




Figure 1.Reproducibility and linearity of reverse-protein microarray assay data.A. Serial dilutions of four cell-extract samples (1, 2, 3, and 4) were
spotted in triplicate and probed with specific antibodies against XPA and XPF. Each slide was tested three times (repeats 1, 2, and 3). The statistical
data are summarized in Table 1.B. The mean intensities of the spots in (A; in arbitrary units) were plotted on a log scale against the number of
dilutions of the cell extract.C. Reverse-protein microarray assay of expression of the NER proteins ERCC1, XPA, XPC, XPD, XPF, and XPG. The
level ofh-actin was used as an internal control for standardization of the expression levels. The statistical data are summarized in Table 3.
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We next diluted each of the 120 test samples twice, and then
spotted them on the arrays in duplicate (Fig. 1C). The means of
the duplicate readings were used to calculate the relative
protein expression. Because of mechanical problems during
the spotting, some protein spots were unreadable on the
arrays, consequently, valid readings could not be obtained for
up to five samples per protein. Consistent with the results of
our reproducibility and linearity tests, the readings from spots
with lower protein concentrations had greater variation,
whereas the spots with higher protein concentrations pro-
duced consistent, strong, and readable signals. We therefore
used the latter data (i.e., the original samples without dilution)
to calculate the relative expression levels.

We also transfected cells from these samples with either
undamaged plasmids or benzo(a )pyrene diol epoxide –
damaged plasmids to stimulate DNA repair activity. When
we compared the relative expression of NER proteins between
the cases and controls, we found that the data from the
samples transfected with damaged plasmids were a better
predictor of risk of SCCHN (data not shown), although the two
data sets were statistically correlated (P < 0.01). We therefore
used data derived from cells transfected with damaged
plasmids in the following experiments.

Subject Characteristics. Our analysis included 57 patients
with newly diagnosed SCCHN and 63 cancer-free controls
whose cryopreserved lymphocytes were available for culture,
transfection, and protein extraction. The cases and controls
were frequency-matched on age, sex, and ethnicity. The cases
were slightly younger (56.2 versus 57.2 years) and comprised
more males and non-Hispanic whites than did the controls, but
these differences were not statistically significant (Table 2).

There were more smokers and alcohol drinkers among the
cases than among the controls, and these differences were
statistically significant (Table 2). Because the cases were
recruited before the controls, the duration of lymphocyte
storage was also significantly different between the two groups

Table 1. Reproducibility and linearity of reverse-protein microarray data

XPA XPF

Sample 1
Total protein (Ag/AL) 0.96 0.48 0.24 0.12 0.06 0.96 0.48 0.24 0.12 0.06
Signal intensity

(arbitrary units)
R1* 51,787 18,817 8,025 4,641 2,375 36,356 16,923 4,481 2,369 436
R2 54,704 15,702 6,130 3,418 1,797 32,925 16,802 5,574 2,119 476
R3 49,131 15,106 5,488 3,263 1,461 30,030 16,255 4,969 2,243 553

Mean (SD)
c

51,874
(2,788)

16,542
(1,993)

6,548
(1,319)

3,774
(755)

1,878
(462)

33,104
(3,167)

16,660
(356)

5,008
(548)

2,244
(125)

488
(60)

CV (%) 5.4 12.1 20.2 20.1 24.6 9.6 2.1 10.9 5.6 12.2

Sample 2
Total protein (Ag/AL) 1 0.5 0.25 0.125 0.0625 1 0.5 0.25 0.125 0.0625
Signal intensity

(arbitrary units)
R1 46,645 18,305 5,724 2,713 1,354 35,249 15,373 4,331 1,054 317
R2 43,944 13,908 5,901 2,513 1,316 37,172 16,418 4,774 1,058 294
R3 38,014 14,368 5,593 2,118 839 33,349 14,328 4,826 1,473 258

Mean (SD)
c

42,868
(4,415)

15,527
(2,417)

5,739
(155)

2,448
(303)

1,170
(287)

35,257
(1,912)

15,373
(1,045)

4,644
(272)

1,195
(241)

290
(30)

CV (%) 10.3 15.6 2.7 12.4 24.5 5.4 6.8 5.9 20.2 10.3

Sample 3
Total protein (Ag/AL) 0.88 0.44 0.22 0.11 0.055 0.88 0.44 0.22 0.11 0.055
Signal intensity

(arbitrary units)
R1 58,360 21,799 8,297 4,644 2,511 33,940 17,236 4,507 1,316 374
R2 58,558 18,709 5,318 3,561 1,947 33,720 15,228 3,769 1,327 385
R3 51,531 17,762 5,931 3,306 2,201 32,877 13,946 3,776 1,193 321

Mean (SD)
c

56,150
(4,001)

19,423
(2,111)

6,515
(1,573)

3,837
(710)

2,220
(283)

33,512
(561)

15,470
(1,658)

4,017
(424)

1,279
(74)

360
(34)

CV (%) 7.1 10.9 24.2 18.5 12.7 1.7 10.7 10.6 5.8 9.5

Sample 4
Total protein (Ag/AL) 0.84 0.42 0.21 0.105 0.0525 0.84 0.42 0.21 0.105 0.0525
Signal intensity

(arbitrary units)
R1 60,447 22,560 9,560 4,214 2,130 35,167 18,616 6,519 2,119 538
R2 59,055 16,333 7,948 3,163 1,918 34,935 18,613 6,584 1,865 538
R3 52,017 15,913 6,862 2,828 1,314 34,615 18,931 6,259 2,428 680

Mean (SD)
c

57,173
(4,519)

18,269
(3,722)

8,123
(1,358)

3,402
(723)

1,787
(423)

34,906
(277)

18,720
(182)

6,454
(172)

2,137
(282)

585
(82)

CV (%) 7.9 20.4 16.7 21.3 23.7 0.8 1.0 2.7 13.2 14.0

*R1-3, repeats 1 to 3.
cStandard deviation of the three experiments.

Table 2. Characteristics SCCHN patients and control
subjects

Variable Cases (n = 57) Controls (n = 63) P*

No. (%) No. (%)

Age (y)
V55 24 (42) 25 (40)
>55 33 (58) 38 (60) 0.787

Sex
Male 43 (75) 39 (62)
Female 14 (25) 24 (38) 0.112

Ethnic group
African-American 3 (5) 3 (5)
Mexican-American 3 (5) 4 (6)
Non– Hispanic White 51 (90) 56 (89) 0.962

Tobacco usec
Yes 42 (74) 31 (49)
No 15 (26) 32 (51) 0.006

Alcohol useb

Yes 43 (75) 33 (52)
No 14 (25) 30 (48) 0.009

*Calculated using two-sided m2 test.
cThe question asked was, ‘‘Have you ever smoked at least 100 cigarettes in your
lifetime?’’
bThe question asked was, ‘‘Have you ever drunk alcoholic beverages at least
once a week for 1 year or more?’’
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(Table 3). We further adjusted for all of these variables in the
multivariate logistic regression analysis.

Difference in NER Protein Expression Between the Cases
and Controls. We used Student’s t test to evaluate the
differences in NER protein expression between the cases and
controls. The expression of all seven NER proteins was
significantly lower among the cases than among the controls
(Table 3). The greatest reduction was in the relative expression
of XPC and XPF, which was reduced by about 25% in the cases
compared with the controls. The reduction in the expression
of all NER proteins may reflect their association with repair
activities, in which certain levels of proteins need to be present.
Correlative analysis revealed that the relative expression levels
of these NER proteins were all highly correlated (P V 0.001).
For example, the expression of XPC was correlated with that of
ERCC1 (r = 0.706), XPF (r = 0.505), and XPG (r = 0.715), and the
expression of XPF was correlated with that of XPA (r = 0.695),
XPD (r = 0.541), and XPG (r = 0.781). This led us to investigate
which protein has the most significant role in the increased
risk of SCCHN.

Association Between NER Protein Expression and Risk of
SCCHN. We used the median expression level in the control
samples as the cutoff values for calculating the ORs for risk of
SCCHN. The crude ORs for low compared with high
expression of XPA, XPC, XPD, XPF, but not those for ERCC1
and XPG, were significantly increased (Table 4). The ORs
remained essentially unchanged after adjustment for age, sex,
ethnicity, smoking, alcohol use, and sample storage time. The
highest adjusted OR was for XPF (5.29; 95% CI, 2.10-3.92)
followed by XPD and XPA. Because the relative expression

levels of these NER proteins were highly correlated with each
other, the relative expression levels of all proteins were
simultaneously adjusted for each other in the final multivariate
logistic regression model containing age, sex, ethnicity,
smoking, alcohol use, and sample storage time. The only
significant adjusted OR was for XPF (11.5; 95% CI, 2.32-56.6) in
the presence of other proteins in the same model (Table 4).

Discussion

Our reverse-protein microarray assay successfully detected the
target proteins at a total protein concentration as low as 0.0525
Ag/AL. However, the measurements seemed to be more
reproducible at a total protein concentration z0.5 Ag/AL. The
cell extract from f1 � 105 cells (yielding 30 AL of sample)
would thus be sufficient for repeated experiments, because
each printed spot contained only 0.0033 AL. Using this assay,
we showed that the relative expression levels of the six NER
proteins (ERCC1, XPA, XPC, XPD, XPF, and XPG) were
consistently significantly lower among the SCCHN patients
than among the controls. Four of the six NER proteins tested
(XPA, XPC, XPD, XPF) were associated with a significantly
increased risk of SCCHN.

The data from this study are consistent with those in two of
our previously published studies (10, 11). In the first study, we
measured DNA repair capacity in 55 newly diagnosed SCCHN
patients and 61 controls by the host-cell reactivation assay
using a benzo(a)pyrene diol epoxide–damaged reporter gene
(10). The mean DNA repair capacity in that study was
significantly lower in the cases than in the controls. Those

Table 3. Relative expression of NER proteins in SCCHN patients and controls

n* Mean F SD Difference (%) P
c

Cases Controls

Age (y) 57/63 56.2 F 9.7 57.2 F 9.5 0.418
Storage time 57/63 17.7 F 11.7 13.2 F 6.8 0.013
Relative expression (%)

b

ERCC1 53/58 1.369 F 0.401 1.696 F 0.539 �19.3 <0.001
XPA 53/61 0.363 F 0.111 0.424 F 0.160 �14.4 0.017
XPC 54/62 1.326 F 0.650 1.770 F 0.923 �25.1 0.003
XPD 52/59 0.947 F 0.343 1.137 F 0.584 �19.0 0.037
XPF 56/62 0.966 F 0.438 1.297 F 0.764 �25.5 0.004
XPG 55/60 1.206 F 0.453 1.432 F 0.628 �15.8 0.028

*Number of cases/controls.
cCalculated using two-sided Student’s t test.
bExpression level relative to that of h-actin.

Table 4. Estimation of SCCHN risk (OR and 95% CI) associated with expression levels of NER proteins

Expression level* Cases Controls Crude OR
(95% CI)

Multivariate adjusted
c

OR (95% CI)
Multivariate adjusted
ORb (95% CI)

No. (%) No. (%)

ERCC1 high 17 (32) 29 (50) 2.12 (0.98-4.59) 2.18 (0.91-5.24) 0.78 (0.21-2.85)
low 36 (68) 29 (50)

XPA high 15 (28) 30 (49) 2.45 (1.12-5.35) 2.99 (1.22-7.47) 2.01 (0.57-7.14)
low 38 (72) 31 (51)

XPC high 13 (24) 31 (50) 3.15 (1.42-7.01) 2.46 (1.04-5.87) 1.17 (0.31-4.41)
low 41 (76) 31 (50)

XPD high 15 (29) 29 (49) 2.38 (1.09-5.24) 3.02 (1.18-7.76) 1.88 (0.50-7.01)
low 37 (71) 30 (51)

XPF high 13 (23) 31 (50) 3.31 (1.49-7.33) 5.29 (2.01-13.9) 11.5 (2.32-56.6)
low 43 (77) 31 (50)

XPG high 18 (33) 30 (50) 2.06 (0.96-4.38) 1.56 (0.79-3.92) 0.48 (0.13-1.74)
low 37 (67) 30 (50)

*Dichotomized based on median values of control subjects.
cObtained from logistic regression model with adjustment for age, sex, race, smoking status, alcohol use, and lymphocyte storage time.
bObtained from logistic regression model with adjustment for age, sex, race, smoking status, alcohol use, lymphocytes.
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with DNA repair capacity values in the middle and lowest
tertiles had >2-fold and 4-fold increased SCCHN risk,
respectively, compared with those whose DNA repair capacity
values were in the highest tertile. In the subsequent study, we
investigated which NER genes might be responsible for the
reduced DNA repair capacity in SCCHN. We previously
measured the relative expression of the genes encoding five
NER proteins (ERCC1, XPB, XPG, CSB, and XPC) by a
multiplex RT-PCR method (11). The relative mRNA expression
levels of ERCC1, XPB, XPG, and CSB were significantly lower
in the cases than in the controls, and the risk of SCCHN
associated with low expression of these genes was higher by
2- to 6-fold (11). In that study, we were not able to measure the
expression of XPA, XPD, or XPF because the sequences of the
genes were unknown at that time and the high level of
sequence homology in the genome for the primers chosen
made the assays unreliable.

In the present study, simultaneous adjustment for the
expression levels of all proteins and other confounding factors
revealed that the relative expression level of XPF was the only
independent risk factor for SCCHN. Low compared with high
expression of XPF was associated with an SCCHN risk >11-
fold higher. Although the estimate was imprecise as evidenced
by the wide 95% CI, this finding suggests that XPF may play
a role in the repair of carcinogen-damaged DNA. Because
ERCC1 needs XPF to form a functional complex (7), it is
possible that XPF acts as a rate-limiting modulator. Based on
our data, ERCC1 was expressed at higher levels than the other
five proteins were, whereas XPF expression was <70% of
ERCC1 expression. It is possible that our system was saturated
with ERCC1 protein, so the amount of XPF became crucial for
modulating the overall DNA repair capacity.

The present study is an extension of our previous studies
assessing the best biomarkers of DNA repair capacity for
predicting susceptibility to SCCHN. In the present study, we
measured the relative expression levels of six of the seven core
NER proteins because we did not find an appropriate antibody
for XPB. Our data further support the notion that altered
NER capacity, at the cellular, mRNA, or protein levels,
may contribute to the risk of tobacco-induced SCCHN. More
important, our reverse-protein microarray assay of relative
protein expression seemed to be the most sensitive, compared
with previously reported assays of cellular DNA repair
capacity and the mRNA expression levels (10, 11). Further
studies are warranted to correlate the expression of these
markers in surrogate and target tissues such as oral epithelial
cells.

There are several advantages to the reverse-protein micro-
array assay. First, compared with the host-cell reactivation
assay (12), the microarray assay requires significantly (3-fold)
fewer viable lymphocytes for protein extraction. Second,
compared with the RT-PCR assay, the microarray assay is
highly sensitive and reproducible, which is optimal for large-
scale screening. Third, the microarray assay has the potential
to test virtually any protein involved in NER or other
molecular pathways underlying increased cancer risk. Finally,
the microarray assay is rapid and cost-effective and produces a
large quantity of data. With the availability of antibodies for

specific protein posttranslational modifications, the microarray
method may also become a powerful tool to assess functional
changes in proteins.

Although the design of this pilot case-control study has
inherent limitations of recall and selection biases, the reverse-
protein microarray assay may be a powerful tool for future
prospective studies if it is technically fine-tuned and the
sampling issues resolved (16, 17). For instance, future studies
must address the differences in protein concentrations bet-
ween surrogate and target tissues, between fresh and stored
serum samples, and before and after cancer diagnosis and
treatment. An improved reverse-protein microarray assay
should become a useful tool for future hypothesis-driven
molecular epidemiologic studies of cancer.
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