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Abstract
Further personalization is needed to improve the outcomes of breast cancer treatment. It is necessary to
�nd new inexpensive and easily evaluated predictive markers. In this study, we determined serum level of
Aurora A (AURKA), thymidine kinase 1 (TK1) and human epidermal growth factor receptor type 3 (HER3)
by enzyme immunoassay ELISA. We collected peripheral blood sera of 119 women with breast cancer
before neoadjuvant treatment and the control group of 47 randomly selected healthy women. After
treatment we analyzed clinical data: age, initial TNM stage, tumor receptors expression: estrogen (ER),
progesterone (PGR), epidermal growth factor receptor type 2 (HER2), Ki67, histological malignancy grade,
biological subtype, and response to neoadjuvant treatment in residual cancer burden (RCB) classi�cation.
Pathologic complete response (PCR) was achieved in 41 patients (34.45%). In univariate analysis
patients with higher AURKA levels were more likely to obtain PCR (p=0.039). In multivariate analysis we
used the logit regression model with PCR as the dependent. The effect of AURKA concentration ≥4.75 ng
/ mL on the chance of achieving PCR was found (OR: 3.5; 95%CI: 1.2-10.1; p = 0.023). Other signi�cant
PCR factors included: node status (OR: 0.503; 95% CI: 0.263-0.965; p = 0.039), negative PGR expression
(OR: 0.104; 95% CI: 0.038-0.284; p < 0.001), and Ki67 >20% (OR: 5.44; 95% CI: 1.24-23,9; p < 0.025). There
was no signi�cance in marker concentrations and clinical features nor between breast cancer patients
and control group. The outcomes suggest that serum AURKA level is a potential PCR prediction marker in
neoadjuvant breast cancer treatment. Further studies are needed to con�rm our observations.

Introduction
Breast cancer (BC) is the most common malignant neoplasm and the leading cause of cancer death
among women worldwide. It is estimated that in 2020 over 2.26 million new cases of BC among women
were diagnosed worldwide, and almost 685,000 women died from this cancer [1]. BC is a heterogeneous
disease with a very complex biology. According to DNA sequencing and gene expression pro�ling studies,
there are no two identical neoplasms at the molecular level [2, 3]. Based on the expression of tissue
markers: estrogen receptor (ER), progesterone receptor (PGR), epidermal growth factor receptor type 2
(HER2) and Ki67, invasive BC is classi�ed into �ve main biological subtypes – luminal A (LA), luminal B
(LB), luminal B HER2 enriched (HER2-LB), non-luminal HER2 positive (HER2-NL) and triple negative
(TNBC). Tissue markers play both prognostic and predictive role in BC management. Neoadjuvant
treatment (NAT) should be considered in all patients, who may be eligible for systemic treatment. There
are no proven differences in overall survival (OS) and disease-free survival (DFS) between NAT and
adjuvant treatment [4]. NAT is an important tool for reducing staging and treatment response monitoring.
Pathological complete response (PCR) archived after NAT has proven bene�cial long-term effect on DFS
and OS, especially in TNBC and HER2 positive cancers [4]. There are different pathologic PCR reporting
systems - AJCC-TNM, B18, Miller-Payne, modi�ed Nottingham scale, Pinder and Residual Cancer Burden
(RCB), the preferred in research is the RCB [5]. RCB is an independent prognostic factor for DFS and OS,
moreover it can select patients with a high risk of recurrence and poor prognosis [6–8]. In Livingstone-
Rosanoff study of 38,864 patients treated with NAT in 2010-2013, postoperative PCR was obtained in
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only 19% cases [9]. Personalization of BC therapy improves outcomes and reduces costs and toxicity [10,
11]. In earlier studies from our department PCR was archived in 55%-87% patients with HER2-NL and
HER2-LB who received TCH (docetaxel, carboplatin, trastuzumab) and TCH+P (docetaxel, carboplatin,
trastuzumab + pertuzumab) NAT regimens [12, 13]. Despite the signi�cant advances in recent years,
treatment results are still not satisfactory, and it is unknown why some patients with the same cancer
subtype bene�t from treatment and others do not. One of the newly available and validated prognostic
tools are multi-parameter genetic tests e.g. Oncotype DX, Mammaprint, which can be used as
independent predictors in the quali�cation to adjuvant treatment [11, 14]. These genetic tests require
formalin �xed para�n embedded tumor tissue samples, moreover genetic testing is expensive and not
widely available. Ideal biomarker should have high sensitivity and speci�city, could be determined at any
stage of treatment in a cheap, easily accessible, non-invasive way, and the obtained results should be
reproducible and objective. Many of these criteria may be met by potential peripheral blood (PB) markers.
PB can be easily divided into fractions containing selected groups of substances. After centrifugation of
whole blood with the addition of a clotting activator, serum is obtained, which may contain potential
markers - proteins, metabolites, lipids, autoantibodies, miRNA and ctDNA [15]. Researchers in past have
selected several serum BC markers such as: CA 15-3, CEA, tissue antigen polypeptide (TPA) and tissue
speci�c polypeptide antigen (TPS). Unfortunately, due to low sensitivity and speci�city, none of them is
currently recommended in BC management [16–19]. Therefore, new breast cancer biomarkers are still
being explored. One of the concepts is the analysis of enzymes involved in the regulation of the cell cycle,
carcinogenesis, angiogenesis, cell adhesion and migration, which could also be a target for anti-cancer
therapies. Aurora A - (AURKA) belongs to the AURORA serine-threonine kinases. The family of proteins
was discovered over three decades ago during research of the factors responsible for spindle formation
in budding yeast [20]. In mammalian cells tree different AURORA kinases were discovered - A, B and C,
whose main function is in general the regulation of cytoskeleton, chromosomes, and cell division
processes. AURKA is a protein that regulates the cell cycle process. Inhibition of its activity causes the
arrest of the cell cycle at the transition from the G1 to S phase [21]. Its level increases in the G2 / M phase
[22]. AURKA binds to microtubules, plays key role in spindle formation and positioning [23]. It is involved
in centrosome duplication and separation, chromosome alignment and cytokinesis [24–27]. AURKA
phosphorylates and regulates many proteins and genes responsible for cell cycle checkpoints, including:
CDK1 / Cyclin B, BRCA1, BRCA2, p53 / TP53, TACC-3, RAS [22, 28–30]. Regardless of the kinase function,
AURKA in cell nuclei shows the activity of a transcription factor, participates in the assembly and
stabilization of the replisome [21]AURKA is also associated with mitochondria, Golgi apparatus,
cytoskeleton, affects the process of cell migration and invasion, and the rate of metabolism by regulating
ATP synthesis [31, 32]. AURKA enhances the phenotype of neoplastic stem cells, increases their survival,
ability to migrate and invade [33].AURKA expression shows tissue speci�city (testes, skeletal muscles,
thymus, spleen), increased levels are found in colon, breast, ovarian, cervical, neuroblastoma, prostate,
and bladder cancer cells. AURKA expression can be considered as a neoplastic marker in breast cancer
[34]. The human epidermal growth factor receptor 3 (HER3) belongs to transmembrane tyrosine kinase
receptors (EGFR) [35]. In addition to HER3, three other proteins have been identi�ed - HER1, HER2, and
HER4. HER3 consists of an extracellular domain, a transmembrane portion, and an intracellular domain
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[36]. In addition to the 180 kDa glycoprotein, alternative splicing also produces p45 and p85 glycoproteins
from the ERBB3 gene, which lack a transmembrane portion and an intracellular domain; are referred to as
soluble HER3 (sHER3) [37]. HER3 is activated extracellularly by binding to two ligands - neuregulin 1 and
neuregulin 2 [38]. The intracellular domain of HER3 does not function as a kinase by itself. To
demonstrate intracellular activity and signal transduction, HER3 requires heterodimer formation with
other proteins of the EGFR group, e.g., HER2. HER2 / HER3 heterodimers show oncogenic activity by
activating intracellular pathways such as: (PI-3K) / AKT [39], MAPK, RAS-ERK, which stimulate
proliferation, angiogenesis, migration and increase the survival of neoplastic cells [40]. In some patients
with resistance to anti-HER2 therapy, elevated levels of neuregulins are observed. According to studies,
the HER3 activating pathways to the formation of HER2 / HER3 heterodimers may play a key role in the
mechanism of resistance of HER2-positive tumors to trastuzumab treatment and the resistance of LB
tumors to hormone therapy [41]. HER3 has been shown to be overexpressed in breast, bladder, ovarian,
prostate, melanoma, and neuroblastomas [42]. HER3 has been strongly overexpressed in metastatic foci
of breast cancer, especially in the brain. HER3 overexpression is also associated with resistance to
hormone therapy, anti-HER2 therapy, and taxanes. HER3 inhibitors in cancer treatment are being
investigated [43]. In recent years, methods for determining HER3 in serum have been described for further
research [44]. Thymidine kinase 1 (TK1) is a cell cycle phase-dependent enzyme involved in DNA
synthesis [45]. Thymidine kinase exists in cells as two isoenzymes: TK1 and TK2. TK1 is involved in the
thymidine phosphorylation reaction, which is a necessary step in its incorporation into DNA. TK2 is found
in the mitochondria. TK1 converts deoxytimidine (dT) to deoxytimidine monophosphate (dTMP) by
transferring phosphate from ATP. The monophosphate is further phosphorylated to deoxymidine
triphosphate (dTTP), which is incorporated into DNA. Intracellular TK1 most often occurs in the form of
homodimers. When DNA is damaged, TK1 is converted to the most active form of tetramer. TK1 activity is
highest during the G1 / S phase and is almost completely lost during mitosis [45]. In cancer cells, TK1
activity may remain increased throughout the cell cycle. TK1 is released into the extracellular space from
cells that die during division, which is characteristic of neoplastic cells [46]. TK1 activity in plasma has
been found to be higher in patients with hematological cancers, breast, lung, colon, stomach, ovarian and
cervical cancer, and may serve as a proliferative marker [47]. In solid tumors, serum TK1 levels have been
shown to correlate with disease stage [46]. High levels of TK1 in breast cancer have been shown to
correlate with poorer OS and PFS [48]. The use of TK1 as a target for cancer therapy is also being
analyzed. The aim of this study is to evaluate prognostic value of AURKA, HER3 and TK1 in in breast
cancer treated with neoadjuvant chemotherapy.

Materials And Methods
We performed a single center, prospective, observational study according to the ethical standards of the
Declaration of Helsinki. The samples were taken after informed consent from all the study participants.
The protocol was approved by the Bioethics Committee at the Maria Sklodowska-Curie National Research
Institute of Oncology in Warsaw (NIO-PIB) (authorization no. 34/219). Study design is presented in Figure
1. 
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STUDY POPULATION AND PATIENT SELECTION

We randomly selected a group of 252 women who were diagnosed with breast cancer in 2017-2018 at the
Breast Cancer and Reconstructive Surgery Department, NIO-PIB. In 2020 we collected and analyzed
baseline clinical data (prior to treatment): age, core needle biopsy -histological type, ER, PGR, Ki67 and
HER2 expression, biological subtype, grade of histological malignancy in the NGS classi�cation, UICC /
AJCC 8th TNM clinical classi�cation, then the course and type of treatment – NAT, surgery, pathological
response to NAT in RCB classi�cation, adjuvant therapy and radiotherapy. A group of 119 patients who
received NAT, was quali�ed for the further part of the study and the determination of markers. The control
group consisted of 47 randomly selected healthy women.

SAMPLES PREPARATION AND TESTING

Sera from peripheral blood samples were obtained and secured up to 14 days before the start of
treatment. Peripheral blood was collected in the tubes containing the clotting activator, then the samples
were centrifuged for 15 min at 2600 rpm and 5 ° C. The sera obtained in this way were poured into
separate test tubes in a volume of 0.5 ml and stored in low-temperature freezers (-70° C) until the analysis
was performed. The tested parameters were determined twice using the enzyme-linked immunosorbent
assay (ELISA) method: Human ERBB3 ELISA KIT by Biorbyt, Human hThK 1- by EIAAB and Human
AURKA (Aurora A) using Fine Test kits.

Calibrators, controls, and the test serum were added to the microtiter plate wells coated with a speci�c
monoclonal antibody. After incubation and washing out of excess reagents, a polyclonal antibody
conjugated to the labeling enzyme was added. After re-incubation and removal of excess reagents, the
substrate solution - hydrogen peroxide and the chromogen - tetramethylbenzidine were added in the next
step. The enzyme reaction was stopped by adding 2N sulfuric acid. The concentrations of the studied
biomarkers were determined by measuring the optical density on the BIO-TEK Elx 800 spectrophotometer
at a wavelength of 450 nm.

STATISTICAL ANALYSIS

SPSS Statistics version 23 by IBM was used for statistical calculations. Continuous variables of
biomarker concentrations were categorized. Cut-offs were chosen to divide patients into three equal
groups. In the �rst step, a one-way analysis was performed using the χ2 test of independence, and in the
second step, a multivariate analysis using a logit regression model with the PCR variable as the
dependent. The model was built based on the following classical clinical variables that may affect the
response to treatment: TNM stage, malignancy grade and the status of receptors de�ning the biological
subtype: ER, PGR, HER2 and Ki67. The �tted model was used to test the predictive value of the
investigated markers. In the modeling process, the method of stepwise elimination of variables with
standard levels of inclusion (p <0.05) and exclusion (p> 0.1) was used.
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To estimate the predictive value, the distribution of marker concentrations depending on PCR after NAT
was analyzed with non-parametric Mann-Whitney test and the ROC curve. The optimal cut-off points were
determined and for these points: sensitivity, speci�city, positive and negative predictive value were
calculated. Additionally, the distributions of the analyzed biomarkers in women with breast cancer and
healthy women were compared and their diagnostic potential was assessed. 

EXPLORATIVE ANALYSIS

Marker concentrations and the age of the patients were analyzed using the Spearman's rank correlation
test. The adopted level of statistical signi�cance α = 0.001. Next, 37 χ2 tests of independence were
carried out to characterize the concentrations of the tested markers in relation to clinical data. The
concentration cut-offs were chosen to divide patients into three equal groups, which offers the best
chance of detecting relationships between the test variables. Considering the Bonferroni correction for
multiple testing, individual tests were performed at the level of statistical signi�cance equal to 0.001. 

Results

PATIENT CHARACTERISTICS
Overall, 119 women were quali�ed for the determination of marker concentrations (Figure 1). The median
age and the interquartile range were 53 (IQR: 42-63) years. Tumors up to 5 cm in size (T1 and T2) were
diagnosed in 81 patients, and no metastases in the regional lymph nodes (N0) were detected in 52
patients. At the time of treatment initiation, 8 women had stage IV (M1) disease. In 111 women the
disease was diagnosed with intermediate and high NGS histological grade (G2 and G3). The largest
group of patients were patients with luminal neoplasms - (37-LB and 13 LA), and in 45 cases expression
of the HER2 receptor was detected. In the study group, 44 patients received chemotherapy according to
the TCH / TCH + P regimen (36.9%) as neoadjuvant therapy (36.9%), 61 received sequential treatment -
(4xAC + 12xPXL) (51.26%), and 14 patients received hormonal treatment (11.76%). 41 (34.45%) patients
achieved PCR which was further analyzed with clinical features by χ2 test (p<0,05). Histological grade (p
= 0.0078), biological subtype (p = 0.0003) had signi�cant correlation. There was no correlation between
PCR rates and tumor size in the TNM classi�cation (p = 0.3584), or the status of the lymph nodes (p =
0.2435). The detailed characteristics of the study group and PCR outcomes are presented in Table 1
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Table 1
Patient characteristics and PCR outcomes

n = 119

Age

Mean (min, max)

Median

52,4 years (31 – 77)

53 years

ER +

PGR +

HER2 +

Ki67

≤20%

>20%

74 (62.18%)

61 (51.26%)

45 (37.82%)

23 (19.33%)

96 (80.67%)

  PCR % p

T1

T2

T3

T4

Tx

8 (6.72%)

73 (61.34%)

25 (21.01%)

11 (9.24%)

2 (1.68%)

5 (62.50%)

25 (34.25%)

7 (28.00%)

4 (36.25%)

0 (0%)

0.3584

N0

N1

N2

N3

52 (43.70%)

44 (36.97%)

19 (15.97%)

4 (3.36%)

21 (40.38%)

15 (34.09%)

3 (15.78%)

2 (50.00%)

0.2435

M0

M1

111 (93.28%)

8 (6.62%)

40 (34.48%)

1 (12.50%)

0.1670

G1

G2

G3

8 (6.72%)

61 (51.26%)

50 (42.02%)

1 (12,50%)

15 (24,59%)

25 (50,00%)

0.0078
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n = 119

LA

LB

HER2-LB

HER2-NL

TNBC

13 (10.92%)

37 (31.09%)

26 (21.85%)

19 (15.97%)

24 (20.17%)

0 (0%)

6 (16.66%)

10 (38.46%)

10 (52.63%)

15 (62.50%)

0.0003

TCH / TCH+P

4xAC + 12xPXL

Hormonal

44 (36.97%)

61 (51.26%)

14 (11.76%)

Radiotherapy 90 (75.63%)

Table 1. Patient characteristics and PCR outcomes. (p <0,05), ER, PGR, HER2 (+) – estrogen, progesterone
HER2 receptor positive, TNM 8th edition clinical classi�cation, G1; G2; G3 – histological malignancy
grade in NGS score, LA – luminal A, LB- luminal B, HER2-LB – luminal B HER2 enriched, HER2-NL – non-
luminal HER2 positive, TNBC – triple negative breast cancer, TCH/ TCH+P (docetaxel, carboplatin,
trastuzumab +/- pertuzumab), 4xAC + 12xPXL - 4x (doxorubicin + cyclophosphamide) + 12x paclitaxel

The concentrations of the investigated markers were determined in the blood samples of the patients
collected before the initiation of NAT and control group (Figure 2A-C). The tests were performed at the
Laboratory of Tumor Markers NIO-PIB. ROC curves were designated to estimate the diagnostic value of
HER3, AURKA and TK1. The areas under the ROC curves were respectively: for HER3 - 0.634 (95% CI:
0.524-0.745), for AURKA - 0.453 (95% CI: 0.351-0.555) and for TK1 - 0.847 (95% CI: 0.771- 0.923). The
�elds for HER3 and TK1 differed statistically signi�cantly from 0.5; p values for HER3 - p = 0.02; for TK1 -
p <0.001. The results are presented in Figure 2.

The univariate analysis using χ2 independence test was performed to correlate PCR with marker serum
levels. The concentration cut-offs were chosen to divide patients into three equal groups, which provides
the best chance of detecting a relationship between PCR and the test variables. A statistically signi�cant
relationship was found between PCR and AURKA concentration (p = 0.039). No similar relationship was
found for HER3 (p = 0.712) and TK1 (p = 0.466). PCR rates for AURKA levels (<4.75 ng / mL; 4.75-6.66 ng
/ mL; ≥6.55 ng / mL) were respectively: 21.1%, 48.7%, 35.0%. The results of the univariate analysis are
presented in Figure 3.

In the next step, a multivariate analysis was performed using a logit regression model with PCR as the
dependent variable. The model was built based on clinical parameters that may affect the response to
treatment - TNM advancement level, histological grade G and the status of receptors de�ning the
biological subtype of the tumor - ER, PGR, HER2 and Ki67.
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In the multivariate analysis, the effect of AURKA concentration ≥4.75ng / mL on the chance of achieving
PCR was found (p = 0.023), OR: 3.5 (95% CI: 1.2-10.1). PCR rates for values less than and greater or equal
to 4.75 ng / mL are presented in Figure 4

A statistically signi�cant effect on PCR was also found for the N0 lymph node status (p = 0.039), no PGR
expression (p <0.001) and Ki67 expression> 20% (p <0.025). The respective odds ratios (with 95%
con�dence interval) were: for N0 - 0.503 (95% CI: 0.263-0.965), for PGR (-) - 0.104 (95% CI: 0.038-0.284)
and for Ki67> 20% - 5.44 (95% CI: 1.24-23.9). Table 2 presents the parameters of the adopted logit model. 

Table 2
Parameters of the adopted logit model.

  β
coe�cient

Standard
error

p
value

Odds
ratio

95% - con�dence
interval

lower upper

N0 -0.687 0.332 0.039 0.503 0.263 0.965

PGR (-) -2.259 0.511 <0.001 0.104 0.038 0.284

Ki67>20% 1.694 0.755 0.025 5.441 1.239 23.893

AURKA
≥4,75ng/mL

1.244 0.545 0.023 3.470 1.192 10.105

Constant -3.178 1.546 0.040 0.042    

Table 2. Parameters of the adopted logit model. Parameters of the adopted logit model – N0 – no node
metastasis, PGR (-) no PGR expression, signi�cance (p<0,05)

To estimate the PCR – predictive value of AURKA, the ROC curve was determined – Figure 5

The estimated area under the ROC curve for AURKA with 95% con�dence interval was 0.555 (95% CI:
0.452-0.658), the difference from the value of 0.5 was statistically insigni�cant (p = 0.330). The optimal
cut-off value was 4.395 ng /mL. The possibility of using the measurement of serum AURKA
concentrations at the optimal cut-off value (≥4.395 ng / mL) as a marker for PCR after NAT was
assessed. The parameters for this diagnostic test were as follows: sensitivity - 92.7%; speci�city - 35.5%;
positive predictive value - 43.7%; negative predictive value of 90%.

EXPLORATORY ANALYSIS
The non-parametric correlation showed a statistically signi�cant positive relationship between the
concentration of AURKA and TK1 p <0.001; Spearman's correlation coe�cient was 0.318 indicating a
weak correlation. With the adopted level of statistical signi�cance, no other correlations were found.

There was no signi�cant correlation between biomarker concentrations and clinical features: tumor size,
lymph node metastases, presence of distant metastases, expression of tumor tissue markers - ER, PGR,
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HER2 and Ki67, biological subtype, grade of histological malignancy. The obtained results along with the
probability p values are presented in supplement.

Discussion
This is the �rst study to evaluate the predictive value of serum Aurora A, thymidine kinase 1 and
HER3/ErbB3 concentrations in BC patients treated with neoadjuvant chemotherapy. Currently, there are
several ELISA subtypes that are widely used in laboratory diagnostics [49, 50]. Speci�c to HER3, AURKA
and TK1 ELISA antibodies have been developed in recent years. There are ready-made commercial ELISA
kits, developed by biotechnology companies, but due to poorly understood characteristics, they are
intended for experimental use. The importance of Aurora A kinase tissue overexpression in the
pathophysiology of cancer is the subject of many studies and AURKA is a promising target for anti-
cancer therapies [30]. AURKA tissue expression has been demonstrated as a predictive and prognostic
factor in many solid tumors. AURKA overexpression in BC cells is associated with resistance to hormone
therapy, taxanes, kinase inhibitors, and deterioration of prognosis and overall survival [34, 51, 52]. Other
studies have found that AURKA expression in TNBC and obese patients is associated with a worse
prognosis and a higher relapse rate [37]. In ovarian tumors, AURKA overexpression has been associated
with platinum treatment resistance and worsening of OS [53, 54]. Standards for assessing tissue AURKA
overexpression have not yet been developed, and one of the key limitations of the research is the different
methodology, which makes it impossible to objectively compare the results. To our knowledge, this is the
�rst study of the predictive value of serum AURKA. The results of our study indicate a positive effect of a
high and negative effect of low concentration of AURKA in the serum on the effect of NAT in patients with
BC. Considering the results of AURKA tissue expression studies, the observed relationships should be
veri�ed in another study on a larger group of patients. In the future, it is planned to re-evaluate OS and
PFS in patients participating in this study, 5 and 10 years after treatment, to determine the prognostic
value of serum AURKA. Due to alternative splicing, HER3 occurs in the human body in the form of 3
isoforms - p180, p85 and p45 [36], which can be detected in peripheral blood by ELISA [44, 55]. The
commercially available ELISA kits differ from each other in the type of HER3-speci�c antibodies, which
may affect the obtained results [44]. There are studies showing the different role of individual HER3
isoforms in the pathology of neoplasms. F. Vakar-Lopez et al. demonstrated different expression of p180
and p45 HER3 isoforms in epithelial and stromal cells of the prostate, and in addition, overexpression of
p45 HER3 was shown in metastatic prostate cancer cells in lymph nodes and bones [56]. C. Li et al.
demonstrated a key role of the intracellular domain of HER3 in the pathways promoting the colonization
and proliferation of TNBC metastases within the bone [57].However, the importance of individual HER3
isoforms in the biology of breast cancer has not been studied so far. The manufacturer of the ELISA kit
used in this study did not de�ne the speci�city of the antibodies used in relation to HER3 isoforms. There
are studies that have shown the diagnostic and prognostic value of HER3 in patients with liver disease
[58, 59]. In our study serum HER3 did not correlate with the achievement of PCR after NAT (p = 0.712).
Despite the statistically signi�cant difference in HER3 concentrations in the control and BC groups (p =
0.02), it should be assumed that factors independent of BC in�uence the increase in serum sHER3 levels
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and it is not applicable as a diagnostic marker in breast cancer. Although HER3 has extremely important
role in the cancer pathophysiology and resistance mechanisms to the current anti-HER2 therapy [36, 60],
due to the lack of standardization of the assay methods, the presence of isoforms with different
biological signi�cance and low tissue speci�city, use of serum HER3 is currently limited. TK1 thymidine
kinase is an essential enzyme in the process of DNA synthesis and repair. TK1 is released from cells that
break down when they divide, a phenomenon that is typical of cancer. After being released into the
extracellular space, TK1 polymerizes to form complex protein complexes of different mass and activity,
depending on the tissue it comes from [61]. Two types of methods for measuring TK1 in serum have
been developed - the enzymatic activity of TK1 is measured or the concentration of TK1 mass in a given
volume is determined using IHC techniques [46]. Measurement of the TK1 enzymatic activity is based on
the detection of specially labeled TK1 substrates by various phosphorylation methods [62–64]. Studies
proved clinical use of TK1 activity for prognosing and monitoring the treatment of patients with leukemia
and lymphoma [65–68]. The given methods, however, show different sensitivity depending on the
masses of the tested TK1 complexes, which in�uences the obtained results. It has also been proven that
in the case of solid tumors - breast and prostate cancer, a large percentage of TK1 is released into the
serum in an inactive form [61]. An additional problem in assessing the activity of TK1 is the presence of
TK1 inhibitors in the serum [69]. Due to the mentioned limitations of techniques for measuring TK1
activity, attempts were made to develop methods based on the detection of TK1 with speci�c antibodies
[70]. Studies have shown an adverse effect of high concentrations of TK1 on OS and DFS [48, 71–73].
Our study showed no correlation between PCR after NAT and serum TK1 concentration. We found
signi�cantly higher TK1 in control group than in BC group, but given that many conditions have been
reported (including viral infections), which may cause an increase in serum TK1 [70, 74], it should be
considered that TK1 is not a diagnostic marker in breast cancer. The limitations of this study were
clinically disproportionate BC group, and the small and probably heterogeneous control group. The likely
in�uence of other, non-cancerous factors on tested markers should also be emphasized.

Conclusions
Serum AURKA may be a predictive marker in BC patients treated with NAT. Serum HER3, AURKA and TK1
cannot differentiate women with breast cancer from healthy women. HER3 and TK1 concentrations in
serum of BC patients treated with NAT are not PCR predictive markers. The concentrations of HER3,
AURKA and TK1 in the blood serum in patients with breast cancer before NAT are not related known
predictors.
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Figures

Figure 1

Study Design
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Figure 2

HER3, AURKA and TK1 concentration range in breast cancer (BC) and control group. A) HER3 range, B)
TK1 range, C) AURKA range; comparison between BC and control group, D) ROC curve, E) detailed
concentration values; IQR -interquartile range, non-parametric Mann-Whitney test, signi�cance p<0.05
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Figure 3

PCR and biomarker concentrations univariate analysis. Percentage of PCR and biomarker concentrations
in selected cut-off levels, univariate analysis (p<0,05) A) HER3, B) AURKA, C) TK1.  
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Figure 4

PCR rates depending on AURKA concentrations. Multivariate analysis. p = 0.023, OR: 3.5 (95% CI: 1.2-
10.1)
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Figure 5

Receiver operating characteristic curve of AURKA – PCR. 
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