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Transcriptional programs activated by exposure of human prostate
cancer cells to androgen
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Abstract

Background: Androgens are required for both normal prostate development and prostate
carcinogenesis. We used DNA microarrays, representing approximately 18,000 genes, to
examine the temporal program of gene expression following treatment of the human prostate
cancer cell line LNCaP with a synthetic androgen. 

Results: We observed statistically significant changes in levels of transcripts of more than 500
genes. Many of these genes were previously reported androgen targets, but most were not
previously known to be regulated by androgens. The androgen-induced expression programs in
three additional androgen-responsive human prostate cancer cell lines, and in four androgen-
independent subclones derived from LNCaP, shared many features with those observed in
LNCaP, but some differences were observed. A remarkable fraction of the genes induced by
androgen appeared to be related to production of seminal fluid and these genes included many
with roles in protein folding, trafficking, and secretion.

Conclusions: Prostate cancer cell lines retain features of androgen responsiveness that reflect
normal prostatic physiology. These results provide a broad view of the effect of androgen
signaling on the transcriptional program in these cancer cells, and a foundation for further studies
of androgen action.
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Figure 1
Transcriptional program activated by R1881 exposure in LNCaP cells. (a) Hierarchical cluster analysis of androgen-responsive genes in LNCaP cells
treated with R1881. This is a scaled-down overview of the cluster diagram generated by querying microarray data against the list of genes generated by
SAM analysis (see text). The complete image with all gene names is viewable at [12]. Each column represents data from microarray analysis of a single
RNA sample from LNCaP cells corresponding to a given time; the columns under the green heading show data in which RNA from R1881-treated and
control cells were hybridized on the same microarray, while those under the black heading show experiments in which RNA from treated cells was
hybridized against a common reference and normalized to the ‘0’ time point. Numbers above each column denote specific time points. The dose of
R1881 was 1 nM in all experiments. Red squares indicate transcripts with expression levels higher than that of ethanol-treated control cells; green
squares, levels lower than that of controls; black, levels approximately equal to those in controls; gray, data of insufficient quality. (b) Representative
androgen-regulated genes measured in microarray analysis of LNCaP cells treated with 1 nM R1881. Expression profiles of transcripts representing
previously published androgen target genes are depicted. Genes listed more than once indicate that the microarray contained multiple elements
representing that gene. As indicated by the scale bar, color saturation reflects magnitude of expression ratio.
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Figure 2
Expression patterns of androgen-responsive genes in LNCaP cells exposed to R1881, DHT, or androgen deprivation. (a) Gene-expression changes in
LNCaP treated with 1 nM R1881 and with dihydrotestosterone (DHT) at 10 nM, 100 nM or 1,000 nM. Note the apparent increase in gene expression
with successively higher doses of DHT. On the far right are two experiments in which LNCaP cells were deprived of androgen for 48 and 72 h and that
display reciprocal expression patterns. Green, red, black and gray bands as in Figure 1. Color-saturation scale as in Figure 1. (b) Correlation of gene-
expression levels for LNCaP treated with 1 nM R1881 for 24 h and 1,000 nM DHT for 24 h. (c) Inverse correlation of gene-expression levels for LNCaP
after treatment with 1 nM R1881 for 50 h and androgen deprivation for 72 h.

R1881, 9 h
R1881, 18 h
R1881, 24 h

- R1881, 46 h

R1881, 50 h
R1881, 72 h
10 nM DHT, 18 h
100 nM DHT, 24 h
1000 nM DHT, 24 h

- R1881, 70 h

R
18

81
, 9

 h
R

18
81

, 1
8 

h
R

18
81

, 2
4 

h

- 
R

18
81

, 4
6 

h

R
18

81
, 5

0 
h

R
18

81
, 7

2 
h

10
 n

M
 D

H
T,

 1
8 

h
10

0 
nM

 D
H

T,
 2

4 
h

10
00

 n
M

 D
H

T,
 2

4 
h

- 
R

18
81

, 7
0 

h

(a)
DHT versus R1881 comparison

y = 0.6681x + 0.3148
R2 = 0.7705

−4
−3
−2
-1
0
1
2
3
4
5

−6 −1 4 9

24 h 1nM R1881

24
 h

 1
00

0n
M

 D
H

T

(b)

LN 50 h R1881 versus LN 70 h androgen deprivation

y = -0.6038x + 0.0595
R2 = 0.7119

−4
−3
−2
−1
0
1
2
3
4
5

−10 −5 0 5 10

 50 h R1881

70
 h

 d
ep

riv
at

io
n

(c)



���� �(�?-�������'� '������� 4����'� ������� ��� ������ ��*������

���&���� 0� ��'� 1/� ����� �+���� ��'�-��� ���������;� 3�

-����������*������� ��4����+�-����� ��'�$�'��� ��*�����'��.

��'�-��������������������'������$���������4������&����0

��'�1/�����;�(�� �����(��*�$�'���� �'����+��'�-�����&���

��-��+�$���� $���-��� ��� ��*������� ��� ��'�-��?������'� $����

$�*���'� �� $������� &�� &���� $�$����'� ����� -����� ��'

�������$��'�'�&������*���������4����4����'�+����.�*����+

���� ����� $����;� (���.���� +� ���� ��&� '���� �.� ������$��$��

$��������-� ����.���� ����� �-���� -�������.� +����'� �� �'����+.

-����� &���� ��*������� 4����'� 4��� ���� ����� $����;� "��

��$ �+�$�*�����.� ����������*�������*��������'�-�����

�����'�������*��$��'������+���-��*��-�+�-���������'���'�+?

+����$��� ��� ������ ���*����� �.� $������� ����.���;� 
����*�� �

����'������'���4����-�����+���*�������$���-���&���������

+�����0�������+��������������&������4�������*����*��������+

���*���� +� =�5�
� �� ��'�-���� ��'� *�4�'�� �''������

����-����������'�-����$���;

Q�� &���� $������ ��  �&� &������� ���� ��*������� $���-��

����4�'� ��� =�5�
� &��'� ���� $$��� ��� ����� ��'�-��?

���*���4�� ������ *������� $��$��� $���� ������ B�	(� 
5�� /��

�	(�
5��/��� ��'�=(
5?7C�� �� ���=�5�
���'�=(
5?7� ���?

$�����$�����'������'�-��?'�*����'�$�'������+�������'�'

*���'�;� (��� $���� ������&���� ������'�&���� < ����<00<� ��'� ��

������������*���&���$���$��'����&����/9���'�19�������+���

�''�����+��<00<;���(����*����+���������'���'�$�����$���

������ &���� $�*���'� '���$��.� �� ���� ����� ��$�����.;

���*���������'�-���+���������+������$��*����'����+��'���

��'�-��?���*���4���������=�5�
���*���������&��������?

���'������$��+�������$���� �����;����.�-�����&�����'�����'

��������.� �������+� ����$���� ���������--�����-�$����4�����+��

�*�$�+�$� ��'�-��?���*���4�� *�-����� *����*�� �� 4����-�� +

���� *������$� �*��������� *����.*��� ���&���� ������ $���� �����

B!�-��� 8P� ���� ���� F</G� ��'� (''������� '���� +����C;� !�

����*�������������$��*�� ��4����+�8<9�+�������-�����$���-�'

�.� <;:?+�'� ������ ����	(� 
5�� /�� ��'� /�� $���� +��&��-

70 ����� +� ��*����� �� �<00<P� �����$��*��� +�� /M/� -����

$���-�'��.�<;:?+�'���-�������������-��������������+�����+��

=�5�
���'�-��?'�*��4�'����$����P���'������$��*��� +��0<

-�����$���-�'��.�<;:?+�'���-��������������������=(
5?7���'

=(
5?7�B��'�-��?'�*��4�'C ����.���*��������;

"�����&������+�&����&���.�'�++����$��������*�������*�?

+��������&���� ����$���� �����;�Q����&�� +$���'������������

�� �����$��*��� &���� ������4�� ����'��$�� $���-�'� �.����

�����/;M?+�'��������������&���*���������BF</G���'�����(''�?

������ '���� +����C�� ��� -��*� +� -����� '�++���'� ���� ��-�.

���&���� ���� $���� ������ B!�-��� 7C;�����+� ����-����� ��� ����

-��*� ��4�� *��4����.� ����� +��'� �� ��� $���������.

��*�����'������-��+�$����.���-���� ��4���� ���*���+������-�$����

F<9�<MG;�"���������&����<�����<00<�*������*���+������

��� �����	(� 
5�� /�� ��'� /�� $���� ������� ���� �� *���+�����4�

�++�$�� ��� ���� =�5�
� ��'� =(
5?7� $���� ������� ��'� ��*������

*���+������� ��� =�5�
� $���� ������ $�����'� +�� *���-�'

*���'�� ��� $�'������ +� ��'�-��� '�*��4����� B'���� ��

��&��� ��'� ���� ��+����$��� ��� F<1?<6GC;�(�� ����� ���!�-��� 8�

���� *���+������� $������� ��� ������4��.� ��'�$�'� ��� ���� �	(


5��/����'�/��$���� ���������&���������$���-�����=�5�
���'

=(
5?7����'� ��� ��*�����'� ��� ������'�-���'�*��4�'�=�5�


$���������;�"����������$��*����4����+�����-�������������*���+��?

����� $������� *�������� ���� ���*����� +� ������ $���� ������ �

����������&������'�-���;

"��� ��*������� *�������� ��'�$�'� �.� �<00<� ++��� *������

����-�������������++�$���+���'�-�������*�������*�.���-.;

���.�+��������+�������'�-��?��'�$�'���*�������*�-���

�**���� �� ��� ������'� �� �$��4����� +� ���� $���D�� $�*�$��.� �

*�'�$�� �������� +���';� (+���� *�����.�� ���� ������ *������

*�'�$��� �� *�����?� ��'� �-���$� �����?��$�� +���'� ����� $�?

��������� �**��������.�89?:9J�+� ����4�����+� ���� �@�$�?

����;� "��� *������$� ��$������� ���� *��.� $����$����I�'�� ���

������'����'�.�$����$�����+�������.��������*����������������.

���� �$$����.� -���'� *������� ��� �����.� ���� �������� F/9G;

(�'�-�����'�$�����4�����$�������+�-����������$����������

����*�'�$������'���$������+�*������$�+���';


����*�� �������� ���� ��-�$���-��$����'��.� ����������&���

�<00<�$$�����������$�����+�-����������$����������������.�?

������� ��'��'�+�$�����+� ��$����.�*������;�(��� ��'�-��?

���*���4�� -����� ��� ����� $����� ��&� ��$�����'� ��*������� ��

���*��������'�-��;�Q����4��*��4����.��'����+��'�*�����4�

��$����.���'���������?���'�*�����������'����������.�?

������� �� ��������?���$����'� *�.����� BF/<G� ��'� �;	;

��'�
;%;�;����*�������'�����4�����C���'�4���/99�+������

���� ���-� ���� ��'�-��?���*���4�� -����� B���� F</G� ��'

(''�������'����+����C;�3�$��'�'�����������������-�������$'��-

*�������*��4����.� �&���������$����'��.�����*����������

���� �������� *������� ��$��'��-� *������?�*�$�+�$� ����-��

B
�(C�� ������� '��.'�-������� �*��**������ 	� F//G�� ��'

4��$����� ��'�������� -�&��� +�$��� BN�>!C F/8G;� (�� �''�?

����������$�������+�89���'�-��?���*���4��-�����&��������

���*���������++�$ ��-���'���$����.�4���$��� +������ ��'���

�����*���+� ��$����.�4���$���� B!�-��� :�C;�"��������+�-����

��$��'��� ��4�����&���� ����� ��������������''��-�� 4���$����

+�������� ��'���������� +������ ��'� ������$�����+� *�?

������ �$���� ���� ��������� +� ���� ��'*�����$� ����$����;

(�'�-�������������������'�$�'����������+�-����������*��?

��$�*�������*������+�'��-���'�-�.$�.������B!�-��� :�C;�%��

+� ������� !R:9M?���'��-� *������ :S!R�
:<�� �� ��$����.

'��$����'���'�-������-���F/7G��&�������������-��.���'�$�'

-���� B���� ����� /9?+�'C� &�� ����4�'� ��� ��� ��*��������;

!R:9M?���'��-�*������:S!R�
:<� �����$?$��*�����*�����

���������*�*��'.�*��.�� ����������$��4��.���'� ������$���&���

���� *�-�������� ��$�*��� F/:G;�Q������� ��� +��$����� ��� ���

*�$�����-� +� ��'�-��?��'�$�'� ��$����.� *������� �� ��

����� *���&�.�� ��'�$�'� �.� ��'�-���� �� *����*�� �4��� ��

$���?$������-�����-������$��������������'�-����+���'�$������-?

-����������.���4�������*�������������*������$�*�.���-.;


������$� +���'� ���������$������������-���$�$�*��'������

�$$���� +�� ��$�� +� ���� ����$ *�������;� !�� ������$��

co
m

m
ent

review
s

repo
rts

depo
sited research

interactio
ns

info
rm

atio
n

refereed research

http://genomebiology.com/2002/3/7/research/0032.5



6 Genome Biology Vol 3 No 7 	�
����������

Figure 3
Hierarchical clustering analysis of expression patterns of androgen-responsive genes in four prostate cancer cell lines and sublines. Details are viewable
at [12]. The column labels are enlarged on the right.
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Figure 4
A cluster of genes with distinct patterns of modulation in LNCaP cells compared with other prostate cancer cell lines. This cluster includes many
proliferation-associated genes. Column headings have been color-coded to distinguish the various cell lines as follows: Green text, MDA 2a and 2b cells;
blue text, LAPC-4 cells and androgen-deprived subclone (LAPC-4AD); orange text, the four LNCaP androgen-deprived subclones; brown text, LNCaP
cells + R1881; black text, LNCaP cells, R1881 deprivation. Numbers following each cell-line descriptor indicate length of exposure time in hours.
Identifiers for each element shown here are gene symbol and gene name. The full cluster image is viewable at [12].
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MCM2 MCM2 minichromosome maintenance deficient 2, mitotin S. cerevisiae  
FLJ20311 hypothetical protein FLJ20311 
HSU79274 protein predicted by clone 23733  
SLC29A1 solute carrier family 29 nucleoside transporters, member 1 
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Figure 5
Androgen-responsive genes in LNCaP cells that are likely to participate in production of prostatic secretory fluid. As in Figure 1, each column represents
an individual LNCaP time-point experiment. Images for these genes were grouped according to functional category: (a) protein trafficking (labeled in
black text) and vesicular formation and transport (labeled in blue text); (b) protein folding (black text) and glycosylation (blue text); (c) polyamine
biosynthesis, and (d) transporter and ion channels.
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Materials and methods
Cell culture and androgen treatments 
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Figure 6
Androgen stimulation modulates signal transduction, transcriptional-regulatory, extracellular matrix and cytoskeletal genes. As in Figure 1, each column
represents an individual LNCaP time-point experiment. Transcripts regulated in response to androgen grouped by functional category: (a) cell-cell
interactions/extracellular matrix; (b) cellular dynamics/cytoskeleton; (c) regulation of transcription; (d) signal transduction.
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DNA microarray hybridizations and data analysis
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Statistical analysis of microarray data
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