pCMV-neo Achn-expression constructs into 293T retroviral packaging cells. Forty-
eight hours after transfection, the supernatants were harvested, filtered through 0.45-µm pore
size filters and the virus-containing medium used to infect human MDA-MB-231 and MDA-
MB-435 breast cancer cells and non-tumorigenic human HBL-100 breast epithelial cells.
Infected cells were selected with 800 µg/ml of G418 starting 48 hr after infection and the
drug-resistant cell populations were used for subsequent studies. Cells were cultured with
5% CO2 at 37°C in Dulbecco’s modified Eagle medium (DMEM) containing 10% Fetal
Bovine Serum (FBS) and penicillin/streptomycin. Ectopic Achn-eGFP and the various
targeting mutants were observed via fluorescence microscopy on a Nikon ECLIPSE
TE2000-U.

Cell Proliferation Assays
Cells were grown sub-confluently in 6-well plates and then the culture medium was replaced
with serum-free medium in the presence of 1 µCi of 3H-thymidine. The cells were incubated
for 6 hrs and then washed extensively in PBS. The cells were scraped off the plate and their
nucleotides were precipitated in 200 µl of 10% trichloroacetic acid and then dissolved in 0.3
ml of 0.3 M NaOH. Radioactivity was quantified by liquid scintillation counting.

Lamellipodia Assay/Membrane Ruffling Assay
Cells were treated with 0.25% trypsin, rapidly re-plated in 6-well plates and then cultured
for approximately 75 minutes at 37°C in DMEM containing 10% FBS. All subsequent steps
were performed at room temperature. The cells were fixed in 4% paraformaldehyde for 10
minutes, washed in 0.1% Triton-X100 in PBS for an additional 5 minutes, blocked in 1% of
BSA in PBS for 30 minutes and then stained with 0.165 µM rhodamine-phalloidin
(Invitrogen) for 20 minutes and visualized via fluorescence microscopy. Membrane ruffling
was scored in a manner consistent with previous work31. Briefly, individual cells were
scored on a scale of 0–2, with: no ruffling = 0; ruffling confined to one area of the cell = 1;
and ruffling in two or more discrete areas = 2. The ruffling index was recorded as the sum of
ruffling scores of 100 cells.

Cell Invasion Assays
Cells (2 × 105) were pre-incubated with serum-free medium for 24 hr and transferred onto
transwells (24-well plates) pre-loaded with 50 µl of Matrigel (1 mg/ml) (Beckton Dickinson
Labware, Bedford, MA). After 18-hr incubation the gel, including non-migrating cells, was
removed and cells invading into the membrane were fixed and stained with hematoxylin.

MMP-9 promoter construct, transient transfection and luciferase activity
A fragment of human genomic DNA containing the first −710 bp upstream of the start of
transcription for the MMP-9 gene was amplified via PCR and then subcloned into pCAT3-
promoter vector containing a luciferase reporter gene (Promega, Madison,WI). The resulting
pCAT3-promoter plasmid was introduced into cells using lipofectamine (Invitrogen)
according to the manufacture’s instruction. Following 48 hr incubation, the cells were
incubated in lysis buffer provided with the Luciferase Report System kit (Promega). The
lysates were centrifuged and the resulting supernatant was tested for luciferase activity.

Western Blot Analysis
Cells were collected by scraping and extracted in a lysis buffer (pH 7.4) containing 0.25 mM
HEPES, 14.9 mM NaCl, 10 mM NaF, 2 mM MgCl2, 0.5% NP-40, 0.1 mM PMSF, 20 µM
pepstatin A and 20 µM leupeptin. The lysates were centrifuged at 10,000g for 10 min at 4°C
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and the resulting supernatant collected for 10% SDS-PAGE. Proteins were transferred to a
nylon membrane (Invitrogen, Carlsbad, CA) and incubated with one of several antisera:
rabbit anti-Achn (1:100; Schwartz laboratory), rabbit anti-GFP (1:500) (Santa Cruz
Biotechnology, Santa Cruz, CA), mouse anti-MMP-9 (1:500), (VWR, West Chester, PA),
VEGF (1:200) (Sigma, St. Loius, MO), and actin (1:1000) (Sigma). HRP-labeled goat anti-
rabbit or mouse antisera (1:10,000) and an ECL kit (VWR) were used for detection.

Xenograft tumor models
Four week old female SCID/Beige mice (Charles River, Wilmington, MA) were injected
subcutaneously with Achn-engineered MDA-MB-231 cells (2 × 106) in 0.2 ml of Hank’s
balanced buffer without calcium or magnesium. The growth of solid tumors from the
injected cells was monitored daily for up to 7 weeks before the animals were sacrificed to
remove tumors for analysis. The tumors’ volumes were calculated based on the following
equation: volume = length × width2 × 0.52.

RESULTS
Differential Expression of Acheron in Some Human Breast Cancers

As part of our survey of the tissue distribution of Acheron expression in normal human
tissues, we examined the mammary gland and observed strong expression in the
myoepithelial cells surrounding ductal epithelium (Figure 1A). No signal was detected in
other cell types within the tissue. To extend this analysis to determine if Achn is
differentially expressed in breast cancer, we performed immunohistochemical analysis of
ductal carcinoma in situ (DCIS) and infiltrating ductal carcinomas (IDC). The normal
mammary tissue adjacent to tumors displayed strong Achn staining in the myoepithelial
cells (Figure 1B). In two of the five cases of DCIS, Achn was highly expressed in basal
layer of the ducts (Figure 1C), moderately expressed in two others (data not shown) and
undetectable in the fifth (data not shown). In the 21 cases of IDCs examined, Achn staining
was normal in 15 individuals (Figure 1D). However, in 4 of the 21 cases, Achn expression
was highly and uniformly expressed throughout the diseased tissue (Figure 1E). Moderate
expression was detected in the remaining two cases (data not shown). To facilitate diagnosis
in these Achn-positive mammary tumors, we stained tissues for the expression of diagnostic
markers. These tumors were positive for cytokeritins 1/5/10/14 (Figure 1F) and negative for
smooth muscle actin or the estrogen receptor alpha subtype (Figure 1G & H). Taken
together, these data suggest that Achn is elevated in some breast cancers that display
markers that are basal-like in nature.

As an independent test for the differential expression of Achn in breast cancer, we queried
the GEO (Gene Expression Omnibus) database (http://www.ncbi.nlm.nih.gov/geo/) for
microarray data sets that included Achn probes. We analyzed a study of a data set that
included samples from 7 normal glands, 20 non-basal like tumors and 18 basal-like breast
tumors32. There were group differences in the expression of Achn such that non-basal breast
cancer < normal tissue < basal-like (Figure 2). Overall, these group differences were
statistically significant (Kruskal-Wallis test on 2 degrees of freedom, p = .0001), as were all
pairwise comparisons of groups (Rank Sum test p-value ≤ .01 in all three instances). These
data agree with the immunohistochemical analyses suggesting that elevated levels of
endogenous Achn expression are associated with the more aggressive basal-like breast
cancers.

Subcellular targeting sequences in Achn
Given that Achn is differentially expressed in some mammary tumors, we wanted to
determine if over-expression of Achn might regulate physiological processes associated with
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malignancy. We generated several retroviral constructs encoding Achn with and without a
variety of epitope tags, including: C-terminal enhanced Green Fluorescent Protein (eGFP),
C-terminal 6xHis, and N-terminal HA tag. These constructs were then used to infect human
MDA-MB-231 breast cancer cells since this well characterized line would allow us to
monitor both the enhancement and repression of metastasis-associated behavior33–36. MDA-
MB-231 cells do not express detectable levels of endogenous Achn protein (Figure 3A).
Infection with the empty vector served as a negative control for each experiment and these
cells were likewise negative for Achn (Figure 3A). The effects of ectopic Achn described
below were identical with or without epitope tags, suggesting that these modifications did
not interfere with Achn function (data not shown).

Achn has putative nuclear localization (NLS) and nuclear export (NES) signals24. To
determine if these sequences function to target Achn to the nucleus and cytoplasm
respectively, we generated an additional series of C-terminal eGFP-tagged Achn retroviral
constructs that carried deletions of the NLS (AchnNLS) and NES (AchnNES) (Figure 3A)
(Achn has multiple putative phosphorylation sites24, which may account for the doublet of
Achn protein observed with some constructs on Western blots). These constructs were
introduced into MDA-MB-231 cells via retroviral infection and the subcellular localization
of eGFP was examined. In agreement with immunohistochemical analysis of most human
tissues, AchnWT localizes predominantly to the cytoplasm, although modest signal was also
observed within the nucleus (Figure 3B). The nuclear eGFP signal was lost in cells
expressing AchnNLS, while deletion of the NES sequence facilitated dramatic nuclear
accumulation of Achn at the expense of cytoplasmic staining. MDA-MB-435 cells displayed
the same cellular localization of Achn as MDA-MB-231 cells when transduced with
different versions of Achn (Supplemental Figure 1). Taken together, these data support the
hypothesis that Achn normally enters and exits the nucleus and depends on the NES and
NLS signals for this translocation.

Effects of Achn on the invasive behavior of human breast cancer cells in vitro
To determine if Achn could influence the behavior of human breast cancer cells in vitro, we
measured a number of physiological activities in MDA-MB-231 cells expressing AchnWT,
AchnNLS and AchnNES (Figure 4A). Expression of ectopic AchnWT led to a 1.7 fold
increase in cell proliferation relative to controls. This effect was dependent on the
subcellular compartment in which the ectopic Achn protein accumulated, since removal of
the NLS but not the NES abrogated this effect. These data support the hypothesis that
nuclear Achn can enhance cell division in human breast cancer cells.

We next sought to determine if Achn could influence the invasiveness of these cells. Achn-
engineered MDA-MB-231 cells were evaluated for their ability to enter a layer of Matrigel
in a standard invasion assay. Expression of ectopic Achn resulted in a 2.7-fold increase in
invasion through the Matrigel during the 18 hr test period (Figure 4B). As with proliferation,
this effect required nuclear targeting of the ectopic Achn, as removal of the NLS negated
this enhancement. Removal of the NES, which traps Achn in the nucleus, was more
effective in driving invasion than the AchnWT construct, although the reason for this
enhancement is unknown (Figure 4B).

To determine if these effects were restricted to MDA-MB-231 cells, we repeated this
experiment with Achn-infected MDA-MB-435, another invasive basal-like breast cancer
line. In agreement with our data using MDA-MB-231 cells, invasion was facilitated by
ectopic AchnWT and AchnNES expression, but not by infection with vectors encoding GFP
alone or GFP-tagged AchnNLS (data not shown). These MDA-MB-435 cells were also used
in a lamellipodia assay to further evaluate the aggressive behavior associated with
expression of ectopic Achn. AchnNES expressing cells displayed a 5-fold increase in the
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number of cells with lamellipodia compared to the other cell types (Figure 4C). When
lamellipodia formation was quantified, AchnNES was then shown to have twice the value
observed in the control, AchnWT and AchnNLS cells (Figure 4D). These data suggest Achn
alters the behavior of both MDA-MB-231 and MDA-MB-435 cells, and that these effects
are dependent on nuclear localization.

One of the key mediators of invasion for cancer cells is expression of MMP-937–39. To
determine if ectopic Achn modulates MMP-9 expression, we collected conditioned media
from Achn-engineered MDA-MB-231 cells and performed Western blot analysis (Figure
5A). Expression of ectopic AchnWT was a potent inducer of MMP-9 expression. This
MMP-9 was presumably an active form of the protein because it was detected as the
predominant signal below the proMMP-9. As with the other effects mediated by ectopic
Achn, the increase in MMP-9 expression was dependent upon the ability of the protein to
localize to the nucleus, since loss of the NLS blocked this effect.

Unlike the MDA-MB-231 cells, which normally express low levels of MMP-9 (Figure 5),
the non-tumorigenic HBL-100 human mammary epithelial cells do not express detectable
MMP-9 protein40. To determine if the expression of ectopic Achn can induce MMP-9
expression de novo, we infected HBL-100 cells with the Achn retroviral construct and
measured MMP-9 expression by Western blot analysis. No MMP-9 expression could be
detected in either the vector control or the Achn-engineered cells (data not shown).

Increased MMP-9 expression could result in the enhanced production and/or activity of
VEGF, a potent angiogenic factor15, 41. We therefore examined the expression of VEGF in
Achn engineered MDA-MB-231 cells. Western blot analysis demonstrated that VEGF
expression was significantly elevated in AchnWT and AchnNES expressing cells, but not in
those with AchnNLS (Figure 5A).

To determine if the effects of ectopic Achn to increase the accumulation of MMP-9 protein
might occur at the transcriptional level, Achn-engineered cells were transiently transfected
with an MMP-9 promoter/luciferase reporter construct (Figure 5B). Ectopic AchnWT was
able to induce a two-fold increase in reporter activity relative to the empty vector control
(Figure 5B). As with all the other physiological parameters that we have found to be
influenced by Achn, enhanced MMP-9 reporter activity was dependent on the ability of
Achn to enter the nucleus.

Achn enhances tumor growth and angiogenesis of human breast cancers in a mouse
xenograft model

All of these in vitro analyses support the hypothesis that Achn can facilitate cellular
responses associated with enhanced tumor growth. To extend this study in vivo, we
introduced Achn-engineered MDA-MB-231 cells subcutaneously into 4-week old female
SCID/Beige nude mice and measured the gross size of the tumors on a weekly basis (Figure
6A). No palpable tumors were discernable until week 4 after injection. However, by the fifth
week, the AchnWT and AchnNES expressing tumors were substantially larger than those
produced by cells expressing either the empty vector or AchnNLS. By seven weeks this
difference was quite dramatic and the experiment was terminated and the tumors were
excised for histological examination. The volume of the AchnWT and AchnNES tumors
were approximately five times greater than those isolated from the other experimental
groups (Figure 6A).

In order to determine if this Achn-dependent enhancement of tumor growth is correlated
with the increased expression of VEGF as seen in vitro (Figure 5A), we performed VEGF
immunohistochemical staining of the tumors (Figure 6B). In agreement with in vitro studies
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above,, we observed that VEGF expression in AchnWT and AchnNES tumors was
approximately 5-fold greater than the expression observed in the control and AchnNLS
tumors. Based on the increased expression of VEGF, and the enhanced size of the tumors
derived from cells expressing AchnWT or AchnNES, we predicted that these tumors would
contain a greater level of microvascularization. To test this hypothesis, we stained tumor
sections with an antiserum against CD31, an angiogenic marker (Figure 6C). As predicted,
expression of either AchnWT or AchnNES, but not AchnNLS resulted in a dramatic
enhancement of angiogenesis.

DISCUSSION
Acheron is a newly discovered protein that defines a new subfamily of La proteins24. Initial
knock-down experiments in zebrafish embryos suggest that Achn plays a critical role in
early developmental decisions in several lineages, including neurons and muscles29.
Complementary studies in C2C12 myoblasts have demonstrated that Achn serves a
regulatory role in the control of both cell death and differentiation, since loss of Achn
expression (antisense or siRNA) or function (dominant-negative Achn) blocks both myotube
formation and apoptosis following the loss of growth factors. Achn also regulates integrin
expression in C2C12 myoblasts and alters the ability of cells to both adhere to and migrate on
extracellular matrix proteins30.

As part of our analysis of Achn expression in mouse and human tissues, we observed that
Achn was specifically expressed within the myoepithelial cells of the mammary gland
(Figure 1A). No expression was detected in other cell types within the tissue. Given the
ability of Achn to alter developmental decisions and physiological responses prompted us to
ask if Achn might also play a role in human pathogenesis. An in silico analysis of human
breast cancers suggested that Achn is upregulated in some basal-like carcinomas of the
breast (see Results). In agreement with these data, preliminary immunohistochemical
analysis of human breast cancers demonstrated that Achn is expressed at much higher levels
within the carcinoma than in the adjacent non-diseased mammary epithelium (Figure 1B). A
preliminary microarray analysis in mammary tumors suggests that Achn expression is
significantly lower in non-basal tumors relative to normal controls and significantly elevated
in the basal-like tumors (Figure 2). Basal-like breast cancers are more aggress than the non-
basal tumors and have a poorer prognosis42. While these results are preliminary, they do
suggest that Achn expression may be positively correlated with disease severity, and a larger
epidemiological study may be warranted.

Expression of ectopic Achn in human MDA-MB-231 breast cancer cells was sufficient to
drive a number of physiological responses associated with elevated aggressive behavior both
in vitro and in an in vivo xenograft model, including: proliferation (Figure 4A), invasion
(Figure 4B), lamellipodia formation (Figures 4C and D), MMP-9 and VEGF expression
(Figure 5A), tumor growth and angiogenesis (Figure 6). All of these responses are inter-
related and all would be expected to contribute to the observed Achn-driven growth of
tumors in vivo.

MMP-9 functions as a protease to degrade extracellular matrix proteins, most notably the
basement membrane protein type IV collagen43. Degradation of type IV collagen facilitates
tumor invasiveness for a variety of carcinomas9, 44, 45. Transgenic animals that drive
expression of ectopic MMP-9 in the mammary gland display a significant increase in both
primary mammary tumors and ectopic tumors that developed in the skin, supporting the
hypothesis that MMP-9 enhances tumor growth and metastasis36, 46. In agreement with this
hypothesis, ectopic expression of MMP-9 in non-metastatic rat embryo cells conferred a
metastatic phenotype in vitro43. In contrast, blockade of either MMP-9 expression or pro-
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MMP-9 processing inhibited the invasive behavior in vitro and cancer growth and metastasis
in vivo45, 47. Several studies have shown that MMP-9 promotes the activation and/or release
of VEGF in vivo, which in turn augments tumor angiogenesis and expansion15, 41.

Ectopic expression of Achn resulted in enhanced expression of pro-MMP-9 and the
subsequent accumulation of high levels of processed MMP-9 in MDA-MB-231 cells (Figure
5A). Interestingly, this was not observed with the HBL-100 cells, a non-transformed human
breast epithelial cell line (data not shown) suggesting that Achn does not induce the de novo
expression of MMP-9, but instead may act to enhance its basal level of expression. It is not
known if Achn can function as a transcriptional regulator. It does not have an identifiable
acid activation domain or DNA binding motifs24 that would be anticipated in transcription
factors. Nevertheless, the data presented here suggests that Achn-dependent MMP-9
expression is regulated directly or indirectly at the level of transcription since ectopic Achn
could drive luciferase activity from the presumptive MMP-9 promoter (Figure 5B). The first
710 bp upstream of the MMP-9 promoter harbors multiple consensus motifs for the binding
of transcription factors such as Egr-1, Sp1, and NF-kB. Substantial evidence from previous
studies has indicated that each of these transcription factors has the ability to transactivate
the MMP-9 gene48–50. It has been shown that Achn is an RNA binding protein that binds to
stem lop sequences in the 5’ UTR of collagen I27. It is possible that the effects of Achn on
MMP-9 expression are indirect and mediated by alterations in the abundance of transcription
factors that regulate the MMP-9 promoter.

Achn has putative nuclear localization (NLS) and export signals (NES)24. Using eGFP-
tagging and mutagenesis we have demonstrated that the NLS and NES signals are both
functional and necessary to shuttle Achn in and out of the nucleus respectively (Figure 2).
The ability of Achn to enter the nucleus is essential for all of the biological functions we
have examined in this study, since loss of the NLS abrogates the effects of ectopic Achn on:
proliferation, lamellipodia, invasion, MMP-9 expression, VEGF expression and enhanced
tumor growth in vivo. Immunohistochemical analysis of Achn expression in a variety of
normal mouse and human tissues reveals that it predominantly localizes to the cytoplasm
(Schwartz et al., in preparation). IHC analysis of normal and malignant mammary tissue has
also demonstrated that Achn is found primarily in the cytoplasm (Figure 1), although we do
observe some nuclear staining in some mesodermal tumors (H. Glenn, J. Mueller and L.M.
Schwartz, unpublished). The failure to observe significant nuclear accumulation of Achn in
the mammary tumors in vivo could suggest that: 1) endogenous Achn does not play a role in
the etiology of tumor behavior; 2) only low levels of nuclear Achn are required to enhance
tumor growth; or 3) Achn needs only localize to the nucleus transiently to drive metastasis.
In preliminary studies we have found that Achn can be driven into the nucleus of some cells
transiently following growth factor stimulation (H. Glenn and L.M. Schwartz, unpublished).
This would tend to support the third hypothesis, although more direct testing is required.

In summary, this is the first report suggesting a role for Achn in any human disease. It is
differentially expressed in breast cancer and is preferentially expressed in basal-like tumors.
It can increase the growth and invasive properties of human breast cancer cells in vitro and
tumor cell growth in vivo. A more detailed epidemiological analysis of Achn expression in
human breast cancer will be important for determining if Achn has utility as either a
diagnostic biomarker or a target for therapeutic intervention.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Achn Acheron

AchnWT wild-type Achn

AchnNLS Achn lacking its nuclear localization signal

AchnNES Achn lacking its nuclear export signal

ECM extracellular matrix

MMPs matrix metalloproteinases

VEGF vascular endothelial growth factor

FGF-2 or bFGF fibroblast growth factor-2

PDGF platelet derived growth factor

LARP6 La Related Protein 6

La Lupus Antigen

NLS nuclear localization signal

NES nuclear export signal

eGFP enhanced green fluorescent protein

DMEM Dulbecco’s modified Eagle medium

IHC immunohistochemical

SMA smooth muscle actin

ERα estrogen receptor alpha

DCIS ductal carcinoma in situ
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Figure 1. Achn staining of human ductal carcinoma
A. Immunohistochemical analysis with an anti-Achn antibody demonstrated that Achn
expression in the mammary gland is essentially restricted to the myoepithelial cells
surrounding ductal epithelium. B. IHC staining of normal ducts adjacent to ductal carcinoma
revealed high levels of Achn expression. C. DCIS also demonstrated strong expression of
Achn in the basal layer of the ducts. D. A representative of Achn-negative IDC samples was
shown. E. A representative Achn-positive IDCs expressed a high level of Achn. A negative
control in the absence of anti-Achn antibody in IHC was shown in the insert. F–H. A
representative staining of ductal carcinoma with anti-CK1/5/10/14, SMA, and ERα. Scale
bar = approximately 250 µm.
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Figure 2. Comparison of mRNA levels from microarray analysis of non-basal like vs basal-like
breast cancer tissues and normal controls
Dot plots of individual scores reveal a trend in values: non-basal like < normal < basal-like
(medians: 5.9, 7.1 and 7.9, respectively. Kruskal Wallis p-value = .0001, Test of trend p-
value < .0001). Data from32.
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Figure 3. Expression of ectopic Achn-GFP fusion proteins in MDA-MB-231 cells
A. eGFP control and Achn-eGFP fusion DNA constructs were introduced into MDA-
MB-231 cells by retroviral infection and ectopic Achn-eGFP fusion proteins from cell
lysates were examined by immunoblotting using anti-Achn and anti-GFP antisera. B. MDA-
MB-231 cells were infected with retroviral constructs encoding Achn constructs with C-
terminal eGFP tags. The three constructs examined in this experiment were Achn wild-type
(AchnWT), AchnNLS (Achn lacking the nuclear localization signal) and AchnNES
(Acheron lacking the nuclear export signal). Live cells were examined by fluorescence
microscopy to determine the subcellular localization of ectopic Achn. Bar = 20 µm.
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Figure 4. Nuclear targeting of Achn is required for enhanced cell proliferation, invasion, and
lamellipodia formation in vitro
A. MDA-MB-231 cells expressing ectopic Achn-GFP fusion proteins were grown to
approximately 80% confluency and then 3H-thymidine (1 µCi) was added for 6 hr in the
serum-free medium. Subsequent DNA labeling was quantified (Mean ± SE, n=6). * =
P<0.05 compared with control. B. MDA-MB-231 cells expressing ectopic Achn-GFP fusion
proteins were deposited onto Matrigel in transwells to examine cell invasion. Cells were
examined for invasion after 18 hours (top) and then quantified (bottom). (Mean ± SE, n=4).
* = P<0.05 compared with control. C. MDA-MB-435 cell lines were processed to label
lamellipodia and then viewed via fluorescence microscopy at 20X. D. Individual cells were
scored according to the degree of ruffling (Mean ± SE, n=5) *=P<0.001.
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Figure 5. Nuclear Achn enhances MMP-9 and VEGF expression and induces luciferase activity
of MMP-9 promoter
A. MDA-MB-231 cells expressing ectopic Achn-GFP fusion proteins were incubated in
serum-free medium for 24 hr and then the conditioned medium was collected to evaluate
expression levels of MMP-9 and VEGF, where cell lysates were subjected for actin
expression by immunoblotting. Arrow indicates proteolytically processed MMP-9. B. The
first 710 nucleotides 5’ to the translation initiation site of human MMP-9 were introduced
upstream of a luciferase reporter gene and the resulting plasmid was transfected into MDA-
MB-231 cells ectopically expressing different versions of Achn. After 48 hr, cells were
lysed and luciferase activity measured and normalized to the levels of lysate protein. (Mean
± SE, n=3). * = P<0.05. Vector control activities in any group were below 2000 units/mg
protein (data not shown).
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Figure 6. Nuclear Achn exacerbates tumor growth in vivo
MDA-MB-231 cells expressing ectopic Achn-GFP fusion proteins were injected into
immunodeficient SCID mice as described in the Methods. Each group contained six mice.
A.. Tumor sizes were measured weekly for 7 weeks and growth curves plotted. (Mean ± SE,
n=6). * = P<0.05 compared with the control group at the same time point. B. Paraffin-
embedded tumor sections were processed for VEGF staining with IHC in which brown
staining indicated positive signal. The images represented one of six tumor samples in each
group and the data were analyzed using intensity quantification as described in the Methods.
C. Frozen tumor samples were analyzed for vessel density using IHC staining of CD31. A
vessel area with positive CD31 staining in 6–8 fields of each section was calculated using
the NIH Image J analysis program. Mean ± SE, n=5–6. *=P<0.05 compared with control or
AchnNLS. Bars=10 µm.
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