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We recently generated an HT-1080-derived cell line
called HT-AR1 that responds to dihydrotestosterone
(DHT) treatment by undergoing cell growth arrest in
association with cytoskeletal reorganization and induc-
tion of neuroendocrine-like cell differentiation. In this
report, we show that DHT induces a dose-dependent
increase in G0/G1 growth-arrested cells using physiolog-
ical levels of hormone. The arrested cells increase in cell
size and contain a dramatic redistribution of desmo-
plakin, keratin 5, and chromogranin A proteins. DHT-
induced cytoskeletal changes were also apparent from
time lapse video microscopy that showed that androgen
treatment resulted in the rapid appearance of neuronal-
like membrane extensions. Expression profiling analy-
sis using RNA isolated from DHT-treated HT-AR1 cells
revealed that androgen receptor activation leads to the
coordinate expression of numerous cell signaling genes
including RhoB, PTGF-�, caveolin-2, Egr-1, myosin 1B,
and EHM2. Because RhoB has been shown to have a role
in tumor suppression and neuronal differentiation in
other cell types, we investigated RhoB signaling func-
tions in the HT-AR1 steroid response. We found that
steroid induction of RhoB was DHT-specific and that
newly synthesized RhoB protein was post-translation-
ally modified and localized to endocytic vesicles. More-
over, treatment with a farnesyl transferase inhibitor
reduced DHT-dependent growth arrest, suggesting that
prenylated RhoB might function to inhibit HT-AR1 cell
proliferation. This was directly shown by transfecting
HT-AR1 cells with RhoB coding sequences containing
activating or dominant negative mutations.

Steroid signaling controls numerous cellular processes in
development that require cytoskeletal reorganization to facili-
tate cell migration during embryogenesis (1, 2). In addition,
neuronal precursor cells are sensitive to estrogen and androgen
treatment that induces cytoskeletal changes resulting in in-

creased neurite outgrowth (3). These steroid-regulated cy-
toskeletal responses are poorly understood and may be related
to steroid effects on cancer cell migration and tumor metastasis
(4, 5).

Recently, LNCaP cells (6, 7) and the mouse fibroblast cell
line NIH3T3 (8) have been shown to respond to androgen
signaling by inducing rapid cytoskeletal changes that appear to
reflect nongenomic signaling mechanisms (9–11). Because both
LNCaP and NIH3T3 cells express endogenous androgen recep-
tor (AR),1 the use of AR mutants to investigate genomic and
nongenomic mechanisms involved in cytoskeletal reorganiza-
tion in these cell lines is not feasible. Therefore, we recently
developed an alternative cell model to study androgen control
of cytoskeletal organization by taking advantage of the well
characterized human cell line HT-1080 (12). This fibrosarcoma
cell line responds to glucocorticoid treatment by undergoing
cytoskeletal changes that are associated with increased fi-
bronectin expression (13–16). The HT-1080 cell line was estab-
lished in 1974 from a tumor biopsy taken from the acetabulum
of a 35-year-old male who had not received chemotherapy and
died of metastatic disease without an autopsy 3 months after
diagnosis (12). It has been shown that HT-1080 cells express
functional glucocorticoid receptor, but lack AR, progesterone
receptor, and mineralocorticoid receptor (17). Because andro-
gen and glucocorticoid responses are partially overlapping in a
variety of cell types (18–20), we reasoned that ectopic expres-
sion of human AR in HT-1080 cells might recapitulate some or
all of the steroid-induced cytoskeletal changes seen with glu-
cocorticoid receptor, and moreover, provide a null genetic back-
ground to investigate molecular determinants of AR signaling.

As described in Chauhan et al. (21), stable transfection of
HT-1080 cells with a puromycin-resistant expression vector
encoding full-length human AR led to the isolation of several
subclones, including HT-AR1, which was shown to express
normal levels of functional AR protein. Bourgeois and col-
leagues (13, 14) had shown that dexamethasone (Dex) treat-
ment of HT-1080 cells induced fibronectin expression without
altering cell proliferation. Similarly we found that DHT treat-
ment induced fibronectin protein expression, however, unlike
Dex, DHT treatment also led to pronounced HT-AR1 cell
growth arrest and increased expression of chromogranin A,
neuron-specific enolase, and the recently discovered FERM
domain encoding gene EHM2 (21). The androgen response of
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HT-AR1 cells was shown to be AR-dependent because a puro-
mycin-resistant HT-1080 subclone containing only the expres-
sion vector (HT-VC1) was insensitive to DHT treatment.

In this report, we describe results of experiments aimed at
identifying key downstream signaling events that are required
for the AR-dependent response of HT-AR1 cells. Cell biological
studies and expression profiling demonstrated that androgen
signaling induces transcriptional reprogramming of HT-AR1
cells resulting in cell cycle arrest, cytoskeletal reorganization,
and coordinate expression of numerous cell signaling genes.
One of these differentially expressed genes was RhoB, a small
GTPase that is post-translationally modified by prenylation
and functions to regulate cell growth (22–24), cytoskeletal re-
organization (23, 25, 26), and cell differentiation (27–29). Al-
though much is known about the upstream and downstream
effectors of RhoA, Rac1, and Cdc42, the best characterized
members of this family of small GTPases, regulation of RhoB
activity, and identification of RhoB targets are not well under-
stood (30). To investigate RhoB signaling in fibrosarcoma cells,
we use a combination of experimental approaches to demon-
strate that DHT-induced expression of RhoB in HT-AR1 cells
contributes to the androgen response phenotype by mediating
growth arrest, a result that is consistent with the proposed
tumor suppressing activities of RhoB (22–24).

EXPERIMENTAL PROCEDURES

Cell Cycle Analysis—Puromycin-resistant HT-1080 subclones ex-
pressing AR protein were isolated in selection media as previously
described (21). Selection media was made by combining Dulbecco’s
modified Eagle’s media with defined calf bovine serum (CBS) (Hyclone,
Logan, UT) to 10% (v/v), streptomycin (Sigma) to 0.1 mg/ml, penicillin
G (Sigma) to 100 units/ml, 0.3 �g/ml puromycin (Sigma), and filter
sterilized in the final step with a 0.22 �M filter membrane. Five days
prior to an experiment, HT-AR1 cells were grown in selection media to
reselect cells containing the AR expression vector (pDC-hAR-PAC (21)).
All experiments were performed in culture media (selection media
without puromycin) containing 10% CBS or 5% heat-inactivated char-
coal-stripped (C/S) serum as described in the text. Cell cycle analysis of
HT-AR1 cells was performed after growth for 3 days in culture media
with or without 10 nM DHT. The cells were harvested by trypsinization,
washed with phosphate-buffered saline, and fixed in methanol at 4 °C
for 15 min. The cells were then incubated in modified Kirshan buffer (20
�g/ml RNase A, 3.4 mM sodium citrate, 0.3% Nonidet P-40) containing
50 �g/ml propidium iodide. Propidium iodide fluorescence of nuclei was
determined using FACScan (BD Biosciences) and analyzed with
CELLQuest ModFit LT 2.0.

Immunostaining—Detection of protein expression in HT-AR1 cells
by immunostaining was performed using antibodies specific for the
androgen receptor (Santa Cruz SC-815, 1:10 dilution), desmoplakin
(Progen antibodies 2.15, 2.17, 2.20, undiluted mixture), cytokeratin 5
(BD Pharmingen RCK 103, 1:10 dilution), chromogranin A (Zymed
Laboratories Inc. 18-0094, 1:60 dilution), RhoB (Santa Cruz SC-180,
1:10 dilution), and hemagglutinin (Roche 3F10, 1:10 dilution). Cells
were grown in culture media containing 5% C/S CBS on 12-mm cover-
slips coated with human fibronectin, allowed to adhere overnight, and
then supplemented with fresh media � DHT (10 nM). After 4 days, the
coverslips were harvested, dipped sequentially in phosphate-buffered
saline, chilled in 100% methanol (10 min) and cold acetone (dipped six
times), and then air dried. Diluted primary antibodies were applied to
cells for 30 min at room temperature and then the coverslips were
washed three times in phosphate-buffered saline for 5 min each. Pri-
mary antibodies were detected with either anti-rabbit Alexa 568 or
anti-mouse Alexa 568 (Molecular Probes) using 1:400 dilution. For some
experiments, nuclei were stained with Hoechst 33258 (Sigma) using a
stock of 2 mg/ml diluted to 1:100 for use, rinsed twice in phosphate-
buffered saline for 2–3 min each, and post-fixed in 100% ethanol and
mounted using Mowial (Sigma). Stained cells were visualized using
appropriate filters on a Zeiss Axiophot 200 microscope and imaged
using Axiovision software.

Time Lapse Video Microscopy—Cells were seeded on a glass Delta T
dish (0.15 mm; Bioptechs, Inc. Butler, PA) at 40,000/dish and grown
overnight in Dulbecco’s modified Eagle’s media selection containing
10% CBS at 37 °C. The following morning, fresh culture media with
10% CBS was added with or without DHT and the cells were incubated

for 1 h at 37 °C before beginning the time lapse video. Images were
captured using a grayscale CCD camera (ORCA-100, Hamamatsu, Ja-
pan) mounted on an inverted Olympus IMT2 microscope (Olympus
America, Melville, NY) equipped with a BiopTechs Delta T live cell
system (Bioptechs, Inc. Butler, PA) under a humidified (5% CO2 bal-
anced with ultrazero air) atmosphere. Data analysis was performed
using SimplePCI 4.0 software (Compix Imaging Inc., Cranberry Town-
ship, PA). Representative video images obtained from HT-AR1 cells
grown in �DHT media during the first 15 min are presented in Fig. 3
and 5 h of the 16-h time lapse video are contained in the Supplemental
Materials (available at http://www.jbc.org).

Expression Profiling—Total RNA was isolated from untreated and
DHT-treated HT-AR1 cells using the RNA-Bee™ RNA isolation reagent
(Tel-test, Inc., Friendswood, TX). Fluorescently labeled cDNA was pre-
pared from 30 �g of total RNA using Micromax direct cDNA microarray
system (PerkinElmer Life Sciences) and Cy3 (control) or Cy5 (experi-
mental) fluorescent dyes. Labeled cDNA was purified using Qiagen
QIAquick PCR purification kit (Qiagen, Valencia, CA), combined into
one tube, and precipitated at �20 °C overnight using 3 M sodium ace-
tate (pH 5.2) and isopropyl alcohol. The human cDNA microarray slides
containing 5,300 human gene sequences were obtained from the Mi-
croarray Core Service of the Arizona Cancer Center.2 Slide hybridiza-
tion, washing, and processing were performed as previously described
(21). Slides were scanned for fluorescent emission using Gene Pix
4000A microarray Scanner (Axon Instruments, Inc., Foster City, CA).
GenePix Pro 4.0 software (Axon Instruments, Inc.) was used to analyze
the fluorescence intensities and to format the intensity data as log-
transformed ratio values. The data were filtered by eliminating genes in
which no hybridization signal was detected at two or more time points.
All genes used for expression profiling analysis were validated by rep-
lica hybridizations and by visual inspection of the primary data using
GenePix 4.0 analysis software. The Arizona Cancer Center BioResource
for Gene Array analysis (BioRag) was used for initial screening of
differentially expressed genes to identify candidates most likely in-
volved in cell signaling. This resource can be accessed online.3 A com-
plete list of DHT-regulated genes in HT-AR1 cells can be obtained on
request.

Northern Blots—Total RNA was isolated from untreated and DHT-
treated HT-AR1 cells as described above and equal amounts of RNA (20
�g) were run on a denaturing formaldehyde gel and transferred to a
Duralon-UVTM membrane (Stratagene, La Jolla, CA) by standard cap-
illary methods using 10� SSC. Subsequently, RNA was UV cross-
linked to the nylon membrane using UV Stratalinker (Stratagene) and
Northern blotting was performed using radioactively labeled cDNA
probes as described (21). The GenBankTM sequences used to generate
cDNA probes from ATCC clones were RhoB (X06820), PTGF-�
(AA450062), CAV2 (T89391), Egr-1 (AA486628), Myo1B (N95358),
EHM2 (AA948217), FKBP51 (W86653), and urokinase plasminogen
activator (AA284668). Sequential hybridization and rehybridization
was performed with each of the eight cDNA probes using the same
Duralon-UV membrane after stripping the blot twice with hot (92 °C)
0.02% SDS in double distilled H2O after each hybridization round.

Western Blots—For most blots, cells were lysed on the tissue culture
dish with RIPA buffer (150 mM NaCl, 50 mM Tris, 5 mM EDTA, 1% (v/v)
Triton X-100, 1% (w/v) deoxycholate, 0.1% (w/v) SDS, pH 7.5) plus
protease inhibitors (phenylmethylsulfonyl fluoride, 2 mM; leupeptin and
aprotinin, 1 �g/ml). The lysate was briefly sonicated on ice and protein
concentration was determined by the BCA assay (Pierce). Protein sam-
ples for SDS-PAGE were prepared by adding 20 �g of protein with equal
volumes of 2� reducing sample buffer. Samples were boiled for 5 min
and after a quick chill on ice they were loaded onto 7.5, 12.5, or 4–20%
gradient SDS-PAGE gels. Following electrophoresis, proteins were elec-
trotransferred to Millipore Immobilon-P polyvinylidene fluoride mem-
brane (Millipore, Bedford, MA), and incubated with antibodies specific
for �-tubulin (Sigma B512), RhoB (Santa Cruz SC-180), PTGF� (Santa
Cruz SC-10603), caveolin-2 (BD Bioscience 610684), EGR-1 (Santa Cruz
SC-110), integrin �6 (AA6A previously described (31)), gp96 (SPE850,
clone 9G10, Stressgen Biotechnologies, Victoria, British Columbia),
plakoglobin (Chemicon International, MAB2083), anti-pan-cadherin (as
described in Ref. 32), fibronectin (Santa Cruz SC-9068), or hemag-
glutinin (Roche 3F10). Secondary antibodies used in Western blotting
were conjugated to horseradish peroxidase and visualized by chemi-
luminescence (ECL Western blotting Detection System, Amersham
Biosciences).

2 azcc-microarray.arl.arizona.edu.
3 www.biorag.org.
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DNA Transfections—Transient transfections were performed in 6- or
12-well plates using 1 �g of plasmid DNA and Polyfect transfection
reagent according the manufacturer’s recommendations (Qiagen, Va-
lencia, CA). DHT was added after 4 h of Polyfect treatment and cells
were harvested 16–24 h later for cell counting and immunostaining
with anti-HA antibody. The human RhoB pCDNA3.1 plasmids were
obtained from the Guthrie Institute (Sayer, PA) and contained a 3�
hemagglutinin (HA) epitope tag at the N terminus of either an activat-
ing RhoB mutation (G14V) called HA-RhoBact, or a dominant negative
RhoB mutation (T19N) called HA-RhoBdn. The HT-AR1 stable cell lines
were generated by recloning the HA-RhoBact and HA-RhoBdn constructs
into the tetracycline-regulated expression vector (pCDNA4/TO) (T-Rex
expression system, Invitrogen, Inc.). The pCDNA4/TO RhoB plasmids
were stably co-transfected into HT-AR1 cells with the tetracycline re-
pressor expressing plasmid pCDNA6/TR at a molar ratio of 1:6 using
Avanti DOTAP:DOPE lipofection reagent (Alabaster, AL). Both the TO
and TR vectors were linearized before transfection with the enzyme
Bst1107, which cleaves once in the vector backbone. Colonies were
isolated and expanded in selection media containing 10% tetracycline-
free serum (Hyclone, Logan, UT), 1.0 �g/ml zeocin, and 0.6 �g/ml
blasticidin according to the manufacturer’s recommendations (Invitro-
gen Inc.). Candidate HT-AR1 T-Rex subclones were screened for tetra-
cycline-regulated expression by treating cells with 1.0 �g/ml doxycy-
cline (Dox) for 16 h and preparing protein extracts for analysis by
anti-HA Western blots. The efficiency of obtaining HT-AR1 subclones
that exhibited low basal level expression of HA-RhoB protein with a
10–50-fold Dox induction was �70%.4

RESULTS

Physiological Levels of DHT Induce G0/G1 Growth Arrest—
Treatment of HT-AR1 cells with 100 nM DHT was shown by
Chauhan et al. (21) to induce growth arrest over a 3–7-day
period with no evidence of apoptosis. To determine whether the
observed DHT-dependent growth inhibition was because of
super physiological levels of steroid, we cultured HT-AR1 cells
for 4 days with or without the addition of 10 pM to 1 �M DHT.
As shown in Fig. 1A, HT-AR1 cell growth was found to be
inhibited up to 90% by DHT concentrations ranging from 1 nM

to 1 �M, with a small but reproducible growth stimulatory effect
at 100 pM DHT.

To better understand the nature of this growth arrest phe-
notype, we performed cell cycle analysis using fluorescent ac-
tivated cell sorting (FACS) to determine whether growth inhi-
bition was because of cell cycle arrest. The data shown in Fig.
1B revealed that following 3 days of culture in DHT, there was
a 28% increase in the number of HT-AR1 cells in the G0/G1

phase of the cell cycle relative to untreated cells. Moreover, we
observed a concomitant decrease in the number of HT-AR1
cells in the S and G2/M phases of the cell cycle, showing only 62
(S) and 83% (G2/M) of the cells in DHT-treated cultures as
compared with untreated controls. In addition, cell size deter-
minations based on forward and side scatter measurements
showed that DHT-treated HT-AR1 cells were consistently
larger than untreated cells (Fig. 1B, inset).

Cytoskeletal Reorganization in DHT-treated HT-AR1 Cells—
Based on the finding that DHT treatment of HT-AR1 cells
induced a growth arrest phenotype that was accompanied by
an increase in cell size (Fig. 1B), we used immunostaining to
determine whether the expression level and cellular distribu-
tion of desmoplakin, keratin 5, and chromogranin A proteins
was altered by DHT treatment as might be expected for differ-
entiating cells. As shown in Fig. 2A, HT-AR1 cells displayed a
spindle cell shape and grew to high cell densities when cultured
in C/S CBS media on fibronectin-coated coverslips for 4 days.
However, when DHT was added to the media for the same time
period, the cells flattened out and cell boundaries were greatly
extended. Immunostaining of these cells with AR antibody
revealed that DHT treatment resulted in predominant nuclear

localization of AR that would be consistent with the induction
of a AR-mediated genomic response in HT-AR1 cells (33).

Using the same growth conditions, the data in Fig. 2B show
that untreated HT-AR1 cells contained diffuse desmoplakin
staining, whereas DHT-treated HT-AR1 cells displayed a clear
condensation of desmoplakin along cell boundaries (see ar-
rowheads). Desmoplakin polarization at cell boundaries is
characteristic of differentiated cells undergoing desmosome
production (34). Consistent with our earlier results (21),
immunostaining of DHT-treated HT-AR1 cells using an anti-
keratin 5 antibody (RCK103), revealed increased levels of
highly organized keratin 5 protein that extended into intracel-
lular networks. The expression of cytokeratin 5 in DHT-treated
HT-AR1 cells suggests that HT-1080 cells can acquire epithe-
lial cell-like qualities upon activation of androgen signaling.
We have previously confirmed that the HT-AR1 subclone and
HT-1080 cell line are isogenic by comparing the HT-AR1 and
HT-1080 genotypes at 11 independent single nucleotide poly-
morphisms (21).

Western blotting had showed that DHT-treated HT-AR1
cells have elevated expression of the neuroendocrine marker
proteins chromogranin A and neuron-specific enolase (21). To
determine whether DHT treatment causes characteristic redis-
tribution of chromogranin A into secretory granules on the
surface of HT-AR1 cells, we used immunostaining to visualize
chromogranin A protein expression. The results shown in Fig.
2B revealed that in the absence of DHT, HT-AR1 cells were
faintly positive for chromogranin A staining. However, follow-
ing DHT treatment, there was a dramatic increase in chro-4 K. Davis and R. L. Miesfeld, unpublished data.

FIG. 1. Growth inhibition and cell cycle arrest in DHT-treated
HT-AR1 cells. A, dose response profile of HT-AR1 cells cultured for 5
days in media containing carrier alone (ETOH) as compared with media
containing DHT at concentrations between 10�11 and 10�6 M. Values
plotted are mean numbers � S.E. of viable cells relative to the un-
treated control. B, cell cycle parameters of HT-AR1 cell cultures main-
tained in media with or without DHT for 3 days as determined by
propidium iodide fluorescence using FACS. Percentage of cells in G0/G1,
S, and G2/M phases are shown. The inset shows a plot of FACS forward
and side scatter data as an indication of cell size under each culture
condition.
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mogranin A expression manifested as a pattern of secretory
granules. These results are consistent with our chromogranin
A immunoblotting results (21) and suggest that AR signaling
activates an intracellular signaling pathway in HT-AR1 cells
that leads to the induction of a neuroendocrine-like differenti-
ation program.

One of the striking morphological changes we had observed
in DHT-treated HT-AR1 cells was the appearance of neuronal-
like membrane extensions (21). Based on the recent report of
Castoria et al. (8) showing that androgen signaling in mouse
NIH3T3 cells caused AR-dependent changes in membrane
structure within minutes of hormone addition, we used time
lapse video imaging to monitor HT-AR1 cell morphology and
motility in the absence and presence of DHT. For these exper-
iments, HT-AR1 cells were plated in glass Delta T culture
dishes at 40,000 cells/well and digital images were captured
every 5 min for 16 h. Representative screen images of HT-AR1
cell cultures at 5-min intervals over a course of 15 min are
presented in Fig. 3 where it can be seen that DHT treatment
caused significant alterations in the size and location of mem-

brane extensions (see arrows). In contrast, cells cultured in the
absence of DHT exhibited very little movement or change in
cell morphology over the same 15-min time period. The first 5 h
of the 16-h experiment are included as a video movie under
Supplemental Materials (available at http://www.jbc.org).

Transcriptional Control of HT-AR1 Cell Proliferation and Dif-
ferentiation—To determine whether AR-mediated growth arrest
and differentiation was accompanied by significant changes in
the HT-AR1 cell transcriptome, we used expression profiling to
identify differentially expressed genes during the first 48 h of
DHT treatment. For these experiments, we used a 5.3k human
cDNA array obtained from the Arizona Cancer Center and co-
hybridized Cy3-labeled cDNA produced with RNA isolated from
untreated HT-AR1 cells and Cy5-labeled cDNA using RNA from
HT-AR1 cells treated with DHT for 4, 12, 24, or 48 h. Data
analysis was performed with GenePix 4.0 software as described
under “Experimental Procedures.” Genes were considered differ-
entially expressed if reproducible fluorescence signals were ob-
served at multiple time points and there was at least a 3-fold
difference in expression level (induced or repressed). Based on
these criteria, we identified 148 differentially expressed genes of
a total of 2355 that displayed a detectable level of expression in
HT-AR1 cells. Of these 148 genes, 34 encoded proteins in the
GenBankTM data base that were broadly defined as regulatory
proteins. The complete list of 148 differentially expressed genes
in HT-AR1 cells can be obtained on request.3

Transcriptional changes identified by expression profiling
were confirmed by Northern blotting using cDNA probes spe-
cific for eight of the most highly regulated cell signaling genes.
For these experiments, sequential hybridization, stripping, and
rehybridization of the same Duralon-UV nylon filter membrane
was used to analyze the expression of the RhoB, PTGF-�,
CAV2, Egr-1, Myo1B, EHM2, FKBP51, and urokinase genes in
DHT-treated HT-AR1 cells. As shown in Fig. 4, these Northern
blot analyses confirmed that RhoB, EHM2, and FKBP51 were
early androgen response genes based on DHT-induced expres-
sion within the first 4 h of treatment. RhoB is a small GTPase

FIG. 2. DHT treatment of HT-AR1 cells induces cytoskeletal
reorganization and neuroendocrine-like differentiation. A, cell
morphology and AR protein expression in HT-AR1 cells cultured for 3
days on fibronectin-coated coverslips in Dulbecco’s modified Eagle’s
media containing 5% C/S CBS serum with or without 10 nM DHT. AR
protein was detected by immunostaining using an anti-AR antibody.
The same field of cells is shown by phase-contrast or fluorescence
microscopy. B, HT-AR1 cells cultured the same as in A and stained with
antibodies that specifically recognize desmoplakin, keratin 5, or chro-
mogranin A. The cells in the keratin 5 immunostaining were counter-
stained with Hoechst dye to visualize the nuclei.

FIG. 3. Time lapse video microscopy of HT-AR1 cells shows
rapid changes in membrane morphology in DHT cultures. Cells
were seeded on a glass Delta T dish and grown overnight in Dulbecco’s
modified Eagle’s selection media and then changed to culture media the
next day with or without DHT. Images were captured every 5 min
beginning with T0, which was 1 h after adding culture media �DHT.
Representative fields from the two cultures are shown of the first 15
min of video microscopy. The arrows identify individual cells in the
same field over the time course. QuickTime videos of these two cultures
out to 5 h are included as Supplemental Materials (available at
http://www.jbc.org).
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involved in intracellular signaling and tumor suppression (30,
35), whereas, EHM2 is a FERM domain encoding gene that
may be involved in cytoskeletal reorganization (21). The
FKBP51 gene has been shown to be steroid-regulated in a
number of cell types (36, 37) and the FKBP51 protein appears
to function in protein folding as a component of the steroid
receptor-chaperone complex (38, 39).

Fig. 4 also shows the DHT-induced expression of the placen-
tal TGF� (PTGF-�) gene that encodes a TGF�-related peptide
hormone that is expressed at high levels in placental tissue (40)
and has been shown to be androgen-regulated in rat ventral
prostate cells (41). Other names for PTGF-� are NAG-1 (42),
MIC-1 (43), and GDF-15 (44). Three additional DHT-induced
genes we identified in HT-AR1 cells were CAV2 that may be
involved in membrane signaling (45) and has been shown to be
induced 25-fold during adipocyte differentiation (46); Egr-1, an
early response gene encoding a zinc finger transcription factor
that controls the expression of numerous cell growth and dif-
ferentiation genes (47); and Myo1B, a member of the myosin
superfamily that plays a role in membrane dynamics and
transport (48). Last, the data in Fig. 4 reveal that DHT treat-
ment of HT-AR1 cells caused significant down-regulation of the
urokinase plasminogen activator gene, a well characterized
serine protease that is also down-regulated in HT-1080 cells by
glucocorticoid treatment (49).

Fig. 5 shows the results of Western blots using antibodies
directed against some of these protein products. In addition to
RhoB, it can be seen that PTGF�, caveolin-2, and EGR-1 pro-
tein levels are all increased relative to that of integrin �6, gp96,
plakoglobin, and N-cadherin proteins. EGR-1 protein levels
were increased transiently between 12 and 24 h, whereas,
PTGF-� and caveolin-2 protein levels were not significantly
increased until 24–48 h post-treatment. Note that the RhoB
protein is post-translationally modified by farnesyl (C15) or
geranylgeranyl (C20) at the carboxyl-terminal CAAX sequence
(22), and these modifications increase the electrophoretic mo-
bility of RhoB protein in polyacrylamide gels as shown by
RhoB* (50, 51). Consistent with this interpretation, nascent
RhoB protein is unmodified (slower migrating protein), how-
ever, over time, the majority of this species is prenylated and
accumulates as the modified form. These protein expression
data confirm the Northern blotting results and indicate that

androgen signaling in HT-AR1 cells involves numerous
changes at both the RNA and protein levels of select cell sig-
naling genes.

Activation of RhoB Signaling Induces Growth Arrest in HT-
AR1 Cells—Among the genes we characterized at the RNA and
protein levels, we were especially interested in RhoB because of
its potential to be a key mediator in HT-AR1 growth arrest
(22–24), cytoskeletal reorganization (23, 25, 26), and cell dif-
ferentiation (27–29). As shown in Fig. 6A, RhoB immuno-
staining of HT-AR1 cells grown on fibronectin-coated coverslips
in the presence or absence of 10 nM DHT resulted in the
appearance of a punctuate cytoplasmic staining pattern that is
indicative of RhoB localization to endocytic vesicles (26, 35).
Fig. 6B shows a Northern blot in which it can be seen that
RhoB transcription is induced by DHT but not Dex treatment,
suggesting that RhoB expression might be involved in mediat-
ing the HT-AR1 growth arrest because DHT treatment induces
both growth arrest and RhoB expression, whereas, Dex treat-
ment has no effect on cell proliferation (21).

To follow-up on the RhoB expression studies, we took advan-
tage of the finding that some fraction of prenylated RhoB
protein in cells is farnesylated (22), unlike RhoA, Rac, and
cdc42, which are only geranylgeranylated (30). Farnesyl trans-
ferase inhibitors such as SCH66336 have been used to block
RhoB signaling in cells by inhibiting farnesylation and mem-
brane localization that is required for RhoB activity (51). As
shown in Fig. 6C, when adding SCH66336 to media containing
10 nM DHT, we observed a 3-fold increase in HT-AR1 cell
growth as compared with growth in DHT media lacking
SCH66336. Importantly, this range of SCH66336 concentra-
tions (1–10 nM) had no effect on HT-AR1 cell viability or pro-
liferation in the absence of DHT (data not shown), and was in
the concentration range needed to inhibit Ras activity (3–6 nM)
(52). Whereas SCH66336 treatment did not completely reverse
the growth arrest phenotype, these data do suggest that DHT
induction of RhoB expression, and lipid modification of RhoB
protein by the enzyme farnesyl transferase, contribute to the
response.

A second more direct experiment was performed using RhoB
expression vectors encoding either a constitutively active var-
iant of RhoB (RhoBact) containing a point mutation in the

FIG. 4. Northern blot of differentially expressed genes in DHT-
treated HT-AR1 cells. Total RNA was isolated from HT-AR1 cells
grown in DHT-containing media for the indicated times and electro-
phoresed under denaturing conditions. The Northern blot was sequen-
tially hybridized with 32P-labeled cDNA probes specific for RhoB,
PTGF-�, CAV2, Egr-1, Myo1B, EHM2, FKBP51, and urokinase as de-
scribed under “Experimental Procedures.” The size of each gene tran-
script was verified using RNA molecular weight markers (data not
shown).

FIG. 5. Western blot of selected proteins expressed in HT-AR1
cells. Whole cell protein extracts were prepared from HT-AR1 cells
grown in DHT-containing media for the indicated times and separated
by 7.5 or 12.5% SDS-PAGE. A, differential expression of RhoB, PTGF�,
caveolin-2, and Egr-1 proteins in DHT-treated HT-AR1 cells. The RhoB
antibody detects both the unmodified and post-translationally modified
(RhoB*) forms of the protein (50, 51). B, expression levels of integrin �6,
gp96, plakoglobin, and N-cadherin proteins are not altered by DHT
treatment in HT-AR1 cells under these same conditions.
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GTPase domain (G14V), or a dominant negative mutant
(RhoBdn) that is defective in nucleotide binding (T19N). These
human RhoB cDNA constructs contained three copies of the
hemagglutinin epitope tag (HA3) and were cloned into the
pcDNA3.1� eukaryotic expression vector (Guthrie Institute).
To determine whether ectopic expression of RhoB affected HT-
AR1 cell proliferation or cytoskeletal reorganization, we tran-
siently transfected HT-AR1 cells with the two RhoB constructs,
or with vector alone and cultured the cells in �DHT media for
48 h. As shown in Fig. 7A, transfection with the constitutively
active RhoBact variant caused growth arrest independent of
DHT treatment, whereas, cells transfected with the dominant
negative RhoBdn construct were partially protected from DHT-
induced growth arrest. Immunostaining with anti-HA antibody
(Fig. 7B) showed that DHT induced increase in cell size still
occurred in RhoBact- or RhoBdn-transfected cells, suggesting
that under these conditions, RhoB signaling stimulated growth
arrest but not cytoskeletal reorganization.

To better control the level of ectopic RhoB protein in trans-
fected HT-AR1 cells, we recloned the HA-RhoBact and HA-
RhoBdn constructs into a tetracycline-regulated expression vec-
tor (pCDNA4/TO) that could be stably co-transfected into cells
with the tetracycline repressor (TetR) expressing plasmid
pCDNA6/TR (Invitrogen Inc.). Because the two plasmids carry
different antibiotic resistance genes (blasticidin and zeocin),
subclones containing both the target plasmid and the TetR
plasmid can be selected in a single round of transfection (53).
For these experiments, we used the pCDNA4/TO plasmid en-
coding the HA-RhoBact or HA-RhoBdn genes, or empty vector,
and co-transfected HT-AR1 cells with linearized pCDNA6/TR
plasmid at a ratio of 1:6, TO:TR. Double antibiotic resistant
colonies were isolated after 10–14 days and protein extracts
from Dox-treated cells were analyzed by Western blotting using
an anti-HA antibody. Based on the results of this screening,
three representative stable cell lines from each transfection
were chosen for further study.

The results in Fig. 8A show that Dox-induced expression of
RhoBact and RhoBdn with either 0.1 or 1.0 �g/ml Dox for 16 h

had no effect on fibronectin protein levels, consistent with the
lack of phenotypic change in cytoskeleton organization of these
cells (data not shown). However, we did observe a dramatic
reduction in cell growth in the Dox-treated HT-RhoBact (G14V)
cell line independent of DHT treatment (Fig. 8B). In these
experiments, Dox treatment did not alter cell growth of either
the vector control cell line or the RhoBdn mutant stable cell line
(T19N), even though DHT treatment induced growth arrest as
expected. One reason why expression of the dominant negative
RhoBdn protein in this T-Rex stable cell line did not inhibit the
DHT response in Dox � DHT media may be that the level of
HA-RhoBdn protein may not have been sufficient to recapitu-
late the transient transfection assays (Fig. 7).

FIG. 6. Characterization of RhoB expression in DHT-treated
HT-AR1 cells. A, HT-AR1 cells were treated with DHT for 3 days and
immunostained with anti-RhoB antibody. Characteristic punctate pat-
tern of RhoB protein in DHT-treated HT-AR1 cells is consistent with
RhoB localization to endocytic vesicles as seen in other cell types (26,
35). B, Northern blot showing androgen-specific induction of RhoB
expression in HT-AR1 cells after 48 h of treatment with 10 nM DHT or
100 nM Dex. The L7 ribosomal protein gene was used as an RNA loading
control. C, treatment of HT-AR1 cells with the farnesyl transferase
inhibitor SCH66336 partially blocks DHT-induced growth arrest. Cells
were grown in 10 nM DHT for 3 days with or without the indicated
concentrations of SCH66336 and viable cells were counted by trypan
blue exclusion. Mean values are shown � S.E.

FIG. 7. Transient transfection of HT-AR1 cells with a constitu-
tively active form of RhoB induces growth arrest. A, transient
transfection of HT-AR1 cells with the pCDNA3.1 vector alone, or the
same vector encoding HA-tagged activated HA-RhoBact (G14), or dom-
inant negative HA-RhoBdn (T19N) variant, alters cell proliferation.
Transfected cells were cultured in the presence or absence of 10 nM

DHT for 3 days and viable cells were counted by trypan blue exclusion.
B, representative results of HA immunostaining of transiently trans-
fected HT-AR1 cells from the same experiment as in A. Results show
that DHT-induced cytoskeletal reorganization was not affected by ec-
topic expression of RhoBact or RhoBdn. The HA immunostaining showed
that �60% of the HT-AR1 cells were HA positive 3 days after transfec-
tion (data not shown).

FIG. 8. Tet-regulated expression of HA-RhoBact induces
growth arrest in HT-AR1 T-Rex stable cell lines. A, Western blot
using anti-HA antibody to analyze protein extracts prepared from se-
lected HT-AR1 T-Rex stable cells cultured in 0, 0.1, or 1.0 �g/ml Dox for
16 h. The blot was stripped and reprobed with anti-fibronectin anti-
body. B, relative cell growth of the same HT-AR1 T-Rex stable cell lines
as in A cultured with or without 1 �g/ml Dox in the presence or absence
of 10 nM DHT for 48 h. Mean � S.E. were calculated using untreated
cells as the control.
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DISCUSSION

Androgen regulation of cytoskeletal reorganization and neu-
roendocrine-like differentiation in the HT-1080 human fibro-
sarcoma cell model provides a powerful approach to investigate
steroid signaling mechanisms in the context of a cancer cell
phenotype. Extending our initial observations (21), we have
now characterized the HT-AR1 response to androgen treat-
ment and found that growth arrest occurs at physiological
levels of DHT (1–10 nM) and involves G0/G1 cell cycle arrest.
Moreover, redistribution of desmoplakin, keratin 5, and chro-
mogranin A proteins support our conclusion that HT-AR1 cells
undergo a neuroendocrine-like cell differentiation. Time lapse
video microscopy analysis indicated that both rapid and de-
layed changes in cell attachment properties are a hallmark of
the HT-AR1 phenotype.

Based on the time course of most of these cell biological
responses (2–5 days), and their dependence on expression of
functional AR protein (21), we used expression profiling to
identify genes that function downstream of AR activation to
determine what cell signaling pathways might be contributing
to the overall response. One of the early response genes we
identified by expression profiling was RhoB. We found that
DHT, but not Dex, treatment led to the rapid induction of RhoB
gene expression and the synthesis of unmodified and modified
RhoB protein that accumulated in the plasma membrane.
RhoB signaling was shown to be important in mediating the
HT-AR1 growth arrest response based on results using the
farnesyl transferase inhibitor SCH66336 and by ectopic expres-
sion of the RhoB variants RhoBact and RhoBdn.

RhoB is a unique member of the Rho family for a number of
reasons. First, unlike RhoA, which is expressed at high levels
in most cells and primarily associated with the assembly of
filamentous actin (25), RhoB expression is tightly regulated
(54, 55), and shown to be important to the differentiation of
neuronal cells (27, 28). Moreover, RhoA activation promotes
malignant transformation and cell proliferation (29), whereas,
RhoB functions as a tumor suppressor and shows elevated
expression in quiescent cells (24, 56). Another distinguishing
feature of RhoB is that it is localized to membranes, both the
plasma membrane and endosomes even when it is inactive (35).
RhoA is cytosolic in a complex and only moves to the plasma
membrane upon activation and dissociation of RhoGDI (57).
Interestingly, RhoGDI does not bind to RhoB, which is consist-
ent with the finding that RhoB is always in association with
membranes (57). Last, only RhoB has been shown to inhibit
NF�B signaling through stabilization of the I�B complex (58),
and to repress the transcription of TGF� type II receptors by a
mechanism involving AP-1 (59). The RhoB signaling pathways
in HT-AR1 cells are not known, but they could involve any
number of Rho effector proteins that have been identified in
other cells. For example, the Ser/Thr kinases ROCK and PRK,
and the scaffold proteins Rhotekin and Dia (30). Other Rho
effector proteins include the AR transcriptional coactivator pro-
tein FHL2 (60), G protein �� subunits (61), and phospholipase
C isozymes (62).

Signaling by Rho proteins has been shown to activate the
function of FERM domain proteins (63, 64), and in some cases,
Rho signaling can be modulated by this same family of proteins
(65). Because EHM2 encodes a FERM domain protein (21, 66),
which is likely involved in epithelial cell morphogenesis (67),
we find it intriguing that DHT treatment co-induces the ex-
pression of RhoB and EHM2 genes in HT-AR1 cells (see Fig. 4).
This could be indicative of an interdependent function because
both genes are expressed at very low levels in the absence of
DHT. Results from expression profiling studies investigating
the transcriptional response of cells to developmental (68),

metabolic (69), and oncogenic (70) stimuli, have shown that
entire sets of genes encoding proteins with interdependent
functions are often co-regulated. In many cases, co-regulated
genes share a common set of cis-elements in the 5� gene regu-
latory regions, suggesting that they are members of an evolu-
tionarily conserved “gene network” (71). Similar to what has
recently been proposed by Nelson et al. (72) to explain coordi-
nate expression of androgen-regulated genes in the LNCaP
prostate cancer cell line, it is possible that the RhoB and EHM2
genes might each contain one or more functional androgen
response elements, linking them together in the same gene
network. Alternatively, DHT-induced expression of RhoB and
EHM2 could be the result of AR-dependent activation of Src
and other cytoplasmic kinase pathways that lead to stimula-
tion of Elk-1 or STAT5 functions, two transcription factors that
have been shown to be activated by nongenomic steroid signal-
ing (73–75).

In addition to EHM2 and RhoB, we also identified the tran-
scription factor Egr-1 as an androgen response gene (Fig. 4).
Mouse knockout studies by Milbrandt and colleagues (76) have
demonstrated that Egr-1, along with other EGR family mem-
bers, plays a critical role in mediating steroidogenesis in mam-
malian reproductive tissues. In fact, Egr-1 has been shown to
stimulate AR transcriptional regulatory activity through direct
receptor binding (77), and could therefore function as a feed
forward regulatory loop in HT-AR1 cells. Recently, Svaren et
al. (78) used a transient expression system to identify Egr-1
target genes in human prostate cells by expression profiling.
Relevant to our findings with HT-AR1 cells, they found that
among the Egr-1-induced genes, five of the most highly regu-
lated genes were associated with neuroendocrine cells (neuro-
granin, neuron-specific enolase, neurosin, neuro-d4, and
ICAM-5). Moreover, Raychowdhury et al. (79), reported that
Egr-1 regulates the expression of chromogranin A in gastric
epithelial cells that could explain the co-induction of Egr-1 and
chromogranin A in HT-AR1 cells. With regard to steroid regu-
lation of Egr-1 expression in HT-AR1 cells, it is interesting that
Egr-1 transcripts are extremely low in the absence of DHT and
that Egr-1 expression does not peak until 48 h after DHT
treatment (Fig. 4). Because Egr-1 transcription has been shown
to be regulated by both MEK/ERK and the cAMP-mediated
signaling pathway in other cell types (80), it is possible that the
delay in Egr-1 expression following DHT treatment may be the
result of AR-mediated nongenomic signaling events that re-
quire activation of downstream transcription factors (33).

In summary, we found that induced expression of RhoB in
HT-AR1 cells was responsible for the growth arrest phenotype
but not for cytoskeletal reorganization, indicating that RhoB
signaling accounts for only a subset of the androgen responses
in this fibrosarcoma cell model. The observed coordinate ex-
pression of numerous cell signaling genes (RhoB, PTGF-�,
CAV2, Egr-1, Myo1B, and EHM2), suggests that DHT treat-
ment activates downstream targets through a combination of
genomic and nongenomic signaling mechanisms. By exploiting
the HT-AR1 model using functional genomics, proteomics, and
molecular genetic approaches, it should be possible to dissect
the relevant contributions of cytoplasmic and nuclear AR func-
tions to gain a better understanding of signaling pathways that
modulate steroid responses in human cancer cells.
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