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Abstract

Background: There is a long-time unmet need for a means to detect breast cancer (BC) using blood. Although mam-
mography is accepted as the gold standard for screening, a blood-based diagnostic can complement mammography
and assist in the accurate detection of BC in the diagnostic process period of early diagnosis. We have previously
reported the possible use of thioredoxin 1 (Trx1) in serum as a novel means to detect BC. In the present study, we
validated the clinical utility of Trx1 to identify BC by testing sera from biopsy-confirmed cancer patients and women
without cancer.

Methods: We have generated monoclonal antibodies against Trx1 and developed an ELISA kit that can quantitate
Trx1 in sera. The level of Trx1 was determined in each serum from women without cancer (n = 114), as well as in
serum from patients with BC (n = 106) and other types of cancers (n = 74), including cervical, lung, stomach, colorec-
tal, and thyroid cancer. The sera from BC patients were collected and classified by the subjects’age and cancer stage.
In addition to the Trx1 levels of BC patients, several pathological and molecular aspects of BC were analyzed. Test
results were retrospectively compared to those from mammography. Each test was duplicated, and test results were
analyzed by ROC analysis, one-way ANOVA tests, and unpaired t-tests.

Results: The mean level of Trx1 from women without cancer was 5.4544.16 (SD) ng/ml, that of the other malig-
nant cancer patient group was 2.70+ 2.01 ng/ml, and that from the BC group was 21.96 + 6.79ng/ml. The difference
among these values was large enough to distinguish BC sera from non-BC control sera with a sensitivity of 97.17%
and specificity of 94.15% (AUC 0.990, p <0.0001). Most Trx1 levels from BC patients’sera were higher than the cut-off
value of 11.4ng/ml regardless of age, stage, histological grade, type, and specific receptors’ expression profile of BC.
The level of Trx1 could rescue women from most cases of misread or incomplete mammography diagnoses.

Conclusion: These results indicated that the blood level of Trx1 could be an effective and accurate means to assist
the detection of BC during the early diagnosis period.

Keywords: Thioredoxin 1, Breast Cancer, Diagnostics, Mammography, Sensitivity, Specificity, Early diagnosis,
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died of BC [2]. In developing countries, despite a lower
reported incidence of BC, the mortality rate is gener-
ally higher. This is likely due to delayed presentation, late
stage at diagnosis, and limited access to treatment. This
reflects both the risk factors from their lifestyles and the
availability and utility of proper BC screening [3—6].

Breast cancer is generally diagnosed by screening sys-
tems including mammography and ultrasound scanning.
The World Health Organization (WHO) recommended
mammography as the primary screening tool for BC
because it has demonstrated its utility to reduce BC mor-
tality compared to other imaging diagnostic methods [7,
8]. Although it is known that mammography significantly
reduces mortality in women over 50years of age, it is not
as helpful for younger women [9, 10]. The current most
advanced digital mammography systems are not perfect,
with values of sensitivity and specificity to detect BC of
90% or below [11, 12]. When it comes to dense breasts,
the performance of mammography shows even lower
numbers [12, 13]. Although the mammography system
is currently regarded as the best method to detect BC as
early as possible, it also has disadvantages. Most mam-
mography equipment is installed in specific hospitals
as immobile instruments, so women must take a trip to
visit a facility where the machine is available. Physical
and mental discomfort experienced in prior mammog-
raphy sessions also causes hesitation about or even the
foregoing of mammography. The limited accessibility to
mammography in developing countries is another major
obstacle to the early detection of BC. Therefore, it is
desirable to have a means that complements mammogra-
phy and thus mitigates current problems and limitations
of the mammography-oriented diagnostic system.

In addition to the screening of BC by mammography,
the discovery of biomarkers by analyzing various body
fluids has drawn attention for its potential usage in easy
and rapid detection of cancer. A study of 1005 patients
to evaluate the clinical utility of analyzing specific circu-
lating proteins and cell-free DNA in blood for the early
detection of eight types of cancer has been undertaken
[14]. Although it showed sensitivities for certain types
of cancer ranging from 69 to 98%, that for BC was little
more than 30%. Recently, another massive study with
6689 participants attempted to determine whether tar-
geted methylation analysis of cell-free DNA was effec-
tive for the early detection of certain types of cancer
[15]. The results indicated a sensitivity for twelve cancer
types of 67.3%, but BC was not included. Despite tre-
mendous investment in liquid biopsy technology as an
innovative means to discover novel biomarkers that are
promising for the detection of BC, there is no obvious
candidate. According to an early cancer diagnosis guide-
line from WHO, the role of screening of BC for detection
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of unrecognized cancer or pre-cancerous lesions in an
apparently healthy target population is relatively well
served by mammography [16]. On the other hand, the
early BC diagnosis step which follows the screening step
still needs more means for better and timely diagnosis.
The early diagnosis is defined as the early identification of
cancer in patients who have symptoms and signs consist-
ent with cancer. Therefore, it will be worthy of adding a
new approach to help early diagnosis of cancer.

We have reported that there is a close relationship
between BC occurrence and the serum level of a mem-
ber of the antioxidative protein families: thioredoxin 1
(Trx1) [17, 18]. The blood levels of Trx1 from BC patients
were higher than those from women without cancer. Its
sensitivity and specificity to detect BC were higher than
those of commonly using biomarkers, CA15-3 and CEA.
Since the blood level of Trx1 could be a novel standard
to evaluate the current risk of BC, we have investigated
its clinical utility as a biomarker to help detect BC dur-
ing the early diagnostic step for women who have shown
symptoms or cancerous masses in their breasts. This step
is different from screening for and identification of can-
cer at the earliest possible opportunity and link to diag-
nosis and treatment without delay [16]. Therefore, we
tested sera from women who had been confirmed to have
BC by biopsy, from women without cancer, and from
women with other types of cancer as well. The level of
Trx1 in blood was analyzed according to the age of BC
patients, as well as the stage, types, and grade of their
BC. A comparison analysis with other types of cancer to
examine the selectivity of Trx1 for BC was also carried
out. In addition, the Trx1 level was analyzed, along with
mammography data, to assess how well the Trx1 level
could complement or assist mammography for the bet-
ter detection of BC. It was hypothesized that the level of
Trx1 in blood was likely to be a novel and effective means
for the early diagnosis of BC.

Methods

Study design

This cross-sectional and retrospective study assessed the
clinical utility of the Trx1 level in blood to assist in the
detection of BC in the early diagnosis period [16]. Since
early diagnosis is the step to diagnose BC in women who
have cancer-related symptoms or masses in their breasts
detected from a prior screening step, we tested sera from
women who had been confirmed to have BC. Blood was
collected before surgery or any type of treatment for the
confirmed BC patients.

Among the BC patient candidates for the study who
were confirmed to have BC by biopsy during the pre-
sent study, only those whose prior mammograms were
archived at Chungnam National University Hospital
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(CNUH) were selected. The levels of Trx1 of the blood
from these selected BC patients (n=106) were analyzed.
The BC patients were grouped according to their clinical
information and BC characteristics. Attention was paid to
distribute a reasonable number of patients to each group.
Women with other types of cancer (cervical, n=17; lung,
n=30; stomach, n=9; colorectal, n=14; thyroid, n=4)
were selected if their blood samples were available from
CNUH after a physician’s final confirmation of the corre-
sponding cancer (Table 1). Since the number of patients
with other types of cancer whose deposited sera and
necessary clinical information were available from the
Human Body Resources Bank of CNUH was limited, a
total of 74 patients were all that could be included in the
present study. Therefore, acknowledging that the number
was low, these subjects were combined and analyzed as
one group. Although the number of blood samples from
patients with each cancer type seems small, the main rea-
son to include other cancer types was to see the poten-
tial of the Trx1 level to differentiate BC from other types
of cancer. The primary purpose of the present study was
to assess the clinical utility of Trx1 in breast cancer diag-
nostic procedure. Another well-organized study with a
larger number of samples from various types of cancer is
necessary in the future to investigate the Trx1 levels of
each other type of cancer. Also recruited were women
without cancer (n=114) who exhibited no cancer his-
tory or breast-related disease, confirmed by a physician
during normal periodic physical examinations. To assess
the Trx1 level’s accuracy and capacity to complement
the imaging diagnosis of BC, Trx1 test results were com-
pared with the first readings of diagnostic mammograms,
which were collected afterward. The level of Trx1 from
each serum was determined by an ELISA kit, DxMe BC
(E&S Healthcare, BCEO1, Korea).

Participant recruitment and blood sample collection
protocols were approved (CNUH2017-12-035) by an

Table 1 Participants in the study

Participants®

Serum sources Trx1 (95% Cl) No. (n =106)
Women without cancer 545 (467 t06.22) 114

Breast cancer 21.96 (20.65 to 23.27) 106

Lung cancer 2.34(1.66 10 3.02) 30

Cervical cancer 251 (16710 3.36) 17

Colorectal cancer 3.13(1.87t04.38) 14

Stomach cancer 3.64 (1.34t05.94)

Thyroid cancer 2.65 (0.05 to 5.25) 4

2 Sera from designated participants were obtained from Chungnam National
University Hospital with ethical committee approval and patients’ informed
consent
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ethical committee from Chungnam National University
Hospital in Daejeon, Korea, with patients’ informed con-
sent, and study with the blood samples was conducted in
accordance with the relevant guidelines and regulations.

Serum preparation

The blood samples used in this study were collected and
deposited at the Human Body Resources Bank of CNUH.
A designated phlebotomist withdrew blood from the
cephalic vein into serum separating tubes (BD Vacu-
tainer, SST"" II Advance Plus Blood Collection Tubes).
After standing at room temperature for blood clotting
and maturation for 6 hours, the serum separating tubes
were centrifuged at 1000 x g for 15 min. The serum por-
tion of the supernatant was collected and transferred to
cryogenic tubes. The sera were stored at —70°C until use.
Because of the biochemical characteristics of the detec-
tion antibody used in the Trx1l-quantitating ELISA Kkit,
which exhibited a higher affinity to the oxidized dimeric
form of Trx1 than to the reduced monomeric one, the
test was optimized to mature blood for 6 hours to achieve
the highest levels of dimeric Trx1. This process helped
get the highest detection of total Trx1. According to vali-
dation tests of this kind of maturation process, Trx1 lev-
els in blood from both BC patients and women without
cancer increased during a maturation period of 6 hours,
then stabilized. The largest difference between the Trx1
levels detected by the antibody in blood from BC patients
and women without cancer was achieved at that time
point. The properly stored serum samples from this mat-
uration process did not show any change in the Trx1 level
detected by the ELISA kit for more than a year.

Quantitation of Trx1 in serum

We have generated a pair of monoclonal antibod-
ies against Trx1. Using these antibodies, the DxMe BC
ELISA kit (E&S Healthcare) was developed to quantitate
Trx1 from sera. The kit was based on sandwich ELISA
technology, and the test procedure in the present study
followed the instructions of the kit, which were modified
from protocols described elsewhere [17, 19]. Single-blind
tests were performed for each serum thus the disease
status of the serum samples was not known to the ana-
lysts. The quality of the ELISA kit was assessed by CLSI
(Clinical and Laboratory Standard Institute) guidelines
EP05-A3 and EP15-A3. Its coefficient of variation (CV)
of reproducibility and repeatability (e.g., between-lots,
between-testers, and between locations) was within
10%. Test sera from control groups and BC patients were
tested by kits from the same lot. The level of Trx1 in
serum was calculated from the standard curve that was
generated using pure recombinant human Trx1 protein.
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Comparison analysis with mammography

In order to evaluate the ability of the Trx1 test to comple-
ment or mitigate the limitations of current mammogra-
phy, a comparison study was carried out. The blood level
of Trx1 of each group of women without breast cancer
and breast cancer patient was measured as described
above and analyzed along with a radiologic report of the
corresponding mammogram by a breast radiologist with
12 years of experience. Among breast cancer patients who
had been confirmed to have BC by biopsy, those who had
taken their mammogram at CNUH were finally selected
for the study. For women without cancer who had been
confirmed not to have any cancer history or symptoms of
the breasts, those who had undergone mammography at
CNUH were recruited. Samples of patients who had been
confirmed to have other types of cancer by biopsy were
collected. Many of the women without cancer underwent
mammography at other specialized clinics, so their mam-
mograms were not accessible in this study. Therefore, in
the end, mammograms from 42 women without cancer
and 103 BC patients were analyzed together with theirs
blood levels of Trx1.

Statistical analysis

The sensitivity and specificity were calculated by ROC
curve analysis with a predetermined cut-off value. The
data were further analyzed by Kruskal-Wallis tests, one-
way ANOVA tests, and unpaired t-tests when necessary.
Statistical analysis was performed using the MedCalc
(ver.19.1.5, MedCalc Software Ltd.) and Prism 6 (Graph-
Pad) software. It was regarded as statistically significant
when p <0.001.

Results
Breast cancer patients
A total of 106 patients who had been confirmed to have
BC by biopsy were recruited, and their mean age was
close to 50. Most BC patients were at stage 2 (N=50,
47.2%) and the rest of them were at stage 1 (n=37,
34.9%), stage 3 (n=15, 14.2%) and stage 0 and 4 (n=2
each, 1.9% each) (Table 2). More than 86% of the patients
had invasive ductal carcinoma (IDC, n=92) while
patients with each of the other types of BC, such as
ductal carcinoma in-situ (DCIS), invasive lobular carci-
noma (ILC), invasive micropapillary carcinoma (IMPC),
mucinous carcinoma (MC), and invasive tubular carci-
noma (ITC), were low in number, from 1 to 5.

Almost half of the patients exhibited histological grade
2 (N=51, 48.1%), and combined grades 1 and 3 showed
similar numbers. Luminal A and B composed almost 80%
of patients, and triple negative breast cancer (TNBC,
12.3%) and HER2-enriched (8.5%) comprised the rest.
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More than 53% of the patients presented with high can-
cer cell proliferation activity (>15%) estimated by the
Ki67 test that was performed along with the biopsy. Each
BC patient went through necessary examinations, such as
mammography, ultrasonic scanning, immunohistochem-
istry, gene expression of specific receptors, or MRI when
necessary.

Ability of blood Trx1 level to identify breast cancer

The Trx1 level of sera estimated by the DxMe BC ELISA
kit showed good differentiation between BC patients and
the non-BC group that included women without cancer
and patients with other types of cancer (Fig. 1). Twelve
out of the 188 non-BC subjects (6.38%) had a level
over the cut-off value (11.4ng/ml), and three out of the
106 BC patients (2.91%) were below the cut-off. The mean
value of the Trxl levels from women without cancer
was 5.45+4.16 ng/ml, while that of patients with other
types of cancer was 2.704+2.01ng/ml, and that from BC
patients was 21.96+6.79ng/ml. The difference of mean
values of serum Trx1 levels among women without can-
cer, patients with other types of cancer, and BC patients
was large enough to distinguish BC from non-BC cases.
The sensitivity and specificity of the test, determined by
ROC curve analysis, were 97.17 and 94.15%, respectively.
The area under curve (AUC) was 0.990.

Even though the number of each type of other cancer
was relatively low, reducing the ability to assign statisti-
cal meaning to the data, the results revealed a difference
in Trx1 levels between the two groups large enough to
differentiate BC from other types of cancer, indicat-
ing that the blood level of Trx1 was likely to identify BC
specifically.

Effect of age

Breast cancer patients were grouped according to their
age group, such as 30’s, 40’s, 50’s, and 60 and over, and
each serum was tested to quantitate Trxl and assess
the effect of age (Fig. 2). The mean value of Trx1 in sera
from BC patients in their 30’s was 22.60£7.14ng/ml,
and those of patients in their 40’s, 50’s, and 60’s and over
was 22.85+£7.99, 20.75£4.90, and 22.44+7.53ng/ml,
respectively (Table 2). Interestingly, the mean values did
not differ much with age, whereas the BC incidence rate
in general went up as women got older. The average level
of Trx1 from BC patients of all ages was 22.16+6.89ng/
ml. The mean age of all patients was close to 50, which is
in the age range showing the highest incidence of BC in
Korea [20]. Breast cancer patients under and over the age
of 50 showed similar levels of blood Trx1. The R-squared
(R*=0.001) from linear regression of the age-base analy-
sis showed a very low value indicating that it is likely that
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Table 2 Correlation between Trx1 level and clinicopathological characteristics in breast cancer patients and women without cancer

Correlation between Trx1 level and age in breast cancer patients and women without cancer

Variable Age Trx1 (95% ClI) No. % P Value
Women without cancer 30s 3.16(1.16t0 5.16) 3 26 0.6689
(n=114) 40s 5.99(4.06 to 7.91) 14 123
50s 6.31(4.67 t0 7.95) 30 26.3
60s 4.84(3.55t06.12) 36 316
70s 5.29(3.44 to 7.15( 29 254
80s 5.25(NA) 2 1.8
Breast cancer patients 30s 22.60 (16.0t0 29.2) 6.6 0.705
(n=106) 40s 22.85(20.51t025.2) 47 443
50s 20.75(19.22 t0 22.27) 42 396
60s 2244 (17.0t0 27.82) 10 94
Correlation between Trx1 level and clinicopathological characteristics in breast cancer patients®
Variable Trx1(95% CI) No. (n =106) % P Value
Histologic grade 1 22.08 (19.61 to 24.55) 24 226 0.8422
2 21.19 (19.54 t0 22.84) 51 48.1
3 23.14(19.95 t0 26.32) 31 29.3
Histologic subtypes DCIS 22.25 (NA) 2 1.9 0.5083
IDC 22.00 (20.54 to 23.45) 92 86.8
ILC 24.63 (19.78 t0 29.48) 5 4.7
MC 2041 (13.78 10 27.03) 5 4.7
IMPC 19.07 (NA) 1 0.9
ITC 15.55 (NA) 1 09
Molecular subtypes Luminal A 8 (184410 21.92) 47 443 0.1043
Luminal B 23.31(20.69 t0 25.92) 37 349
TNBC 2445 (20.92 to 27.98) 13 123
HER2-enriched 5(17.43t0 26.87) 9 85
TNM Stage 0 22.25 (NA) 2 19 0.4383
1 64 (1948 to 23.8) 37 35
2 94 (20.22 to 23.66) 50 47.2
3 2186( 6.46 to 27.26) 15 14.2
4 28.97 (NA) 2 19
Kie7 <15% 21.52 (20.06 t0 22.97) 49 46.2 0.7368
>15% 2234 (202210 24.47) 57 538

2 The clinical information of breast cancer patients was classified according to breast cancer stage, histological grade, proliferation activity, type, and molecular
subtype. DCIS ductal carcinoma in situ, IDC invasive lobular carcinoma, MC mucinous carcinoma, IMPC invasive micropapillary carcinoma, ITC invasive tubular

carcinoma, TNBC triple-negative breast cancer

there is no relationship between the level of Trx1 and
patient age.

Effect of breast cancer types and molecular subtypes

The levels of Trxl were analyzed according to the
types of BC, such as DCIS, IDC, ILC, IMPC, MC, and
ITC to examine whether there was any correlation
between BC type and Trx1 level (Fig. 3A). Most patients
had IDC (#=92), which had a mean level of Trxl of
22.00+7.04ng/ml. The levels were 24.63+3.91ng/
ml for ILC (n=5), 20.41£5.34ng/ml for MC (n=>5),
22.25+7.47ng/ml for DCIS (n=2), 19.07ng/ml for

IMPC (n=1), and 15.55ng/ml for ITC (n=1). All BC
types showed levels ranging from 20.41+5.34ng/ml to
24.63£3.91ng/ml. In spite of an insufficient number of
sera from IMPC and ITC, as well as the relatively wide
spread of the Trx1 levels in IDC, the mean values of all
types of BC were higher than the cut-off value and exhib-
ited a very low r? value, indicating that there was no effect
of BC type on the level of Trx1for BC detection.

In addition, the effect of molecular subtypes of BC
was also investigated (Fig. 3B). Luminal A and B were
known to be the most common subtypes of BC, which
showed blood Trxl levels of 20.184+5.92ng/ml and
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Fig. 1 Higher blood level of Trx1 in BC patients compared with women without cancer and other types of cancer patients. A Separation of BC
patients from non-BC control, including women without cancer and patients from 5 different types of cancer by blood level of Trx1. The dotted line
indicates the cut-off value of Trx1 level (11.4 ng/ml). BROC curve analysis to determine the ability of blood Trx1 level to differentiate BC from non-BC
group. The sensitivity and specificity were 97.17 and 94.15%, respectively, with an AUC of 0.990 4 0.005
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Fig. 2 The effect of age on the level of blood Trx1. Breast cancer patients were divided into age groups of the 30s, 40s, 50s, and 60 and over, and
their blood levels of Trx1 were compared. The enclosed box is a linear regression of Trx1 level dependency on age showing R? of 0.001. The dotted
line indicates the cut-off value of Trx1 level (11.4 ng/ml)
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in-situ; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; IMPC, invasive micropapillary carcinoma; MC, mucinous carcinoma; ITC,
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23.31+7.85ng/ml, respectively. Other subtypes, includ-
ing TNBC and HER2-enriched, also presented similar
values to luminal A and B. The average level of Trx1 was
22.52 + 6.44ng/ml, which was much higher than the cut-
off value. It indicated that there was no difference in Trx1
level in different molecular subtypes of BC.

Effect of specific receptor expression profile

As specific receptor expressions are associated with
specific pathological and genetic implications and thus
have differing indications for the treatment of BC, it is
important to see whether the blood level of Trx1 is influ-
enced by the receptor expression patterns. Therefore,
the blood level of Trx1 was estimated from sera exhibit-
ing the different expression profiles of ER, PR and HER2
(Fig. 4). Each receptor expression was assessed during
biopsy. Almost 58% of BC patients had hormone receptor
expression profiles of ERT, PR™, and HER2™ (PPN). This
group showed an average Trx1 level of 20.91£7.30ng/
ml. The triple negative case (ER™, PR™, HER2™, NNN)
came second in number (11.3%) and indicated a level of
24.45 £ 5.84ng/ml. The triple positive (ER*, PR", HER2™,
PPP) consisted of 11.3% of the patients and showed an
average level of Trxl of 24.80£5.83ng/ml. Only one
patient exhibited the ER™. PRY, HER2" (NPP) expres-
sion, so no scientific interpretation could be made.
Since the patients with certain specific receptor expres-
sion profiles were hard to recruit due to low incidence,
the corresponding numbers of such patients in the study
were low. However, their levels of Trx1 ranged from
22.15+£6.14.13 ng/ml to 22.94 £ 3.59 ng/ml when the one

patient with NPP was excluded, which were much higher
than the cut-off value. These results indicated that the
expression pattern of ER, PR and HER2 did not influence
the level of Trx1 in sera of BC patients.

Effect of breast cancer stage and grade

As BC shows different anatomical and pathological char-
acteristics according to its stage, the effect of BC stage on
the blood level of Trx1 was examined (Fig. 5). Almost half
of the patients were at stage 2 (47.2%), showing a Trx1
level of 21.9446.06ng/ml. The second most common
stage was 1 (34.9%) with a Trx1 level of 21.64 +6.48 ng/
ml, while stage 3 (14.2%) followed, with a level of
21.864+9.76 ng/ml. Stages 0 and 4 were small in number
(1.9% each), since it was difficult to recruit correspond-
ing patients, and exhibited levels of 22.25+7.47 and
28.97 £ 6.39 ng/ml, respectively. When stage 1 and 2 were
combined, they comprised more than 80% of the patients
and averaged a blood level of Trxlof 21.79£6.27 ng/ml.
All the blood levels of Trx1 from different stages of BC
were higher than the cut-off value, indicating that the
blood level of Trx1 was not affected by the stage of BC.
It was interesting that all stages showed similar levels
of Trx1, whereas we hypothesized that the level of Trx1
would increase as stage increases. This interpretation was
supported by an R? value of 0.001.

Almost half of the BC patients were in grade 2 (n=51,
48.1%), with a Trx1 level of 21.19+5.87 ng/ml. The lev-
els of Trx1 of grades 1 and 3 were also higher than the
cut-off value. More than two third of the patients were in
grades 2 and 3, and a large portion of them were likely to
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remarks on x-axis indicate positive (P) or negative (N) expression of ER, PR, and HER2 in order. For example, PPN indicates ER*, PRT HER2™. The
dotted line indicates the cut-off value of Trx1 level (11.4 ng/ml)
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Fig. 5 The effect of breast cancer stage and grade on the blood level of Trx1. Trx1 levels from breast cancer patients were analyzed by stage and
grade of the cancer. A Effect of breast cancer stage. The number of patients at each stage were 2 at stage 0, 37 at stage 1, 50 at stage 2, 15 at stage
3,and 2 at stage 4. B Effect of breast cancer grade that was assessed by biopsy. The number of patients at each grade were 24 at grade 1, 51 at
grade 2, and 31 at grade 3. The enclosed boxes are linear regression of Trx1 level dependency on stage and grade. The dotted line indicates the
cut-off value of Trx1 level (11.4ng/ml)
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Fig. 6 Complementary effect of blood Trx1 level on mammography for higher accuracy. BI-RADS category of subject’s mammogram and
corresponding blood Trx1 level were analyzed together. A total of 103 biopsy-confirmed BC patients, and 42 women without cancer who whose
mammograms were archived at CNUH were analyzed. The numbers on the X-axis indicate the categories of the BI-RADS scoring system. The dotted
line indicates the cut-off value of Trx1 level (11.4ng/ml). Filled circle (@), biopsy confirmed BC patients; empty circle (O), women without cancer. +

have relatively fast-growing and metastatic cancer cells.
Altogether, the blood level of Trx1 in BC was not affected
by cancer stage or histologic grade.

Comparison analysis with mammography

As mammography has long been regarded as the gold
standard for the screening of BC, it was necessary to see
how well the level of Trx1 corresponded to the matching
mammogram. The Trx1 levels and mammograms of 103
out of the 106 participating BC patients and 42 out of the
114 women without cancer were matched and analyzed.
As mentioned earlier, BC patients confirmed by biopsy
were recruited first, and their mammograms from CNUH
were retrieved later. Therefore, retrieval of mammograms
was not intentionally attempted to summon participants
to get better results. Many of the women without can-
cer used to undergo mammography at other specialized
private clinics during their annual physical examination,
and thus their mammograms were not accessible in this
study. Therefore, only those whose mammograms were
archived at CNUH were selected. This was how testing
groups for this comparison study were formed (Fig. 6,
and Table 3).

The subsequent analysis of mammograms of biopsy-
confirmed BC patients was conducted according to the
BI-RADS scoring system. Results showed that 71 out
of the 103 biopsy-confirmed BC patients were classi-
fied into BI-RADS categories 4 (n=>52) and 5 (n=19),
and the remaining 32 were classified into categories 0
(m=29), 1 (n=1), 2 (n=1), and 3 (n=1). Therefore,
31.1% of biopsy-confirmed BC patients were classified
into BI-RADS category 0 to 3, and most of them were in
category 0 (n=29, 28.2%). All subjects of women without
cancer were classified as BI-RADS category 3 and under,
and most of them were in category 1 (n=32, 76.2%). If
BI-RADS category 4 and over indicates true positive
diagnosis of BC, only 68.9% of the BC patients were ini-
tially correctly identified by mammography, in contrast
to the high accuracy in identifying women without can-
cer. When the blood Trx1 level was analyzed, 100 out
of the 103 biopsy-confirmed BC patients showed values
higher than the cut-off value (11.4 ng/ml), indicating true
positive diagnosis of BC. For the women without cancer,
37 out of the 42 showed a Trx1 level below the cut-off
value, implying true negative diagnosis of BC. Next, the
sensitivity and specificity of mammography and the Trx1
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Table 3 Comparison study with mammography and Trx1 level
Variable BI-RADS Trx1 (95% Cl) No. %
Breast cancer patients® 0 23.22 (19.89 to 26.55) 29 282
(h=103) 1 22.02 (NA) 1 1
2 10.26 (NA) 1 1
3 22.38 (NA) 1 1
4 21.84 (20.14 t0 23.53) 52 50.5
5 2043 (17.87 t0 22.99) 19 184
6 O(NA) 0 0
Women without cancer” 0 2.53(NA) 1 24
(h=42) 1 6.16(4.49 10 7.82) 32 76.2
2 6.10(2.34 10 9.87) 8 19
3 3.61(NA) 1 24
Variable Confirmed BC patients Women without cancer
Mammography BI-RADS 4-5 71 0
BI-RADS 0-3 32 42
Total 103 42
Trx1 > 11.4ng/ml 100 5
< 114ng/ml 3 37
Total 103 42
Mammography + Trx1¢ Positive 101 0
Negative 2 42
Total 103 42
Variable Sensitivity(%) Specificity(%)?
Mammography 68.93 100.00
Trx1 97.09 88.10
Mammography + Trx1 98.06 100.00

@ BC patients were selected first by their biopsy results, and their matching mammograms were retrieved afterward for analysis. There was 103 out of the 106

participating BC patients

b The women without cancer was classified according to BI-RADS score. Among the candidates (n = 114), only those whose prior mammograms were archived at

CNUH were selected (n=42)

€ In combined tests with mammography and Trx1 level, it was regarded as positive when the test results showed the BI-RADS category over 4 or the Trx1 level was
higher than the cut-off value (11.4 ng/ml). Similarly, it was regarded as negative when either result was in BI-RADS categories 1-3 or lower Trx1 level than the cut-off

value

9 It is impossible to get 100% specificity in the real world. However, the test set in the present study showed mathematically perfect results due to the relatively small
number of women without cancer, which indicates the potential of the combined tests

test of biopsy-confirmed patients was estimated by ROC
curve analysis. Mammography exhibited a sensitivity and
specificity of 68.9 and 100%, respectively. Those of the
Trx1 test were 97.09 and 88.10%, respectively. Interest-
ingly, when mammography and the Trx1 test were com-
bined, the sensitivity and specificity rose to an almost
perfect 98.06 and 100.0%, respectively. Even though the
perfect specificity result should be viewed with caution in
light of the relatively small numbers of subjects, it implies
that combined examination with mammography and the
Trx1 test could create a synergy and achieve very high
diagnostic performance.

Discussion

Currently used tumor biomarkers related to BC diagno-
sis and management are CA15-3, CA27.29, CEA, and
CA125 [21-23]. They can be used to monitor the pro-
gression of cancer, evaluate the outcome of a specific
treatment, or monitor a recurrence. However, tumor bio-
marker tests have their own limitations; the level change
of the biomarker is not always caused by cancer, and
healthy subjects quite often also show increased levels
of certain biomarkers. Therefore, tumor biomarker tests
cannot be used alone to evaluate or manage BC. Despite
the clinical benefits of using tumor biomarker tests to
assist in the correct reading or compensate for the tech-
nical limits of imaging examinations, it is difficult to find
examples with sufficiently high sensitivity and specificity.
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In mammalian cells, Trx1 is involved in the regulation
of reactive oxygen species (ROS) levels [24, 25]. As it plays
a role in the regulation of cellular redox homeostasis,
Trx1 has multiple functions in the cell. Therefore, Trx1
is an important entity that is potentially related to the
onset of many diseases, including cancer, inflammation
diseases, heart failure, and so on. Trx1 has been known
to play an important role in regulating cancer cell growth
by modulating the DNA binding activity of transcription
factors [25-29]. It has been reported that the blood level
of Trx1 was specifically higher in breast cancer compared
with a few other cancer types [17]. Even though Trx1 is
likely expressed in a few different types of cancer as well
as in women without cancer, the largest difference in the
Trx1 level between sera from women without cancer and
cancer subjects was shown in BC. Therefore, if this Trx1
level difference could be distinguished from the differ-
ence between levels of women without cancer and other
types of cancers, it would be possible to detect BC from
the blood. This study focuses on clinical utility in early
diagnosis, which is clearly defined by WHO guidelines as
being different from screening [16]. Early diagnosis is the
recognition of symptomatic cancer in patients in order to
facilitate diagnosis and treatment without delay, whereas
screening is the identification of asymptomatic disease
in an apparently healthy target population. Therefore, in
the present study, biopsy-confirmed BC patients were
recruited to see how effectively Trx1 level could identify
BC as a possible tool to help physicians and patients to
proceed through the diagnostic interval of early diagnosis
without delay. In this kind of study, other types of cancer
were not necessarily examined, for the target group was
women with symptomatic BC. Nonetheless, the study
of other types of cancer was also carried out to predict
how specific the Trx1 test was to BC. In order to expand
utility of the Trx1 test to apply to other steps of diagno-
sis, a study with a much larger size of other cancer types
should be carried out.

When the cut-off value was set at 11.4ng/ml of Trx1,
the sensitivity and specificity for distinguishing BC
patients from the group of women without cancer plus
the group of patients of other cancer types was 97.17
and 94.15%, respectively, with an AUC of 0.990. These
values were relatively high compared to previously
reported values for other protein cancer biomarker
tests, which ranged from 60 to 90% [21-23]. The Trx1
level of patients with other types of cancer was close
to that of women without cancer, indicating that the
blood Trx1 level has potential to eotdd discern BC from
other types of cancer. Even though the sample num-
bers of certain other types of cancer were insufficient,
it still provides important clues about what could be
expected from those other types of cancer. It should
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be acknowledged that there is a pile of reports showing
increased expression of Trx1 in various types of cancer
[30-35]. However, most of the studies were carried out
in cancer cells or tissue, not in blood, and focused on
the gene expression level of Trx1. Since the physiologi-
cal environment of blood is quite different from that of
cells or tissue, it is necessary to scrutinize the level of
Trx1 protein in blood from large numbers of patients
with different types of cancer. The effect of many
chronic inflammation diseases was also tested, and they
did not have any meaningful effect on the ability of the
Trx1 level to identify BC patients (data not shown).
Although the total number of subjects with each of the
chronic inflammation diseases (e.g., asthma, rheuma-
toid arthritis, chronic obstructive pulmonary disease,
psoriasis, Sjogren’s syndrome, sarcoidosis, diverticuli-
tis, diabetic neuropathy, and immune bowl disease) was
low, the average level of Trx1 levels in their blood was
lower than the cut-off value.

In this study, the serum was prepared after letting the
blood mature for 6 hours, which is not done in the con-
ventional serum separating method. As mentioned ear-
lier, the detection antibody of the ELISA kit used in this
study had a very distinct characteristic of a higher affinity
to dimeric Trx1 than to monomeric. On the other hand,
the counterpart of the detection antibody, the capture
antibody, did not show a preference for a specific Trx1
form. As time passed, the form of Trx1 in blood samples
shifted from monomers to dimers, possibly through oxi-
dation [36]. Therefore, we have optimized the test system
to improve the detection of Trx1: After a series of tests,
it was determined that maturing the blood for 6 hours
before separating the serum was best to achieve the high-
est detection of Trx1 from the blood of women without
cancer and cancer patients. Spending 6 hours to prepare
the test sample seems excessive for a point-of-care envi-
ronment. However, diagnosis of BC is a series of pro-
cesses that require both time and diverse tests to reach a
final judgment. As long as the forms of Trx1 in the blood
of women without cancer and in cancer patients change
in a similar pattern, it is still reasonable to test the blood
level of Trx1 in this way. In the meantime, an improved
kit is in development that will shorten maturation time
dramatically. It is interesting to have a pair of antibodies
that can differentiate monomeric and dimeric forms of
Trx1; it seems possible to develop a kit that quantitates
the states of Trx1 in blood samples to understand their
role in BC.

Breast cancer patients were identified by the level of
Trx1 in sera, and this was not influenced by age. In par-
ticular, BC patients in their late 40s to early 50s, the age
group with the highest BC incidence in Korea, were dif-
ferentiated from women without cancer. Breast cancer
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patients in other age groups were also equally well identi-
fied by Trx1 level. It has also been reported that there is
no influence of the age and menstrual status of Caucasian
women on Trx1 level [17]. Even though the study was
conducted with a laboratory-developed ELISA kit with
preliminarily produced antibodies, it proved the potential
of the Trx1 level to identify BC. Since it has been com-
monly accepted that the incidence rate of BC gets higher
in older age [2, 3], it could be expected that the Trx1 level
would follow suit. However, no significant difference was
observed.

Breast cancer has complicated classifications and
exhibits its own pathological characteristics for diagno-
sis and treatment as well [37, 38]. IDC, which comprised
the largest number of BC patients in the study and in the
Korea breast cancer incidence database, had an aver-
age Trx1 level of 22.001+7.04ng/ml. ILC and MC also
showed similar values, indicating that blood Trx1 level
can be used to detect BC regardless of BC type. The num-
ber of cases of DCIS, IMC and ITC were low, since the
incidence rate of each was low and, thus, it was difficult
to collect blood from these types of BC patients. It will
be interesting to conduct a study with a large numbers of
DCIS blood samples to check whether the level of Trx1 is
higher than the cut-off. If the level of Trx1 can determine
BC even in large number of DCIS cases, it will be use-
ful for the early detection of BC. Despite different patho-
logical characteristics of different types of BC, there was
no significant difference between Trx1 levels in any type.
This strongly indicates that the blood level of Trx1 is a
good means to detect BC.

As it was likely that the blood level of Trx1l was suit-
able to detect BC, it was intriguing to check whether it
could differentiate the stage of BC. The level of Trx1 in
blood was not significantly changed by the stage of BC.
It showed higher values than the cut-off value no matter
what the stage of BC was, thus indicated that the Trx1
level was likely to detect BC regardless of BC stage. It was
promising to see high accuracy to identify patients from
stage 1 as well as other stages. This result means that the
blood level of Trx1 could be an alternative modality for
the early diagnosis of BC.

The relatively low sensitivity (68.9%) and high speci-
ficity (100.0%) of mammography of BC in this study is
typical when compared with other recent reports on
mammography [11, 13]. It can be argued that the num-
ber of women without cancer in this comparison study
was too low, resulting in the result of perfect specific-
ity. The reason for including only 42 out of the original
114 subjects of women without cancer in this study was
the accessibility of matching mammograms. In Korea,
women can visit any specialized private clinic to undergo
mammography for their annual physical examination,
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and thus the mammograms archived in other clinics are
not accessible from CNUH. Therefore, the selection of
only a small number of the women without cancer par-
ticipating in this comparison study was not intentionally
designed. Because of this situation, some degree of speci-
ficity and sensitivity of the Trx1 test was lost, whereas the
specificity of mammography was a perfect 100% value.

The fact that more than one-third of biopsy-confirmed
BC patients in this study were judged as an inconclu-
sive (BI-RADS category 0) is concerning. The BI-RADS
category 0 means that the final assessment of the mam-
mogram is likely to be held off until additional tests and
images are available. It may cost money, time, and anxi-
ety, especially if it causes a delay in diagnostic interval of
early diagnosis. It is worth noting that the Trx1 test was
generally superior to mammography in this study, and
that the combined test with mammography and Trx1
showed the highest accuracy to detect BC. Since bio-
marker tests cannot be used alone to diagnose a certain
cancer or disease, and mammography has not achieved
desirable performance for BC screening, the combined
test will yield complementary effects that mitigate the
weakness of each test and provide the highest accuracy
for BC detection.

Although there is no doubt of the need to carry on a
larger population study with different types of cancer,
it is likely that the level of Trx1 can detect BC specifi-
cally. In addition, the Trx1 level was not affected by the
different characteristics of BC. This indicates that the
blood level of Trx1 has potential as a biomarker for BC.
Although there have been many reports regarding the
role or mode of action of Trx1 in cancer, it has not been
completely elucidated [39-43]. When cancer cells grow,
the microenvironment of cancer cells is in a hypoxic state
that favors ROS generation, resulting in higher oxidative
stress. Cancer cells are inclined to protect themselves
from oxidative damage via maintaining their redox sta-
tus to survive and metastasize to distant organs. In this
condition, Trxl modulates redox signaling pathways
via thiol-disulfide exchange with redox-responsive pro-
teins, such as the transcription factors Ref-1 and NF-«kB,
MAP3K5/ASK1, and the Trx1 interacting protein. This
kind of signaling causes modulation of cell kinetics, such
as activation of proliferation, inhibition of apoptosis, and
facilitation of metastasis of cancer cells. However, most
previous studies have been done with cancer cell lines or
cancer tissue, both of which have an environment very
different to the blood system, especially in terms of redox
status. It has been reported that the mRNA level of the
Trx1 gene is correlated with the proceeding of BC stages,
whereas the protein level of Trx1 in blood is likely kept
constant [17]. It can be assumed that Trx1 is also likely
involved in other cell kinetics, such as the initiation or
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switch mechanism of BC. A well-designed elaborate
study is required to prove this kind of speculation.

It has been long accepted that mammography con-
tributes to improved screening of BC, thus lowering
its mortality. Nevertheless, it has some well-known
limitations, such as lack of mobility, radiation expo-
sure, uncomfortable personal experience, and cost in
certain countries. In addition, satisfactory sensitivity
and specificity of mammography, especially for women
with dense breasts, has not been achieved. Therefore,
it would be greatly beneficial to have a simple, eco-
nomic, and complementary means to detect BC with
high accuracy in the early diagnostic interval. When
the Trx1 level of patients was analyzed along with first
readings of mammograms from the same patients, the
sensitivity and specificity of coupled tests went up to
almost perfect levels. Interestingly, this benefit was
more obvious in the case of dense breasts (manuscript
in preparation). Therefore, it seems that the level of
Trx1 in blood could be a promising modality to detect
BC as a complement to current diagnostic methods.

Conclusions

As has long been asked for, the level of Trx1 in serum
is likely to be a promising candidate for a better way to
detect BC, in concert with mammography, in the early
diagnosis process. It can differentiate BC patients from
women without cancer and those with other types of
cancer with high sensitivity and specificity, regardless
of age or pathological and molecular BC types. When
it was used together with mammography, it showed
almost perfect accuracy to identify BC. Even though it
is necessary to study a much larger population of sub-
jects with BC and other types of cancer, it is likely that
the level of blood Trx1 can be a novel means to iden-
tify BC in the early diagnosis diagnostic interval, as has
been requested by WHO.
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