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Abstract Because tumorigenesis is an ongoing process, biomarkers can be used to identify individuals at risk for 
bladder cancer, and treatment of those at risk to prevent or slow further progression could be an effective means of 
cancer control given accurate individual risk assessment. Tumorigenesis proceeds through a series of defined pheno- 
typic changes, including those in genetically altered cells destined to become cancer as well as in surrounding normal 
cells responding to the altered cytokine environment. A panel of biomarkers for the changes can provide a useful system 
for individual risk assessment in cancer patients and in individuals exposed to carcinogens. The use of such markers can 
increase the specificity of chemoprevention trials by targeting therapy to patients likely to respond, and thereby 
markedly reduce the costs of the trials. 

Previous studies in our laboratories showed the cytoskeletal proteins G- and F-actin reflect differentiation-related 
changes in cells undergoing tumorigenesis and in adjacent ”field” cells, and a pattern of low F-actin and high G-actin is 
indicative of increased risk. Actin changes may be a common feature in genetic and epigenetic carcinogenic 
mechanisms. In a group of over 1600 workers exposed to benzidine, G-actin correlated with exposure, establishing it as 
an early marker of effect. in another study, a profile of biomarkers was monitored in patients who underuent trans- 
urethral resection of bladder tumor (TURBT) and received Bacillus Calrnette Guerin (BCG) and/or DMSO. The primary 
objective was to determine how the defined biomarkers expressed in the tumor and the field correlate with clinical 
response and recurrence. DMSO, known to modulate G-actin in vitro, was used as an agent. Results strongly support the 
hypothesis that cytosolic G-actin levels measured by quantitative fluorescence image analysis (QFIA) tan be an 
important intermediate endpoint marker for chemoprevention and that the p300 (M344) and DNA ploidy markers 
identify a high-risk group that requires more aggressive therapy and recurrence monitoring. Further research with other 
markers has shown that DD23 and nuclear actin, both of which identify late, specific changes, may increase the battery 
of useful markers. Taken together these studies show how biomarkers are employed to study individuals at risk aid in the 
selection of chemopreventive compounds and assist in the understanding of the pathogenesis of malignancy. J .  Cell. 
Biochem. 25S:197-204. o 1997Wiley-Liss, Inc. 
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Recent developments in the study of interme- 
&ate endpoint markers establish the rationale 
for assessing individual risk for premalignant 
disease, designing strategies for cancer’ preven- 
tion, and understanding the fundamental 

in molecular biology, epidemiology and the hu- 
man genome project provide the tciols and 

IlBdXlnisms of carcinogenesis. Advances 
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knowledge base for defining and identifying 
important biomarkers of genetic susceptibility. 
Complete knowledge bases of markers of suscep- 
tibility and markers of exposure theoretically 
would be adequate for individual risk assess- 
ment. The complexities of genetic polymor- 
phism and the inability to  precisely quantitate 
exposure and individual thresholds complicate 
this strategy. An alternative approach is to  
evaluate qualitative and quantitative changes 
in biomarkers of effect with a knowledge of 
their functional role and when they are ex- 
pressed in the sequence of events in carcinogen- 
esis. 

Based on the original concepts of Ploem 151 
and West [6,7], our laboratory developed a tech- 
nique of quantitative fluorescence image analy- 
sis (QFIA) which is used to quantitate the func- 
tional molecules important in carcinogenesis at 
the single cell level with a specific focus on the 
biologically active proteins. Our focus on the 
protein molecules is predicated on several im- 
portant theoretical concepts which recognize 
that genes may be present but not transcribed 
and their mRNA may not be translated thus 
quantitation of DNA or RNA may not necessar- 
ily reflect the actual biologically active protein 
component. 

Given the large number of proteins which are 
functionally modulated in the cascade of events 
in carcinogenesis, the selection of candidate 
biomarkers is not a trivial issue. Selected bio- 
markers should not only show statistically sig- 
nificant alterations but should have the power 
to  impact clinical decision criteria. Thus, selec- 
tion of biomarkers requires a systematic ap- 
proach to enhance the current predictors of 
stage and grade. 

Conventionally, the pathologist and cytolo- 
gist have relied primarily on morphometric fea- 
tures to  classify disease risk such as relative 
degrees of dysplasia. High-grade dysplasia is 
more likely to  be associated with a premalig- 
nant state but because it is expressed late in 
the process of carcinogenesis is less amenable 
to modulation by chemopreventive compounds, 
while earlier specific differentiation alterations 
are potentially susceptible to modulation by 
less toxic chemoprevention strategies [31. Apar- 
ticular problem is that early alterations most 
likely to be susceptible to chemopreventive 
modulation may not express morphologic 
changes, thus eliminating conventional pathol- 
ogy as one of the major tools available to iden- 
tify individuals at risk. Even with enhance- 

ment of quantitative morphometric analjsis, 
such changes may not be detected reliably be- 
cause they represent indirect changes at the 
cellular structural level while carcinogenesis 
affects specific molecules. In a study of field 
disease in the bladder, clear differences in mo- 
lecular content of biomarkers were seen in cells 
in the absence of any discernible morphologic 
changes [21. 

Our approach has been that quantitative 
changes in specific biomarkers more directly 
reflect the specific alterations that accompany 
the process of carcinogenesis than does morphol- 
ogy. Quantitation of DNA [S-101, cytoskeletal 
proteins 12,111, oncogene proteins [2,12-141 and 
tumor-associated antigens (unpublished re- 
sults) [151 has elucidated a sequence of biologi- 
cal changes that accompany bladder tumorigen- 
esis. The distributions of specific molecules may 
be more informative than morphology, which 
often reflects artifacts of preparation. Neural 
networks have proven useful in interpreting 
the distribution of the M344 antigen in bladder 
cells, distinguishing certain false-positive pat- 
terns from those associated with tumorigenesis 
D61. 

F- A N D  C-ACTIN AS A DIFFERENTIATION 
MARKER 

Several years ago our research group denion- 
strated that quantitative alterations in F-actin 
were associated with cellular differentiation and 
that cells dedifferentiated with phorbol ester 
could be redifferentiated with DMSO and reti- 
noids with a concomitant switch from low 
amounts of F-actin in dedifferentiated cells and 
high amounts in differentiated cells 13,111. Evi- 
dence of the significance of the alterations in 
bladder cancer was confirmed by the quantita- 
tive decrease in F-actin in patients with blad- 
der cancer [171. The degree of abnormality was 
associated with the relative degree of risk in a 
cross-sectional study of patients stratified by 
bladder cancer risk, which suggested that alter- 
ations in actin were a relatively early event in 
tumorigenesis. More recently, biomarker alter- 
ations were studied in the bladder cancer field, 
the area adjacent to the tumor, and the tumor 
itself [2]. A hierarchy of G-actin elevation was 
observed in the tumor compared to the adjacent 
area and the distant field, confirming a graded 
distribution and a reciprocal relationship with 
F-actin expression. These observations of alter- 
ations in G-actin associated with biochemical 
field disease provided strong additional data 
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that G-actin is an early differentiation marker 
for risk assessment. 

In a recent study of 27 prostate cancer pa- 
tients, G-actin was positive in the cancer lobe 
compared to a non-cancer lobe, with a statisti- 
cal significance of P = 0.0006, as shown in 
Table I. A weak association of altered G-actin 
with aneuploidy was observed (P = 0.086). A 
correlation was observed with tumor stage (P = 
0.04). There was no correlation with tumor 
volume, Gleason score, or grade. These results 
in many respects parallel the observations in 
bladder cancer that there is field disease effect 
and the alterations need not be present in the 
cancer cells themselves. This is an important 
observation because it makes it theoretically 
possible to  detect premalignant changes while 
targeting the precise cells that undergo the 
final steps in tumorigenesis if the biomarker is 
an early field alteration. The samples in this 
study were from patients with biologically ac- 
tive cancer; the biomarker expression in glands 
with occult disease remains to be defined. 

ABNORMAL G-ACTIN AS A RISK FACTOR FOR 
BLADDER CANCER 

G-actin has also been studied as an early 
marker for risk assessment in a cohort of Chi- 
nese workers at  risk for bladder cancer follow- 
ing benzidine exposure. The Chinese cohort 
consisted of some 2,000 exposed workers and 
400 controls. In the study, a profile of three 
biomarkers, an early marker, G-actin, an inter- 
mediate marker, M-344 (a tumor-related anti- 
gen), and a late marker, DNA 5CER (percent- 
age of cells with > 5C DNA), was evaluated. 

TABLE I. Distribution of G-Actin Results by 
Presence or Absence of Detectable Cancer 

in Lobe 

After three years of follow-up, nine new cancer 
cases have been detected. Table II summarizes 
the findings with a subset of the workers from 
two of the cities. Importantly, G-actin positivity 
was associated with a strong correlation with 
benzidine exposure history and with smoking 
and BPH, both of which are risk factors for 
bladder cancer. As a diagnostic test for the 
presence of cancer, G-actin had a high false 
positive rate, as would be expected of a marker 
that was altered early and progresses at  differ- 
ent rates in different individuals. Modulation of 
this biomarker could be used as a surrogate 
endpoint for chemoprevention in such a cohort 
if chemoprevention were targeted at  the subset 
of exposed individuals with altered G-actin. 
G-actin may well serve as a surrogate or inter- 
mediate endpoint marker for chemoprevention 
studies. 

G-ACTIN AS A POTENTIAL GUIDE FOR 
MON ITORl N G  CH EMOPREVENTION 

Recent data in our laboratory indicate that 
modulation of G-actin can be used as an inter- 
mediate marker for chemoprevention studies. A 
profile of biomarkers was monitored in a series 
of patients undergoing transurethral resection 
of bladder tumor (TURBT), receiving Bacillus 
Calmette Guerin (BCG) and DMSO. The pri- 
mary objective of this study was to monitor 
biomarker expression following surgical exci- 
sion of the tumor by TURBT followed by intra- 
vesical BCG andlor DMSO, depending on the 
presence of residual disease following resec- 
tion. Patients determined to be tumor-free 
(negative cytology and cystoscope examina- 
tion), were treated with intravesical DMSO once 
per week for four weeks. DMSO, an FDA- 
approved drug, was used as to test biomarker 
modulation because it is known to induce differ- 

G-actin positive G-actin negative 
(mean >90 (mean 5 9 0  
unitslcell) unitslcell) 

Cancer detected 

Cancer not 
in lobe 22 

detected in 
lobe 6 

6 

14 

D = 6.0 x 10-4 

Cells were obtained by fine-needle aspiration and labeled 
for G-actin with fluorochrome-labeled DNaseI. G-actin was 
measured in approximately 100 unselected individual, 
single cells by QFIA standardized against a standard cell 
line. Results are expressed as the mean of the population 
measured in G-actin units. 

TABLE 11. Significance (p) of Risk Factors in 
Producing Positive Test Results in Chinese 

Workers in Two Cities by Test Using Cox 
Logistic Regression Model 

p Value 
G-Actin DNA M344 

Feature 921612 581626 221626 

Pack Years .0001 ,0001 ,0001 

Prostatic Hyperplasia .0469 ,0176 .0002 
Hematuria .3215 .4558 .6964 

Years of Exposure .0001 .0001 ,0001 

Numbers under each marker give the number of positive 
results and the total number of satisfactory test 1-esults. 
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entiation of cells in vitro and to modulate F- 
and G-actins as an indicator of response 
[2,11,17]. The biomarker profile included in this 
study was derived from the previous field map- 
ping study [2], and consisted of G-actin, a differ- 
entiation and field disease marker, M344, a 
bladder tumor specific antigen, and DNA, a 
genetic instability marker. G-actin is a very 
early biomarker for altered differentiation, the 
M344 antigen detects low-grade tumors and 
developing dysplasias, and aberrant DNA ploidy, 
as measured by the percent of cells exceeding 
5C DNA, measures the presence of DNA insta- 
bility that leads to high-grade tumors [2,151. 
Bladder wash samples were collected at  each 
visit and the samples were used to monitor 
DNA, M344 and G-actin expression. Twenty- 
six bladder cancer patients were studied; 20 of 
them received six weeks of intravesical BCG, 
and 14 were treated weekly for four weeks with 
intravesical DMSO. G-actin, DNA aneuploidy 
and M344 tumor antigen were evaluated by 
quantitative fluorescence image analysis (QFIA) 
on uroepithelial cells from bladder wash 
samples. Patients were followed for one year, or 
until a recurrence was detected by cystoscopy. 
Patients with recurrence were treated and 
monitoring was continued because the intent of 
the study was to assess the effect of modulation 
of biomarkers on recurrence. As shown in Table 
111, BCG normalized DNA ploidy in 43% of the 
cases (P < 0.05 by Fisher Exact test), while 
M344 antigen, an intermediate marker, was 
normalized in 58% of the cases (P < 0.05 by 
Fisher Exact test). G-actin, an early differentia- 
tion biomarker, was corrected in only 25% of 

the cases (P  > 0.05). DMSO eliminated 43% of 
abnormal G-actin markers mainly in patients 
who were only G-actin-positive. Of interest was 
the observation that 61% of G-actin-negative 
patients became positive after BCG. These pa- 
tients also usually remained positive for one or 
both of the other two markers and recurred 
early. It is possible these patients have a clone 
of BCG-resistand cells that rapidly progress to 
malignancy after the suppressive effect of sur- 
rounding normal uroepithelium is eliminated. 
These results support the hypothesis that the 
two agents act at different points, with BCG 
killing dysplastic and cancerous cells while 
DMSO induces differentiation only in cells from 
biochemical field disease that are not irrevers- 
ibly transformed. Excluding patients who did 
not respond to BCG (and who had repeatedly 
recurrence correlated with persistent biochemi- 
cal field disease as defined by abnormal G-actin 
findings. Although persistence of abnormal DNA 
and M344 markers were predictors of recur- 
rence, a positive G-actin after therapy was the 
single most powerful predictor of recurrence. Of 
18 patients who were G-actin-positive after 
therapy, regardless of whether therapy con- 
sisted of TUR alone, TUR plus BCG, or TUR 
plus BCG plus DMSO, 12 (67%) recurred. Of 
the 15 patients who were G-actin-negative a€- 
ter therapy, only 2 (13%) recurred (p = 0.015 by 
x2). These data strongly support the hypothesis 
that cytosolic G-actin levels measured by QFIA 
can be an important intermediate endpoint 
marker for chemoprevention and that normal- 
ization of this marker is indicative of a positive 
chemopreventive response. 

TABLE 111. Biomarker Expression in Response to BCG and DMSO Therapy of Bladder Cancer 

Marker prior Marker DNA 
to therapy after therapy G-actin (% Cells > 5C) M344 Antigen 

Effect of BCG Therapy 
Positive 8 7 12 

Positive 6 (75%) 4 (57%) 5 (424%) 
Negative 2 (25%) 3 (43%) 7 (58%) 

Negative 7 (39%) 17 (94%) 11 (85%) 
Positive 11 (61%) 1(6%) 2 (15%) 

Negative 18 18 13 

Effect of DMSO Therapy 
Positive 7 I 5 

Negative 7 13 9 

Positive 4 (57%) 0 (0%) 4 (80%) 
Negative 3 (43%) l ( l O O % )  1 (20%) 

Positive 1 (14%) 1(7%) 4 (44%') 
Negative 6 (86%) 13 (93%) 5 (56%) 
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The conclusions drawn from those studies 
are: 1) Abnormal G-actin in the bladder cancer 
field is a risk factor for bladder cancer recur- 
rence. 2) BCG normalizes biomarker expres- 
sion late in carcinogenesis, but has little effect 
on the early marker, G-actin. 3) When DMSO 
normalizes G-actin, recurrences were reduced, 
but DMSO does not differentiate cells that have 
irreversibly progressed. 4) G-actin may be use- 
ful as an intermediate endpoint marker for 
monitoring the effectiveness of chemopreven- 
tion therapy. 

ACTIN BIOMARKERS IN THE NUCLEUS 

Coffey has proposed that DNA organization 
in the nucleus is an important epigenetic factor 
in cancer development 1181 while others have 
observed that cell-cell interactions such as gap 
junction and adherence are also involved [19]. 
Other experiments studying the relationship 
between basement membrane and type IV pro- 
collagen mRNA expression support a direct in- 
teraction among extracellular matrixlcytoskel- 
etodnuclear matrix 1201. Additional studies 
show a connection between cytoskeleton actin, 
the nucleus, and the cell periphery that is al- 
tered following transformation [211. Qualita- 
tive alteration of cytoplasmic actin, the major 
cellular protein involved in cell-cell interaction, 
morphology, motility, differentiation and adhe- 
sion [22-241, has been widely investigated in 
cancer cells. Quantitative alteration of actin in 
the cytoplasm, i.e., decreased F-actin and in- 
creased G-actin, is related to cellular dedifferen- 
tiation which reflects either epigenetic mecha- 
nisms, such as effects of tumor promoters [l l l ,  
stress [25-271, growth factors [28,291, or ge- 
netic factors including genetic predisposition 
[301 and oncogene activity 131-341. Recently, 
nuclear actin has been identified as an impor- 
tant nuclear protein involved in DNA-crosslink- 
ing [35], transcription control [36,37], cell cycle 
regulation [381 and chromosome morphology 
[39,401. Because most of these nuclear func- 
tions are altered in cancer cells, and because 
profound changes in nuclear structure and func- 
tion are seen in transformed cells, it seems 
plausible that a quantitative alteration of 
nuclear actin might also occur. 

The objective of the current study was to  
investigate quantitative changes in both nuclear 
and cytoplasmic G- and F-actin utilizing an 
established in vitro cellular transformation 
model [41]. Human uroepithelial cell lines, 

HUC-BC and HUC-PC cells, were immortal- 
ized by infection with SV-40 virus and used as 
the in-vitro model. Although SV-40 large T- 
antigen is known to bind to and inactivate p53 
and Rb, neither line is tumorigenic. The BC and 
PC lines have similar morphological and bio- 
chemical features, but the PC line can be in- 
duced to become tumorigenic by treatment with 
4-ABP3 [42] or transfection with mutant ras 
oncogene 1431 while the BC line does not be- 
come tumorigenic under these conditions and 
thus serves as a control to identify effects in the 
HUC-PC cells that are specific for tumorigen- 
esis. F- and G-actin contents were quantified by 
fluorescence image analysis [21. Parallel bio- 
chemical actin analyses were performed on the 
cell lysates both to demonstrate that fluores- 
cent probe-binding methods are accurate and to 
calibrate the QFIA methods in absolute actin 
content. The molecular structure and character- 
istics of cytoplasmic and nuclear actin are simi- 
lar, but not identical [441 but can still be quanti- 
fied by the similar molecular probes [39]. This 
study confirmed the hypothesis that nuclear 
actin is altered in response to 4-ABP exposure. 
Because only the PC cells, cells with constitu- 
tively decreased cytoplasmic actin, can be trans- 
formed by the carcinogen 4-ABP exposure and 
only the carcinogen-treated PC cells showed 
quantitative alteration of nuclear actin, we hy- 
pothesize that a pathway from extracellular 
matrdcytoplasmic actidnuclear actin is impor- 
tant in maintaining the homeostasis of a cell 
while alterations of the pathway are related to 
specific events in carcinogenesis. 

Table IV shows changes in the nuclear actin 
in both cell lines in response to 4-ABP. Before 
exposure to  4-ABP, the PC cells had lower (ap- 
proximately 1.5-2-fold, I' < 0.01) cytoplasmic 
F-actin content, and higher cytoplasmic G- 
actin content, but similar levels of nuclear G- 

TABLE IV. G- and F-Actin Levels in 
Transformable HUC-PC and Untransformable 

HUC-BC in Response to Transformation by 
4-Aminobiphenyl (CABP) 

Cell line Treatment G-Actin F-Actin Total actin 
~~ ~~ 

HUC-BC Control 21i 1 38 t 7 59i 8 
4-AI3P 20 i 1 34 i 4 54 i 5 

HUC-PC Control 19 2 2 32i 4 51 i 6 
4-ABP 2 8 i  2** 13 i- 2" 41 2 4 

*P < 0.05 in comparisonwith control, **P < 0.01 in compari- 
son with control. 
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Figure 1. Receiver operating characteristic (ROC) plot of sensi- 
tivity as a function of specificity. Sensitivity, the fraction of 
patients with cancer having positive DD23 results, is plotted 
against specificity, the fraction of controls having negative 
DD23 results, at different thresholds to separate positive and 

and F-actin, in comparison with the BC cells. 
After transformation by 4-ABP, the PC cells 
showed decreased F-actin and increased G- 
actin in both cytoplasm and nucleus (about 
2-fold in each case, P < 0.01) and loss of cyto- 
plasmic F-actin fibers, but only cytoplasmic ac- 
tin was altered in the BC cells (20%, 0.05 > P > 
0.01). The total nuclear actin content was not 
altered; only the equilibrium between G- and 
F-actin seems to have been shifted. Northern 
blot analysis showed the expression of the b- 
actin gene was only about 20% lower in 4-ABP 
treated PC cells than untreated controls, indi- 
cating the cellular change in actin was attrib- 
uted to a shift between F- and G-actin proteins 
rather than to net actin synthesis. Nuclear 
actin change was observed only in the trans- 
formable PC cells, while the cytoplasmic actin 
was altered in both cell lines by carcinogen 
treatment. This study suggests that alteration 
in nuclear G/F-actin content relates specifically 
to  carcinogen-induced cellular transformation 
rather than differentiation-related phenomena 

75 85 95 

Sen sit ivity 
negative. The similarity of the plots for the two control popula- 
tions indicates there are a limited number of clinical urologic 
conditions causing a false positive DD23 test, thereby enhanc- 
ing the utility of this test in symptomatic patients. 

and suggests a link between the genetic and 
epigenetic mechanisms of carcinogenesis. 

O T H E R  LATE MARKERS IN CANCER 
TUMORIGENESIS  

The reported results suggest that nuclear 
actin may be another marker expressed later in 
the process of bladder cancer tumorigenesis 
and may be associated with the transforma- 
tional event. In previous studies we have dem- 
onstrated that DNA 5CER is also a late marker 
but, unfortunately, also has a high false posi- 
tive rate in cigarette smokers. Our laboratory 
has investigated a marker, the DD23 antigen, 
using an antibody developed by Liebert and 
Grossman 1451. 

The DD23 monoclonal antibody for the detec- 
tion of bladder cancer in exfoliated cells has 
been characterized. The optimal sensitivity and 
specificity of 85% and 95%, respectively, for 
low-and high-grade urothelial carcinomas, and 
including several low-grade TaPTl tumors, were 
determined from the ROC plot shown in Figure 
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1. This figure shows the sensitivity plotted 
against the specificity determined with the 
asymptomatic and symptomatic controls. 
Among 41 asymptomatic controls, only 2 were 
positive (5%) and even among symptomatic con- 
trols without bladder cancer, a group that has a 
higher false positive rate for other biomarkers, 
only 2/36 (6%) were positive for DD23. Among 
patients being monitored for recurrence with- 
out detectable bladder cancer, 3/23 (13%) were 
positive. This high specificity, even among pa- 
tients with a previous history of bladder cancer, 
is unusual. The finding that the marker is ex- 
pressed in cells that are not apparently cytologi- 
cally aberrant and that it is expressed in blad- 
der cells in response to cancers at other sites 
(e.g. prostate, renal cell carcinoma, and a squa- 
mous cell carcinoma metastatic to  the bladder) 
supports the possibility that this marker repre- 
sents a response of the bladder epithelium to 
signals from transformed cells rather than be- 
ing a marker only expressed by cells undergo- 
ing tumorigenesis. This hypothesis is rein- 
forced by the finding of positive cells well in 
excess of the few percent of tumor cells identi- 
fied with molecular genetic markers typically 
found in urine t461. 

SUMMARY 

The cytoskeleton represents an early re- 
sponse to the process of carcinogenesis and can 
act as a marker for its presence. G-actin, the 
monomeric form of actin, appears to exist in 
equilibrium with F-actin, the filamentous form, 
and the position of this equilibrium is related to 
differentiation. G-actin serves as an excellent 
intermediate end-point marker for chemopre- 
vention, and its modulation may serve as a 
marker for efficacy of retinoid therapy. In car- 
cinogen-exposed worker cohorts, G-actin is a 
strong marker for exposure. In a pilot chemopre- 
vention study, modulation of G-actin was ob- 
served and correlated closely with recurrence. 
The study of early and late markers in the 
sequence of carcinogenesis provides a potential 
set of markers for detecting cancer and develop- 
ing cancer prevention strategies. 
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