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Abstract

cDNA microarray technology allows the “profiling” of
gene expression patterns for virtually any cellular
material. In this study, we applied cDNA microarray
technology to profile changes in gene expression
associated with human prostate tumorigenesis. RNA
prepared from normal and malignant prostate tissue
was examined for the expression levels of 588 human
genes. Four different methods for data normalization
were utilized. Of these, normalization to ACTB expres-
sion proved to be the most rigorous technique with the
least probability of producing spurious results. After
normalization to ACTB expression, 15 of 588 (2.6%)
genes examined by array analysis were differentially
expressed by a factor of 2x or more in malighant
compared to normal prostate tissues. The expression
patterns for 8 of 15 genes have been reported previously
in prostate tissues (TGF33, TGFBR3, IGFIl, IGFBP2,
VEGF, FGF7, ERBB3, MYC), but those of seven genes
are reported here for the first time (MLH1, CYP1B1,
RFC4, EPHB3, MGST1, BTEB2, MLP). These genes
describe at least four metabolic and signaling pathways
likely disrupted in human prostate tumorigenesis.
Reverse transcriptase polymerase chain reaction (RT-
PCR) and Northern blot analyses quantitated with
reference to ACTB expression levels verified the trends
in gene expression levels observed by array analysis for
14/15 and 8/8 genes, respectively. However, RT-PCR
and Northern blot analyses accurately verified the
“fold” differences in expression levels for only 6/15
(40%) and 7/8 (88%) of genes examined, respectively,
demonstrating the need to better validate quantitative
differences in gene expression revealed by array-based
techniques. Neoplasia (2001) 3, 43-52.
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Introduction

The imminent complete elucidation of the human transcrip-
tome has necessitated the development of various technol-
ogies designed to examine gene expression in tissues,
xenografts and cell lines. One of these technologies involves

the construction of microarrays whereby cDNAs, ESTs or
oligonucleotides are deposited onto nylon membranes or
glass slides, then hybridized with radiolabeled or fluores-
cently labeled reverse-transcribed RNA to reveal the
identities and relative expression levels of specific transcripts
[1]. This technology permits the “profiling” of the gene
expression pattern, or transcriptome, of virtually any source
of cellular material. Transcriptome “profiling” of the changes
in gene expression that occur throughout malignant progres-
sion would greatly elucidate the complex biology involved in
human tumorigenesis. In this study, we applied array
technology to profile the expression patterns of 588 genes
in normal and malignant prostate tissues derived from the
same surgical specimens. These experiments identified
specific genes differentially expressed in malignant, com-
pared to normal, prostate tissues, and implicated the
involvement of at least four metabolic and signaling pathways
in prostate tumorigenesis. We also examined the robustness
of the array-derived data using different means to normalize
gene expression levels across the array, and the validity of
the array-derived data using reverse transcriptase polymer-
ase chain reaction (RT-PCR) and Northern blot analysis to
verify differential gene expression levels.

Materials and Methods

Tissue Acquisition and Characterization

Prostate tissue was obtained after radical prostatectomy
from a patient diagnosed with prostate cancer. After an initial
pathologic evaluation of radical prostatectomy tissue, pre-
sumed malignant and normal tissues were snap-frozen in
liquid nitrogen and stored at —70°C. One section each from
normal and malignant tissues was examined after staining
with hematoxylin/eosin. The tumor specimen was comprised
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of >80% malignant cells and the benign specimen com-
prised of an approximately equal admixture of normal
epithelial and stromal cells (Figure 1). The specimen was
acquired with full Institutional Review Board approval. The
pathology of the prostate tumor was established as
combined Gleason Score 6 (3+3), stage T2a, with focal
involvement of the surgical margin.

Array Analysis

RNA was purified from minced frozen tissue using Trizol
reagent (Life Technologies, Inc., Rockville, MD). Total RNA
was briefly treated with DNAse, then 4 ng each of total RNA
from normal and malignant tissue was used to synthesize
cDNA probes according to manufacturer’s protocols (Clon-
tech Atlas cDNA Expression Arrays User Manual PT3140-
1). The Clontech Broad Coverage Human nylon arrays
(#7740-1) were prehybridized in 15 ml ExpressHyb and 1.5
mg denatured salmon testis DNA for 30 minutes at 68°C. The
probes were denatured and added to the prehybridization
mixtures. The filters were hybridized 16 hours at 68°C, then
washed as directed by the manufacturer. Arrays were
visualized on a Molecular Dynamics STORM phosphorima-
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Figure 1. Histology of prostate tissue specimens. Photomicrographs of
hematoxylin/eosin stained sections of normal benign (A) and malignant
(B) human prostate tissues from the same radical prostatectomy specimens
are shown at x50 and at x400 (inset) magnifications.

ger and interpreted using the Clontech Atlas Image v1.0
software. The data were analyzed without normalization,
with global normalization, and with normalization to ACTB or
GAPDH expression.

RT-PCR Analysis

RT-PCR was carried out as described in the Atlas Array
Custom Primers User Manual (Clontech, Palo Alto, CA).
cDNA was prepared by reverse transcription using an
oligo(dT) primer. PCR cycling conditions were as follows:
one cycle of 94°C for 60 seconds; followed by 28 or 32 cycles
(primer-dependent) of 94°C for 30 seconds, 68°C for 30
seconds, 72°C for 60 seconds, then 72°C for 5 minutes. PCR
was carried out using primers specific for each gene. ACTB
amplifications were carried as described for 22 cycles to avoid
saturation of the reaction product. An aliquot of each reaction
product was subjected to electrophoresis on 2% agarose gels
and visualized after staining with ethidium bromide.

Northern Blot Analysis

Ten micrograms each of total RNA was electrophoresed
through 1.2% agarose formaldehyde gels and transferred
onto nylon membranes by capillary blotting overnight. Each
blot was probed with radiolabeled PCR products amplified for
the gene of interest. Blots were hybridized and washed as
described in the Clontech ExpressHyb user manual.

Quantitation of Transcript Expression by RT-PCR and
Northern Blot Analysis

In order to properly quantitate separate RT-PCR and
Northern blot experiments, the optical density of all reaction
products on RT-PCR gels and hybridization signals on
Northern blot autoradiographs were evaluated with refer-
ence to the same gray scale step tablet (see Figure 2). The
step tablet was generated using a scale of 0.15 to 1.20. The
value “0.15” was used rather than “0” to represent zero
optical density in order to avoid the generation of irrational
numbers for signal intensity ratios with “0” in the denomi-
nator (e.g., where no PCR reaction product or Northern blot
hybridization signal was evident). RT-PCR and Northern
blot autoradiographs were evaluated using Scion Image, the
PC version of NIH Image, from Scion Corporation (http://
www.scioncorp.com/), Frederick, MD. Use of the step
tablet permitted the generation of a standard curve against
which signal intensities of all RT-PCR and Northern blot
analyses were measured (Figure 2). For RT-PCR gels, the
signal intensities of all PCR products were obtained and the
ratio values for normal/tumor pairs were determined for
each transcript. The ratio values were averaged when two
or more RT-PCR assays were accomplished to evaluate
the same transcript.

ACTB expression was assayed in triplicate by RT-PCR
for 22 cycles. The ratio of ACTB expression in malignant
compared to normal tissues was calculated as 1.270, 0.820
and 0.860, for an average value of 0.983. This ratio value
was very close to 1.0, the value expected for equivalent
expression of ACTB in normal and malignant tissues. The
similarity in quantitative values for the expression levels of
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Figure 2. Step tablet and standard curve. (A) Eight-step gray scale step tablet and (B) standard curve generated from the step tablet shown in (A) used as a
reference standard for the signal intensities of gene transcripts measured by RT - PCR and Northern blot analysis. The standard curve line equation and constant

values are also shown in (B).

the 15 genes of interest, and the approximation of ACTB
values to 1.0 between replicate experiments, suggested that
normalization of the average expression values for each
gene to ACTB expression was appropriate. Therefore, all
average gene expression ratio values were multiplied by
1.017 (the inverse of 0.983) to normalize them against
ACTB and to adjust the ACTB ratio itself to 1.0 (see Table
1). This normalization allowed the direct comparison of
array-derived and RT-PCR derived data.

For Northern blot analysis, the hybridization signal
intensities of each transcript were determined for normal
and malignant tissues. The ratio of tumor/normal expression
values for ACTB for the same blots was determined and
ranged from 0.816 to 1.239. Therefore, these values were
multiplied by their inverses to set the ACTB ratios to 1.0. The
corresponding gene - specific ratio was also multiplied by the
inverse ACTB expression ratio (1/ACTB) to normalize the
data to ACTB expression (Table 1).

Results

RNA Profiling of Normal and Malignant Prostate Tissues by
cDNA Array Analysis

Phosphorimages of array membranes hybridized with
radiolabeled RNA prepared from normal or malignant tissues
from a single radical prostatectomy specimen were analyzed
using the Atlaslmage version 1.0 software. We chose to
perform the analysis using four different methodologies. The
first method omitted any type of normalization function from
the analysis so that the raw signal from both arrays was used
to calculate signal intensity ratios. The second method
utilized global normalization such that the average values of
all the genes on the array were used to calculate a
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normalization coefficient, which was then applied across the
array. The third and fourth methods utilized the expression
levels of the abundantly and constitutively expressed GAPDH
or ACTB genes, respectively, to calculate normalization
coefficients, which were then applied across the arrays.
These methodologies allowed the user to define specific
values as criteria for differential expression. In all four cases,
“downregulation” of gene expression in malignant compared
to normal prostate tissues was defined when the ratio of
tumor/normal gene expression was <0.5, fora —2.0x level
of expression. “Upregulation” of gene expression in malig-
nant compared to normal prostate tissues was defined when
the ratio of tumor/normal gene expression was >2.0. The
results of all four analyses are shown in Table 2.

Analysis Without Normalization

The omission of any normalization methodology produced
the largest list of differentially expressed genes, with 52
genes downregulated, and only two genes upregulated, in
malignant compared to normal prostate tissues. Therefore, a
total of 54/588 genes, or 9.2% of all transcripts examined,
demonstrated differential expression at a two-fold or higher
level in malignant compared to normal human prostate
tissues. The gene transcripts downregulated in malignant
compared to normal tissues included TGF33 ( —8x), VEGF
(—4.5x%x), IGF2 (—4x), MLH1 (-3.6x) and FGF7
(—8.4x), whereas the two upregulated transcripts were
MYC (+2.0) and MLP (+2.4x) (where “x” designates
“fold difference”).

Analysis With Global Normalization

Global normalization across all genes on the array
revealed seven downregulated and 10 upregulated tran-
scripts in malignant compared to normal tissues, for a total of



cDNA Microarray Analysis of Human Prostate Tissues Chaib et al.

46

@

N/ 18s o} 4aplo ul 210’ | Ag paldiyinw a1em senjea 4o d - 1Y abeiane ||y

'10|q yoee Joj uoissaidxe g1y 0} uoneziewlou jo esodind ayy 1oy g1V / | Aq uoneondiynw Jeye (#) uwnjod Buipaoeid sy ul sonel ay],,
"aueb yoee Joj senssi} (N) [ewtou/ (1) jueubijew Joy sisAjeue jo/q wieyuoN Buisn peynusp! siduosuel) jo seisuap [eondo ey} jo ones 8yl,
'sishjeue Aeure Aq uoissaidxe g OV 0} uonezifewIou Joye dush yoes Joj senssh (N) [ewsou/ (1) jueubijew jo s|oAs| uoissaldxa Jo onel 8y L,

‘uoissaldxa g1y 0} solel HOd - 1H ebelane Jayio ||e 8zijewlou o} pue ‘gl DV 10} Q'L O}
"auah g10V oy 1oy senssi (N) [ewuou pue (1) jueubijew woiy sjonpoid HOd - 14 40 semsuap [eondo oy} o (£86°0) obeioAe auijo (L10"|) 8sidaulayl,

"ausb senoiyed e 1o} solfes HOd - 1Y e jo dbelone sy,
'senssi (N) [ewsou pue (1) jueubiiew woyy sonpoid YOd- LY 40 senisusp [eando 8y} Jo onel 8y,
‘(g @anBi4 ur asoy} yum JueIsIsuod) syuswladxe YOd- 1H Ul pasn sepljoajonuobljo 8sieAal pue pJemioy Joj sialuapl,

uioe ejeg 000’} £€86°0 0980 0280 0Le’t ga10v
0SPd ©WOoIY201A0
9|qIonpul - uixolg | ZA% A 9¥9'¢+ 109'¢c+ 0s9°€+ €991+ jusisisuod Jowny ur | L 1d1dAD
eY3H ‘loidedal
Jojoe} ymolb [ewiepidy acv' b+ ce6'0+  9ceTL+ €6lct+ oov'e+ GGec+ levet £€8cct jusisisuod Jowny ur | 9l €9g4d3
nungns ey
- /€ O J0joe} uoNED|/doy v6c'ct G969+ 6¥8'9+ 6789+ jusisisuod Jowny ur | 118 7044
Jojdedal eseuly auIsoiA| Leez+ 0zse+ 8lbe+ /G2€+ 869 L+ Jua)sisuod Jowny up | 9  €9Hd3
2 uieyoud Buipuiq
Jojoe} yimoub a1 - ulnsuy| 0l9¢c+ /98°0+ 8ggc+t VA7 ecy' L+ Sy L+ 08G'| + 0se' L+ Jusjsisuod Jowny ur | € edg49l
2| oselgjsuel}
-S suolyiein|y v/lc'G+ 080+ 9G¥+ 108'c+ 089+ 299'L+ 80G' I+ G6L° L+ jusisisuod Jowny ur | LE LSO
2 uisjoud
Buipuiq - Juswale
uonduosuel oiseq giyet 2c6’0t  Ghlet 60’ €+ .66+ cvi6+t 0s6'v+ £eCECL+ jusisisuod Jowny ur | Sl cd3149
111 Joydaoal ejeq Jojoe}
ymolb Bujwiossuel | 8/e'¢c+ L0+ €SO0+ 8.0} + 820’ + jusisisuod Jowny ur | ¢ €4g4d9l
auaboouo oAy -0 Sy8'L+ G980+ LLGTL+ 60S°€+ cl9'l+ G891+ VoL L+ 0%’} + jusisisuod Jowny uy | 8 OAN
SYOIBNOBIN Geg'ct gee'k+  09r'et c80'v+ 60€’L+ /8Lt 662 L+ LL2Ht 06c’t+ jus)sisuod Jowny ur | 8 dN
| Bojowoy
(/109 Blyouey2sT ) TINN €e1'g— LS’ L+  S8PL+ 9/€' L+ €65 L+ J1od y<Aese Jowny ui 1 I FHIN
2494 82¢0'¢c— vvi'e— 80Lc— 60L'Cc— jusisisuod Jowny ur T €c 2494
Il 1ojoey
ymmoiB 8| - ulnsu ¥8L V1 — 1G6°0+ Qv — ¥9€C — 9.8t — €S€°1L— 6cv’ L — L1} — jus)sisuod Jowny ur T 014 249l
10108} ymmoih
[el[dYiopus Jejnosep 819'¢c— 1€6'9— 6£6'9— 6669 — jusisisuod Jowny ur T ¥4 d493A
€ B}aq - 10}o.}
ymolb Bujwiojsues | 6SLY — 0680+ Ovev— 108'v — 129'¢— €89Cc— ecv'e— SvLC— jusisisuod Jowny ur T 14 €49491
S(ZI01X) 910v N/L  N/L N/L N7L
0} paziewioN obeleny  ‘oney ‘oley ‘oney
~(810V 0 H0d- 14
paziewJon ) 3,810V 0}
uonduose@  g1OV/EXN/L 91OV 404 N/L ,N/L10|g PaziewioN N/L (ussypoN ‘Aeny (Reny Aq) 498 joquig
ausy)  jo|g WBYMUON  10|g WIBYMON  uleyuoN  ‘Aeuy yosjuol) ‘HOd-14) uosuedwo) uleped uoissaidx3y Jawld auan

'sisAjeuy 10|g UIBULON pue HOd- 14 ‘Aelly AQ senssi| 9)eisoid [eWION O} 9Ale|oY jueubijepy ul uoissaidxg susn) | ajqel

Neoplasia e Vol. 3, No. 1, 2001



cDNA Microarray Analysis of Human Prostate Tissues Chaib etal. 47 ‘_i)

17/588, or 2.9%, of all transcripts examined. The five genes
most dramatically downregulated in expression were iden-
tical to those previously revealed without prior normalization.
The two genes identified as upregulated without prior
normalization, MYC and MLP, were also identified as
upregulated using global normalization. Other genes also
dramatically upregulated in malignant compared to normal
tissues included TGFBR3 (+3.0x), BTEB2 (+2.8x) and
MGST1 (+2.6x) (Table 2).

Analysis with Normalization to GAPDH

Normalization of all genes to expression of the constitu-
tively and abundantly expressed GAPDH gene revealed 13
genes that were downregulated, and six that were upregu-
lated, in malignant compared to normal tissues, for a total of
19/588, or 3.2%, of all transcripts examined. Again, the
same five genes found to be downregulated without prior
normalization or with prior global normalization were found to
be downregulated by factors of —6.0x (TGF33) to —2.5x%
(FGF7). In addition, eight other genes were identified as
downregulated, including five previously identified without
prior normalization (DDIT3, PRKM9, IGF1R, CASP7 and
RNH), one previously identified using global normalization
(GSTP1) and two genes not classified as downregulated by
prior analysis (HSPB1 and PTPRG). Normalization to
GAPDH also identified six genes upregulated in malignant
tissues by factors of +2.2x to +3.3x, all of which were
previously identified using no or global normalization
analyses (Table 2).

Table 2. Expression in Tumor Relative to Normal Human Prostate Epithelium.

Analysis with Normalization to ACTB

Normalization of all genes to expression of the constitu-
tively and abundantly expressed ACTB gene revealed five
genes that were downregulated, and 10 that were upregu-
lated, in malignant compared to normal tissues, for a total of
15/588, or 2.6%, of all transcripts examined. The down-
regulated genes identified using this analysis were limited to
five genes previously identified by other analyses. All 10
genes found to be upregulated in expression in malignant
compared to normal tissues were previously identified by
other analyses, with the exception of CYP1B1 (+2.2x)
(Table 2).

Compatrison of Normalization Techniques

Based upon the number of transcripts identified as
differentially expressed, the four techniques used to normal-
ize the array data could be ordered by the number of genes
identified as differentially expressed as follows: ACTB (15
genes) >Global (17 genes)>GAPDH (19 genes) >None
(54 genes). By these criteria, normalization to ACTB proved
to be the most rigorous normalization technique with the
least probability of producing spurious results. Therefore, all
subsequent verification analyses were performed so that
transcript expression levels were normalized to ACTB
expression (Table 2).

Although the four array normalization methodologies
differed in the number of genes defined as down- or
upregulated in expression in malignant compared to normal
prostatic tissues, all identified the same five downregulated

Gene Not Globally Normalized Normalized Gene Not Gene Not

Code Normalized Normalized to GAPDH to ACTB Code Normalized Code Normalized

TGF$33 —8.000 —5.144 —6.000 —4.801 HSP27 —2.753 IGFBP3 —2.149

VEGF —4.450 —2.843 —3.248 —2.618 CD44 —2.689 CLU —-2.137

IGF2 —4.000 —2.600 —2.972 —2.364 EPHA3 —2.612 IL6ST —-2.125

MLHA1 —3.623 —-2.313 —2.648 —-2.133 BMP1 —2.588 NFIX —-2.114

FGF7 —3.442 —2.209 —2.509 —2.028 GSTT1 —2.587 SLC14A1 —2.086

RNH —3.131 —2.000 —2.322 ADRB2 —2.550 SCYA1 —2.071

GSTP1 —-2.013 —2.301 BNIP3 —2.500 ITGB1 —2.071

DDIT3 —3.050 —2.260 GSR —2.478 CDC25B —2.071

PRKM9 —2.857 —2.105 GSTMA1 —2.418 BST1 —2.068

IGF1R —2.703 —2.095 ITGA6 —2.394 ILK —2.067

CASP7 —2.840 —2.088 FGFR1 —2.370 CSBP1 —2.053

HSPB1 —2.004 CDKN1C —2.333 MNAT1 —2.043

PTPRG —2.7370 —2.000 PRKDC —2.307 NFRKB —2.032
ERCC5 —2.304 HMR —2.030

JUND +2.000 PDGFRA —2.294 PRKM®6 —2.029

CYP1B1 +2.174 TNFRSF1A —2.273 PTN —2.000

ERBB3 +2.012 +2.193 DDR1 —2.235

RFC4 +2.119 +2.294 CASP2 —2.222

EPHB3 +2.128 +2.347 CTNNB1 —2.218

IGFBP2 +2.531 +2.212 +2.747 NR2F1 —2.206

MGST1 —3.153 +2.584 +2.257 +2.801 DAP3 —2.188

BTEB2 +2.793 +2.457 +3.049 S100A9 —2.182

TGFBR3 +3,098 +2.174 +3.378 AR —2.180

MYC +2.062 +3.226 +2.833 +3.509 CCND2 —-2.172

MLP +2.398 +3.759 +3.320 +4.082 POR —2.160
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genes (TGF33, VEGF, IGF2, MLH1 and FGF7) and the
same two upregulated genes (MYC and MLP). This finding
suggested that at least these seven genes were clearly
differentially expressed in normal and malignant prostatic
tissues. To test this hypothesis, two other techniques —
RT-PCR and Northern Blot analysis — were performed to
determine whether the array results could be verified using
independent techniques to measure gene expression.

Verification of Array Results by RT-PCR

RT-PCR was performed to examine the expression levels
of all 15 genes identified as differentially expressed by array
analysis after normalization to ACTB. All 15 transcripts were
reverse-transcribed from RNA template purified from the
same malignant and normal prostatic tissues utilized in the
array analyses, then amplified with sequence-specific
primers (Figure 3). These reactions were repeated for 12
of the 15 transcripts and a third time for the MLP gene
transcript. ACTB was also assayed in each amplification set
to provide a means for normalization.

After quantitative assessment of reaction product yields,
the ratio of transcript levels in normal and malignant prostate
tissues was calculated and the averages were taken. As
seen in Table 1, the ratio of transcript expression levels for
malignant/normal tissues differed by less than 2x after
repeated measures for 10/12 genes, with replicate mea-
sures differing by <10% for 8/12 genes. However, 2/12
genes, BTEB2 and CYP1B1, differed in expression levels
between replicate measures by >2x. For BTEB2, the RT -

1 2 7 11
mwNT NT

NT NT NT NT NT NT

13 14 15 16 20 21

23 ACTB ACTB

NTNTNTNTNT NT NT NT NT

\ ll!

Figure 3. RT-PCR validation of array - derived data. RT-PCR products for
transcripts of the 15 genes identified as differentially expressed by array
analysis (1-23) and the ACTB gene amplified from the same normal and
malignant tissues examined by array analysis are shown after electrophoresis
through 2% agarose and visualization with ethidium bromide staining. The
transcripts are identified as follows: (1) MYC; (2) TFGBRS3; (3) IGFBP2;
(4) TGFj33; (6) EPHB3; (7) CYP1B1; (8) MLP; (11) MGST1; (13)
RFC4; (14) MLH1; (15) BTEB2; (16) ERBB3; (20) IGF2; (21) VEGF;
(23) FGF7. Mw indicates the 100-bp ladder molecular weight marker.

PCR assays clearly demonstrated dramatic upregulation in
malignant compared to normal tissues, by 13x in one
reaction set and by 5x in the other. In the case of CYP1B1,
both measures again demonstrated upregulation in malig-
nant compared to normal tissues, by 1.6 in one reaction set
and by 3.7 x -fold in the other.

As may be seen in Table 1, the trends toward up- or
downregulation in gene expression levels observed by array
analysis after normalization to ACTB were consistent with
those observed by RT-PCR after normalization to ACTB for
14/15 genes. These results suggested that the array-
derived data were largely reliable and verifiable by other
means. However, the actual quantitative values associated
with these trends differed by >2x between array-derived
and RT-PCR derived data for 8/13 genes, disallowing
attempts to correlate “fold differences” in transcript expres-
sion levels obtained using the two methodologies. It should
be noted that differences of less than two-fold were
observed for the TGF33, IGF2, FGF7, EPHB3, ERBB3 and
CYP1B1 genes by array and RT-PCR analysis. This group
included three genes — TGFg33, IGF2 and FGF7 —
consistently identified as downregulated in malignant com-
pared to normal prostate tissue by all four array normal-
ization methodologies, reinforcing the identity of these genes
as differentially expressed. The one exception to the
observed consistency in expression “trend” between
array-derived and RT-PCR data was MLH1, which was
downregulated in tumor by array analysis (—2.1x) but
upregulated by RT-PCR analysis (+1.5x), though the fold
differences in both cases were near 2x, very close to the
criteria used to define differential expression.

Verification of Array Results by Northern Blot Analysis

The RT-PCR experiments largely corroborated the trends
in gene expression observed by array analysis for malignant
and normal prostate tissues. However, these experiments
had not corroborated the actual fold differences in differential
gene expression. Therefore, another quantitative technique
for the measurement of transcript expression, Northern blot
analysis, was utilized to determine whether the actual fold
differences in differential gene expression could be verified.
It was possible to examine the expression levels of 8/15
genes with the amount of RNA still available from the
prostate tissues, including two genes downregulated
(TGFg3, IGF2) and six genes upregulated (MLP, MYC,
BTEB2, MGST1, IGFBP2 and ERBB3) in malignant
compared to normal prostate tissues. These analyses were
carried out on separate Northern blots, and each blot was
subsequently hybridized to a probe for ACTB to allow
normalization to the same “control” gene used for the array
and RT-PCR experiments (Figure 4). As may be seen in
Table 1 from the normalized data, identical expression
“trends” were maintained for all eight genes examined, and
gene expression levels differed by <2x, between the array
and Northern blot data for the TGF33, MLP, MYC, BTEB2,
MGST1, IGFBP2 and ERBBS3 genes. Therefore, quantitation
of array-derived fold differences in gene expression levels
was verified for 88% (7/8) of genes examined by Northern

Neoplasia e Vol. 3, No. 1, 2001



cDNA Microarray Analysis of Human Prostate Tissues Chaib etal. 49 1)

N T N T

1B

TGFB3 IGF2

ACTB ACTB

N T

MYC

ACTB

N T
-

MLP

-

ACTB

Figure 4. Northern blot validation of array-derived data. Ten micrograms
each of total RNA purified from the same normal and malignant tissues
examined by array analysis was electrophoresed through 1.2% agarose
formaldehyde gels, blotted and hybridized as described in the text with probes
for the TGF33, IGF2, MYC, MLP and ACTB genes, as shown.

blot analysis compared to 40% (6/15) of genes examined
by RT-PCR. However, downregulation of IGF2 expression in
malignant compared to normal prostate tissues was quanti-
tated at —2.4x by array and at —14x by Northern blot
analysis. This suggests that although the “trend” in gene
expression may be defined reliably by array or Northern data,
quantitation of the actual fold difference in differential
expression may be problematic in some cases.

Discussion

Verification of Array-Derived Data

The normalization of array, RT-PCR and Northern blot
data to the same internal standard, ACTB gene expression,
permitted a direct comparison of the abilities of all three
methods to quantitate gene expression. Using this systema-
tic approach, we were able to demonstrate that array-
derived data are verifiable using other means to detect and
quantify transcript levels. Specifically, the “trends” toward
up- or downregulation in gene expression in malignant

Neoplasia e Vol. 3, No. 1, 2001

compared to normal prostate tissues observed from the
array date for the expression of specific genes were also
observed using either RT-PCR (14/15 genes) or Northern
blot (8/8 genes) analyses. However, the quantitation of
transcript levels observed by array analysis was replicated
most accurately by Northern blot analysis, and differed by
less than two-fold for 7/8 genes examined. This can be
compared to conventional RT-PCR analysis, where tran-
script levels differed by less than two-fold from those
observed by array analysis for only 6/15 genes examined.
It is possible that conventional RT-PCR methodologies,
even those using normalization to an internal standard such
as the experiments reported here, lack the degree of
sensitivity and reproducibility required to exactly quantify
transcript levels. If so, then other RT-PCR methodologies,
including real-time PCR, may provide a more accurate
means to measure transcript levels, hence produce results
more consistent with those obtained using array technology.

Specific Genes Involved in Prostate Tumorigenesis
Identified by Array Analysis

After normalization to ACTB expression, 15 of 588 genes
examined by array analysis were differentially expressed by
a factor of 2x or more in malignant compared to normal
prostate tissues. Of the 15 genes differentially expressed in
malignant compared to normal prostate tissues, eight have
been reported previously (TGF33, TGFBRS, IGFII, IGFBP2,
VEGF, FGF7, ERBB3, MYC), and seven are reported here
for the first time (MLH1, CYP1B1, RFC4, EPHB3, MGST1,
BTEB2, MLP).

TGF33 pathway The ACTB-normalized array data demon-
strated downregulation of TGF33 gene expression by
—4.8x, and upregulation of TGFgS receptor Il gene
expression by +3.4x, in malignant compared to normal
prostate tissues. These results are consistent with those of
other studies reporting that TGF 33 mRNA is downregulated
in prostate carcinoma compared to normal prostate. More-
over, picomolar quantities of TGF33 inhibit the proliferation
of cultured stromal and epithelial prostate cells; conversely,
proliferating cells fail to express TGF33 [2,3]. Functionally,
TGFB3 normally mediates growth inhibition. Therefore,
downregulation of TGF33 expression is permissive for
growth and is associated with the malignant phenotype
[4]. In addition, upregulation of the TGF receptor Ill may
comprise a cellular response to reduced TGF33 levels,
though other studies have failed to examine this possibility in
prostatic or other neoplasms.

IGF pathway Insulin-like growth factor 2 (IGF 1l) was
downregulated in malignant compared to normal prostate
tissues by —2.4x, whereas insulin-like growth factor binding
protein 2 (IGFBP2) was upregulated by +2.7x from the
ACTB-normalized array data. Upregulation of IGFBP2 in
malignant prostate tissues has been reported previously [5].
However, examination of IGFIl expression in prostatic
tissues has proven more problematic. IGFIl is secreted by
stromal cells and is mitogenic for both stromal and epithelial
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cells in the prostate [6,7]. Therefore, the apparent down-
regulation of IGFIl transcript in malignant compared to
normal prostatic tissues may actually be a function of the
percent of stromal cells present in each tissue type. As seen
in the hematoxylin/eosin stained tissue sections shown in
Figure 1, the tumor tissue was almost entirely epithelial in cell
type, whereas the normal benign tissue was approximately
50% epithelial and 50% stromal cells. Therefore, it is
possible that the larger stromal compartment in the normal
tissue is responsible for the apparent upregulation of IGFII
transcript in normal tissue.

Mismatch repair pathways and DNA damage repair path-
ways Both the RFC4 and MLH1 genes are involved in
mismatch repair in eukaryotic cells. The expression profiles
of these genes in malignant and normal prostatic tissues
have not been previously reported. RFC4 encodes the p70
subunit of the five-subunit replication factor C multimeric
protein complex. Together, the five RFC subunits are
required to “load” PCNA (proliferating cell nuclear antigen)
onto DNA, thus recruit DNA polymerases to the site of DNA
replication [8]. The ACTB-normalized array data showed
that the level of RFC4 gene transcript was upregulated by
+2.3x in malignant compared to normal prostatic tissues,
suggesting that RFC4 functions may be enhanced in
prostate tumors. The MLH1 gene, which also functions in
mismatch repair, encodes a protein involved in the G,—M
cell cycle checkpoint [9]. Mutations of the gene have been
associated with the microsatellite instability phenotype in
several types of cancer, and transcription of the gene is
downregulated via promoter methylation in some tumors
[10,11]. Though not previously described for prostate
cancer, we found that MLH1 transcription was downregu-
lated —2.3x in malignant compared to normal prostatic
tissues, suggesting that MLH1 activity may be reduced in
prostate tumors. Interestingly, both the RFC4 and MLH1
gene products are part of the putative BASC, or BRCA1-
Associated Surveillance Complex, a group of proteins that
physically associate with the BRCA1 protein. Other proteins
within this complex include MSH2, MSH6; ATM, BLM; and
the RAD50—MRE11-NBS1 protein complex, and function in
the recognition of damaged DNA or abnormal DNA
structures, or in DNA replication-associated repair [12].
These data suggest that the dysfunction of mismatch repair
pathways contributes to tumorigenesis in the prostate.

The transcript of the MLP gene (MacMARCKS, or
MARCKS Related Protein) was upregulated +4x in
malignant compared to normal prostate tissues by array
data. Upregulation of the MLP gene transcript has not been
described previously in human prostate cancer. The MLP
protein is associated with the cell membrane and actin
cytoskeleton. It is a substrate for protein kinase C and also
binds calmodulin in a manner that is regulated by phosphor-
ylation of PKC. Due to these activities, MLP is thought to
mediate cross talk between calmodulin and PKC signal
transduction pathways. However, Poly (ADP) -ribose bind-
ing to MARCKS and MacMARCKS inhibits the ability of these
proteins to bind to PKC or calmodulin, thus inhibiting

membrane association and actin filament formation. This
suggests that MARCKS proteins (and actin) could be
targets of the Poly(ADP-ribose) DNA damage signal
pathway, and that these proteins, along with other
Poly (ADP) -binding proteins, such as p21, p53, and Ku70/
86, may participate in a “DNA Break Signal Mechanism
[13].” In this mechanism, poly (ADP-ribose) polymerase
(PARP) signals DNA breaks and produces PARP-bound
polymers, e.g., poly(ADP-ribose), at the site of a DNA
break. These polymers then recruit proteins that have
polymer recognition/binding sites to the DNA breakage site,
which allows these proteins to participate in DNA strand
repair activities. PARP then degrades the polymers, which
releases the polymer-bound proteins [14]. It is possible
that increased levels of MLP in malignant tissues may act to
bind up and essentially sequester all or most of the
Poly (ADP-ribose) polymers as they are synthesized by
PARP. If so, MLP would render Poly (ADP -ribose) unavail-
able for binding to other DNA Break Signal Mechanism
proteins, thus interfering with DNA repair activities and
contributing to expression of the transformed phenotype.

Oxidative stress response pathway(s) The transcripts of
two genes involved in oxidative stress response pathways,
MGST1 and CYP1B1, were upregulated in malignant
prostate tissue compared to normal tissues. The promoter
region of the MGST1 upstream of the dominant first exon
responds to oxidative stress as a detoxification mechanism
[15]. MGST1 may also be involved in cytoprotection; as a
close homologue, MST1-L1 is involved in redox regulation
and is upregulated in response to p53 expression [16].
CYP1B1 is a dioxin-inducible cytochrome P450 enzyme that
catalyzes oxidative metabolism of many compounds, includ-
ing xenobiotic procarcinogens [17]. It is not expressed by
most normal tissues and is upregulated in many cancers,
including those of the bladder, brain, breast, colon, esopha-
gus lung, ovary, skin, stomach, lymph node, testis and
uterus [18]. This is the first report of MGST1 and CYP1B1
upregulation in malignant prostate tissue, suggesting that
upregulation of oxidative stress response pathways occurs
during prostate tumorigenesis.

Growth factors, growth factor receptors and transcription
factors Two growth factors downregulated in malignant
tissues by array analysis, VEGF (—2.6x) and FGF7
(—2.0x), have been studied previously in prostate cancer.
Several studies have reported overexpression of VEGF in
prostate cancer cells [19,20]. However, another recent
study found that normal prostate cells secrete VEGF and
other angiogenic cytokines, suggesting that the ability of
prostate cells to stimulate angiogenesis is an intrinsic trait,
rather than one that must be acquired during tumorigenesis
[21]. The apparent downregulation of VEGF in malignant
compared to normal prostate tissue was observed in both the
array and RT-PCR experiments, suggesting that malignant
cells were not expressing VEGF at higher levels than normal
cells. FGF7 was also apparently downregulated in malignant
compared to normal prostate tissue. FGF7 is expressed by
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stromal cells in the prostate and is mitogenic for epithelial
cells [22,23]. Therefore, the apparent downregulation of
FGF7 expression in malignant prostate tissue observed by
array and RT-PCR analysis may actually reflect differences
in cell type composition, as the normal prostate tissue used
in these experiments was composed of both epithelial and
stromal cells, whereas the malignant tissue was predomi-
nantly epithelial. It is likely that expression of FGF7 by the
stromal cell compartment of the normal prostate tissue is
responsible for the higher levels of FGF7 observed in normal
compared to malignant prostate tissues.

Other growth factors and growth factor receptors upre-
gulated in malignant compared to normal prostate tissues by
array analysis included MYC, ERBB3 and EPHB3. Upregu-
lation of MYC gene transcription has been associated with
immortalization and malignant transformation in prostate and
other cancers [24,25]. Array, RT-PCR and Northern blot
analysis all demonstrated upregulation of MYC transcript in
malignant compared to normal prostate tissues, consistent
with previous reports. Array analysis also showed that
ERBB3 and EPHB3 transcripts were upregulated in malig-
nant compared to normal prostate tissues. Both ERBB3 and
EPHB3 encode growth factor receptors with tyrosine kinase
activities. Whereas ERBB3 encodes both secreted and
transmembrane forms due to alternative splicing, EPHB3
occurs only as a transmembrane molecule [26,27]. ERBB3
is expressed constitutively in LNCaP prostate cancer cells
and is phosphorylated in response to IL-6 stimulation [28].
However, the current study is the first report to examine
ERBB3 expression in normal and malignant prostate tissues.
The EPHB3 gene encodes a tyrosine protein kinase
receptor, EPH-3, that is part of a large 14-member Eph
family. Ephrin receptors are expressed prominently in the
developing adult nervous system, suggesting roles in neural
development or function. Their ligands, “ephrins,” all have
close sequence homology and are also membrane-asso-
ciated [29]. Ephrin receptor and ligand transcripts have
been observed in small cell lung cancer cell lines and tumors,
suggesting that these molecules are involved in autocrine
loops during development and tumorigenesis [30]. This is
the first report of ephrin receptor overexpression in malignant
prostate tissues. However, it should be noted that over-
expression of other ephrin receptors (EPHA1, EPHA3) and
ligands (EPLGS3, EPLG4) on the array was not observed
and that the functional significance of EPHB3 upregulation in
prostate tumors is not known.

Expression of the basic transcription element-binding
protein 2, BTEB2, was upregulated 3.1x by array, 3.3x by
Northern blot and 6.9x by RT-PCR analysis in malignant
compared to normal prostate tissues. BTEB2 encodes a
zinc-finger protein that is normally expressed in vascular
smooth muscle cells, often is response to injury. The
promoter of the BTEB2 gene is activated by bFGF and
EGF1; thus, BTEB2 expression is regulated by the MAP
kinase pathway [31]. With MYC and EGR1, BTEB2
expression is upregulated in keratinocyte cells exposed to
factor Vlla, suggesting that BTEB2 may play a role in the
epithelial proliferative aspect of wound healing [32]. Func-
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tional studies of BTEB2 expression in prostate cells would be
required to ascertain whether BTEB2 upregulation is merely
reflective of, or directly involved in, the proliferative state of
malignant prostate epithelium.

Functional Significance of Differential Gene Expression in
Malignant Prostate Tissues

Few other studies have attempted to profile prostate
tissue expression patterns using array technology. Buben-
dorf et al. [5] recently reported the results of a study profiling
the RNA expression patterns of a hormone-dependent
(CWR22) and derivative-independent (CWR22R) xeno-
graft of a human prostate tumor. Using a cut- off of two-fold
or higher differences in expression levels to define transcrip-
tional up- or downregulation, they report differential expres-
sion of 3.3% of genes examined, comparable to the 2.6%
reported here. Gene expression levels were not normalized
to those of housekeeping genes on the arrays (ACTB or
GAPDH), but were determined using a methodology similar
to that of global normalization. Few genes defined as
differentially expressed in Bubendorf et al. were also defined
as differentially expressed in the current study. This is likely
due to the difference in tissues profiled in the two studies
since the CWR22 xenograft was derived from a high grade,
metastatic tumor whereas the malignant prostate tissue
profiled in the current study was moderately differentiated
and localized to the prostate. In another study, Vaarala et al.
[33] utilized array analysis to profile the transcript expres-
sion patterns of the androgen-responsive LNCaP cultured
malignant prostate cell line and an androgen-insensitive
derivative. The data were not normalized, and comparison of
these data with those of Bubendorf et al. or the current study
reveals few similarities. This, again, may be due to the
inability to directly compare the RNA expression profiles of a
diverse set of tissues and cell lines. Elek et al. examined the
RNA expression profiles of one normal and three malignant
human prostate tissues using the same cDNA microarray
used in the current study. They observed that 19/588, or
3.2% of genes examined, were differentially expressed
between normal and malignant prostate, similar to the
2.6% observed in the current study. However, the data were
analyzed visually without background subtraction or normal-
ization, making comparison with the current study difficult
[34]. These types of difficulties encountered when attempt-
ing to compare array -derived datasets should be eliminated
as data analysis methods utilized become more widespread
and standardized.

Conclusion

The results reported here demonstrate that cDNA micro-
array methodology provides a means to identify specific
genes and functional cellular pathways likely disrupted in
human prostate tumorigenesis. They also suggest that the
accurate profiling of differential gene expression using
cDNA microarrays requires further validation through other
means, such as RT-PCR or Northern blot analysis.
Moreover, the normalization of cDNA microarray - derived
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gene expression levels to one or more constitutively
expressed genes (e.g., ACTB or GAPDH) provides a
more rigorous methodology for the evaluation of differential
gene expression by array analysis, and also provides
standards by which array -derived data may be validated by
other means. The consistent use of appropriate data
normalization strategies should enable both the validation
and comparison of multiple cDNA microarray-based
studies and an accurate depiction of gene expression
changes during prostate tumorigenesis.
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