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ABSTRACT

Objective: Breast cancer (BC) is the main cause of cancer-related deaths in women across the world. It can be classified into different subtypes, including
triple-negative (TN), which is characterized by the absence of hormone receptors for estrogen and progesterone and the lack of the human epidermal growth
factor receptor 2. These tumors have high heterogeneity, acquire therapeutic resistance, and have no established target-driven treatment yet.

The identification of differentially expressed genes in TN breast tumors and the in silico validation of their prognostic role in these tumors.

Materials and Methods: We employed a microarray dataset and, by using the GEO2R tool, we identified a list of differentially expressed genes. The in
silico validation was conducted using several online platforms including the KM Plotter, cBioPortal, be-GenExMiner, Prognoscan, and Roc Plotter.

Results: We observed that FZD9 was among the top differentially expressed genes in a cohort of patients with different TNBC subtypes. The FZD9
expression was significantly different in TN breast tumors than in non-TN (nTN) breast tumors (p<0.0001), and the basal TN subtype showed the highest
levels (p<0.0001). In addition, the FZD9 levels were significantly inversely and positively proportional (p<0.0001) to estrogen receptor, progesterone
receptor, and human epidermal growth factor receptor-2 clinical parameters. The high levels of FZD9 were associated with worse overall survival (p=0.007),
relapse-free survival (p=5.8e-05), and worse survival in patients who received chemotherapy (p=3.2¢-05; 0.007).

Conclusion: Our cumulative results demonstrated that FZD9 plays an important role in TNBC and may be a potential prognostic biomarker. Nevertheless,
further in vitro and in vivo assays are necessary to confirm our findings and to strengthen the evidences about the mechanisms by which FZD9 functions
in these tumors.
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Introduction

Breast cancer (BC) is the main cause of cancer-related deaths of the world’s female population as well as, particularly the Brazilian women (1). The
National Cancer Institute in Brazil (INCA) estimated 66,280 new BC cases in 2020, comprising 29.7% of all tumors with a stratified primary
location; this estimate is much higher than that for the cancer of the colon and rectum (9.2% of all cases) and cervical cancer (7.4%) in women.

BC tumors can be categorized into five main subtypes that have been widely discussed in the literature according to the PAMS50 classification:
Basal (B), Luminal A (LA), Luminal B (LB), human epidermal growth factor receptor-2+ (HER2+), and normal breast-like (N).
Another important classification encompasses triple-negative (TN) and non-TN (nTN) breast tumors, which are identified based on the
immunohistochemistry outcomes for the hormone estrogen receptor (ER) and progesterone receptor (PR), and by the amplification of the
HER2 (2, 3). The lack of expression of these three important membrane receptors classify them as TN (4). Approximately 80% of all basal
tumors can be classified as TN, with similar expression profiles between these two classes (5, 6).
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In contrast to n'TN tumors, TN tumors present with low survival, lack
therapeutic targets, and have a high relapse rate and a high metastatic
potential. They are also highly heterogeneous, and sub-classified in six
distinct groups: basal-like 1 (BL1), basal-like 2 (BL2), mesenchymal
(M), mesenchymal stem-like (MSL), luminal androgen receptor
(LAR), and immunomodulatory (I) (7), which poses a challenge to
discover new therapeutic targets in order to provide more effective
treatments for the patients.

Among the components underlying tumorigenesis, the FZD family
members participate in both canonical and non-canonical Wingless-
type (Wnt) pathways, which have been strongly implicated in tumor
invasion and progression. The FZD family is responsible for coding
transmembrane proteins with the protein receptor domains of Wnt
signaling, which in turn is comprised of canonical or Wnt\B-catenin-
dependent and the non-canonical or Wnt\B-catenin-independent
signals. These protein receptor domains activate target genes involved in
several biological processes such as embryonic and organ development,
homeostasis, cell proliferation, self-renewal, differentiation, and
migration. In addition, they have been implicated in tumorigenesis,
cell invasion, tumor malignancy, and survival (8-10). In addition, the
upregulation of FZD members has been reported in some cancers,
including gastric and renal cell carcinoma, which suggests their direct
involvement in carcinogenesis (11, 12).

In this context, we employed the microarray dataset GSE76275
and performed in silico analysis to identify the potential prognostic
biomarkers and discover new therapeutic targets in TN breast tumors
(13). Our preliminary analysis revealed that the mRNA frizzled
class receptor 9 (FZD9) is differentially expressed in TN tumors.
We confirmed the reproducibility and reliability of this finding
by validating it on a larger public dataset and found that FZD9 is
differentially expressed across the TN subtypes and is associated with
low survival, tumor recurrence, and tumor grade. Taken together, our
results suggest that FZD9 is a promising transcript and a potential
biomarker in the study of these tumors.

Materials and Methods

Geo database-data access

The dataset of the published online microarray GSE76275 was
accessed through the platform GEO (ncbi.nlm.nih.gov/geo/) and
analyzed using the online tool GEO2R (ncbi.nlm.nih.gov/geo/geo2r)
(13). The criteria of gene selection for further analysis was the adjusted
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p-value by Benjamini and Hochberg (False Discovery rate) of <0.001
and biological relevance (Figure 1).

Expression analysis

The Breast Cancer Gene-Expression Miner v4.4 (bc-GenExMiner
v4.4) (begenex.centregauducheau.fr/BC-GEM/GEM-requete.php) is
an online mining tool of transcriptomic data of properly annotated BC
(14, 15). We used the RNA-seq data to analyze the FZD9 expression
with clinical parameters such as ER, PR, HER-2, and different clinical
BC subtypes.

Survival analysis

The prognostic role of FZD9 was analyzed by using the Kaplan-Meier
Plotter (kmplot.com/analysis/) to create the overall survival (OS)
and relapse-free survival (RES) curves (16). The FZD9 expression
in patients with BC was classified as either high or low based on its
median expression level. Only a validated probe was selected based on
the automatic best cut-off value selection criteria.

cBioPortal data

cBioPortal (https://cbioportal.org) is an online and multi-functional
database that contains gene expression and other features of different
types of cancer sourced from various studies (17, 18). In the present
work, we accessed the FZD9 expression of 1,108 cases with RNA seq
V2 RSEM data from the Firchouse dataset. The clinical information
was cross-referenced with quantitative and qualitative expression data
for associations and correlation statistics.

ROC Plotter analysis

ROC Plotter is a user-friendly online tool (19). With transcriptomic
data from 3,104 BC patients treated and untreated with endocrine
therapy, anti-HER2 therapy, or chemotherapy, we quickly assessed the
pattern of expression of genes of interest in the face of the treatment
received by the patient.

Statistical analysis

All data were evaluated for Gaussian distribution, and the t-test or
Mann-Whitney U test was performed to assess the differences between
the two groups. Kruskal-Wallis was applied for the analysis of three or
more groups, followed by the post-hoc Dunn’s test. The results were
considered statistically significant at p<0.05 or, whenever necessary,
according to adjusted p-values. Pearson’s correlation analyses between
several genes were also performed. All statistical analysis was performed
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Figure 1. Methodological design depicting the study protocol and the main databases used for identification, in silico analysis, and the

validation of FZD9

ROC: Receiver operating characteristic; UCSC: The University of California Santa Cruz; KM: Kaplan-Meier
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in the Statistical Package for Social Sciences (SPSS; version 25). A
forest plot and other graphs were constructed in the RStudio v.1.0.153
and GraphPad Prism v. 7 (California, USA), respectively.

Results

Geo database

The GSE76275 dataset was derived from the study of Burstein et al.
(13) that aimed to identify new targets in different TNBC subtypes.
The expression profile of 265 breast tumor samples, 198 of which were
classified as TN and 67 as n-TN tumors, was evaluated. The present
study divided these samples into two large groups: TN and n-TN, and
identified a list with 54,675 probes using the online tool GEO2R (S1
Table), with FZD9 being the seventh probe with the lowest adjusted
p-value (Figure 2a).

In order to address the role of this transcript in TNBC, we compared
its expression in TN and n-TN tumors and also across different TN
subtypes. We noted a significant increase in the FZD9 expression in
patients with TN tumors than in those with n-TN tumors (adjusted
p<0.0001; Figures 2b, c). Considering the different subtypes of
TNBCs, we observed that basal tumors had higher mean levels of
FZD9 expression (Figure 2d).

In addition, we observed significant associations between FZD9’s low
and high expression categories and the tumor status (TN vs n-TN;

p<0.0001), tumor grade (p<0.0001), and also regarding the TN
subtypes identified in the analyzed cohort (p<0.0001; Table 1).

In the analysis conducted on bcGenExMiner, we identified significant
mean differences in a larger cohort, which confirmed our conclusions
displayed in Table 1 (Table 2). In addition, we identified mean high
levels of FZD9 expression in patients with p53 mutations (p<0.0001),
grade 3 of the Scarff-Bloom-Richardson (SBR) classification
(p<0.0001), and also in Nottingham Prognostic Index (p<0.0001).
Patients with basal-like status, TN status, and the combination of TN
and basal-like status exhibited a mean high expression level of FZD9
(p<0.0001) (Table 2).

FZD9Y expression analysis

An analysis of the expression pattern of FZD9 in breast tumors was
conducted on the bc-GenExMiner portal, and significant mean
differences were noted regarding hormone receptors (p<0.0001) and

HER2 (p<0.0001) (Figures 3a-c).

Important mean differences were recorded on the be-GenExMiner.
The mean FZD9 expression pattern was significantly higher in basal
tumors than in other subtypes as per the PAM50 classification (Figure
3d). In relation to the histopathological characteristics, invasive ductal
carcinoma presented with a high mean expression of FZD9 (Figure
3e). Finally, women with p53 mutation (Figure 3f) and those aged <51
years (Figure 3g) also showed higher FZD9 expression.
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Figure 2. a) Volcano plot containing the probes identified in the microarray data set. FZD9 was selected for in silico validation because it had
the top adjusted p-value and factual characteristics; b) Representative image indicating the levels of FZD9 expression across breast tumors
samples; ¢) The FZD9 expression in triple and non-triple negative patients; d) The FZD9 expression in different subtypes of triple negative

breast cancer samples

TN: Triple negative; n-TN: Non-triple negative; BLIA: Basal-like Immune-activated; BLIS: Basal-like Immune-suppressed; LAR: Luminal androgen receptor; MES:
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Table 1. Clinical-pathological characteristics of patients with triple negative and non-triple negative breast
cancer derived from the GEO database GSE76275, and association with FZD9 expression

High Low
Parameters p-value
n % n %

Age
<40 17 13.4 12 9.3
>40 <70 93 73.2 99 76.7 0.588
>70 17 13.4 18 14.0
Race
Asian 2 1.6 1 0.8
Asian/Pacific islander 4 3.1 0 0.0 0.051
Caucasian 122 95.3 132 99.2
Menopausal 6 5.5 15 13.0
Post 64 58.2 67 58.3 0.106
Pre 40 36.4 33 28.7
Histology
Adenocarcinoma/carcinoma 2 1.5 5 7.6
IDC 127 96.2 61 92.4

0.107
ILC 1 0.8 0 0.0
Other breast cancer 2 1.5 0 0.0
Stage
| 14 15.6 4 4.5
] 46 51.1 56 62.9

0.055
1} 29 32.2 28 31.5
[\ 1 1.1 1 1.1
TN status
not TN 0 0.0 67 50.4

<0.0001
TN 132 100.0 66 49.6
Tumor grade
Moderately differentiated 28 24.8 51 52.0
Poorly differentiated 84 74.3 43 439 <0.0001
Well differentiated 1 0.9 4 4.1
Tumor size
<2cm 27 20.9 8 12.1
>5cm 6 4.7 6 9.1

0.154
2-5cm 92 71.3 47 71.2
Any size with direct extension 4 3.1 5 7.6
TN subtype
Basal-like immune-activated (BLIA) 44 333 10 15.2
Basal-like immune-suppressed (BLIS) 46 34.8 14 21.2

<0.0001
Luminal-AR (LAR) 12 9.1 25 37.9
Mesenchymal (MES) 30 22.7 17 25.8

IDC: Invasive ductal carcinoma; ILC: Invasive lobular carcinoma; TN: Triple negative; n: Number; AR: Androgen receptor
High or low expression was classified according to FZD9 median value. y? or Fisher’s Exact test was applied. *significant p-value
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Table 2. Relationship between FZD9 expression and clinical parameters of breast cancer patients using the
bc-GenExMiner database

Variables Patient number FZD9 RNA seq p-value* Patient number FZD9 microarray p-value*
Age
<40 239 - 797 -
>40 <70 2,851 Decreased <0.0001 5,292 Decreased
<0.0001

>70 1,217 Decreased 1,417 Decreased
ER
Negative 551 Increased 2,249 Increased

<0.0001 <0.0001
Positive 3,911 - 6,310 -
PR
Negative 828 Increased 1,427 Increased

<0.0001 <0.0001
Positive 3,498 - 1,994 -
HER2
Negative 3,582 Increased 2,387 -

<0.0001 0.0955
Positive 661 - 436 -
P53 status
wild type 699 - 1,328 -

<0.0001 <0.0001
Mutated 328 Increased 652 Increased

Nodal status

Negative 2,415 Increased 4,431 -
0.0105 0.2060
Positive 1,646 - 3,458 -
SBR
1 544 - 889 _
2 1,699 Decreased <0.0001 2,926 Decreased <0.0001
3 1,374 Increased 2,933 Increased
NPI
1 1,173 - 1,234 .
2 1,525 Increased <0.0001 2,119 Increased <0.0001
3 416 Increased 675 Increased

Basal-like status

Non basal-like 3,836 - 7,231 -
<0.0001 <0.0001
Basal-like 832 Increased 1,870 Increased

Triple-negative status
Non triple-negative 4,119 - 6,590 =

<0.0001 <0.0001
Triple-negative 317 Increased 572 Increased

Triple-negative and basal-like status

Not basal-like and 3,689 ) 5,811 i

not TNBC <0.0001 | g <0.0001
ncrease

Basal-like and TNBC 267 Increased 406

SBR: Scarff-Bloom-Richardson; NPI: Nottingham Prognostic Index; TNBC: Triple-negative breast cancer; ER: Estreogen receptor; PR: Progesterone receptor;
HER2: Human epidermal growth factor receptor-2 *Statistical significance was determined by the Welch's test. SBR | NPI: p-value refers to the group and
the level of higher expression is reported in relation to level 1

Expression of FZD9 in basal tumors, TNBCs, and survival FZD9 expression in basal tumors and in those classified as TN, which

Based on information obtained from Prognoscan, we identified 5 suggested that both the tumors presented with higher mean mRNA
cohorts showing an association between FZD9 and worse prognosis  levels (Figures 4b, c). Using the online tool KM Plotter, we identified

(Figure 4a). Similar patterns were observed when evaluating the  a significant difference in the survival between high and lower levels



of FZD9. Patients with high levels of FDZ9 showed poor prognosis
(Figures 4d, e), this difference was more pronounced in the basal

tumor group (Figures 4f, g).

Mutational profile and co-expression analysis

We observed an 8% frequency of alterations in FZD9 using RNA-
seq data from the Firehose-cBioPortal databank (Figure 5a). In the
same bank, we conducted a correlation analysis, and a total of 20,186
transcripts were identified with multiple Pearson’s Correlation values
and q-value (adjusted p-value). The 6 genes with the highest adjusted
p-values and Spearman’s correlation are highlighted in Figure 5b.
Under significant correlations, FZD9 and the top 6 genes showed a
methylation pattern that was directly proportional to the expression
profile, considering the categories TN and n-TN (Figure 5¢), which
suggests that epigenetic alterations are the main mechanism active in

TN tumors.

Figure 5d shows the correlations for patients with basal tumors. The
correlations among the variables considered were high, either positive
or negative. In particular, FDZ9 showed a high positive correlation
with RGMA, YBX1, and HAPLNS and a high negative correlation
with FOXAI, XEPI, and ESR1 (Figure 5d). The correlations for
TNBC patients are shown in Figure 5e. The correlations were highly
positive between FOXAT and XEP1 and highly negative with XEP1.

The following analysis revealed that basal tumors and/or TN tumors
have an expression pattern distinct from those of the other tumor
subtypes. After classifying tumors as TN and n-TN based on the
immunohistochemical data about the hormone receptors and HER2,
an analysis revealed high mean expression of FZD9 in the group of
patients with TN tumors (Figure 6a). With reference to the PAMS50
classification, we observed higher FZD9 mean expression levels in basal
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tumors (Figure 6b). The methylation pattern in the basal tumors and
the PAM50 classification corroborates coherently with the expression
levels of FZD9 in these tumors (Figures 6¢, d). Figure Ge depicts the
Pearson correlations between FDZ9 and Wnt variables; there was no
evidence of strong linear correlations between them.

Survival according to treatment

Considering the reports of several past studies indicating FZD9 as
a potential biomarker for the treatment response to radiotherapy
and chemotherapy, we conducted a survival analysis using the KM
Plotter while considering only those patients who were treated with
chemotherapy (20). We found that both the RFS (Figures 7a, b)
and OS (Figures 7c, d) exhibited a significant worse prognosis in the
group of patients with high FZD?9 levels, which is even more striking
for basal tumors. There was a significant difference in the median
FZD9Y expression levels between TNBC patients with no response
to chemotherapy treatment when compared to those who responded
(Figure 7¢). In agreement with this result, the analysis to classify
patients between respondent and non-respondent groups based on the
RES at 5 years showed a subtle significant association, as evidenced by
the outcomes of the area under the curve (AUC), True Positive Rate,
and lower False Positive Rate (FPR) (Figure 7f). In addition, we found
a significant evidence supporting an association between the variables
FDZ9 and tumor recurrence (see Figure 7g).

Discussion and Conclusion

TNBC has gained visibility since it has a poor prognosis and lacks
molecular targets for the development of effective therapies. Wnt
signaling has been associated with worse prognosis and reduced OS in
these tumor types, which was proved by the high levels of B-catenin
expression (21, 22).
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The FZD family of receptors is the main mediator of Wnt signaling
and consists of 10 members in humans (FZD1-FZD10), some of
which have been proposed to be overexpressed in several tumor tissues

(23, 24).

FZD9Y functions as a molecular transmembrane signaling receptor,
which has a G protein-coupled receptor activity and functions in
relation to Wnt-protein binding and protein homodimerization (25,
26). FZD9 and other FZD family members can be potentially used in
new therapeutic strategies such as antibody-based ones and interfering
molecule inhibitors, among many others (27). Herein, we found that
FZD9 is differentially expressed with a highly significantly adjusted
p-value in a cohort of 198 patients with TNBC compared to 67
patients with n-TNBC. In addition, we noted significant associations
between the high expression of FZD9 with the clinical pathological
characteristics, such as worse survival and prognosis, in patients treated
with chemotherapy.

FZD9Y dysregulation has already been associated with several tumors.
In a study, it was found to be downregulated in lung cancer cell lines
in contrast to that in gastric cancer cell lines and osteosarcoma samples
(28), wherein an upregulation was observed (12, 29). Benhaj et al. (30)
demonstrated a redundancy in the expression of ligands, receptors, co-
receptors, and transcription factors of the Wnt pathway, including

FZD9, in six different BC cell lines.

The FZD9 expression was increased in colorectal cancer tissues than
in normal tissues and expressed in hepatocellular carcinoma (HCC)
cell line, but absent in normal fetal and adult liver tissues (31, 32).
Elsewhere, FZD9 knockdown reduced the cyclin D1 levels, migration,
and cell proliferation in HCC cells (32). In contrast, non-small cell
lung cancer cells with ectopic expression of Wnt7a/Fzd9 showed an
increase in the PPARy activity and inhibited the transformation of
growth suggesting an anti-tumorigenic effect (33).

Through immunohistochemistry, Wang etal. (29) observed high c-Fos,
Wnt2 and FZD9 staining in patients with initial stage osteosarcoma
and an even higher increase in the expressions of these proteins in
more advanced tumors. The overexpression of c-Fos, Wnt2, and
Fzd9 in the MG63 cell line compared to that in the normal cell line
hFOB1.19 was observed in in vitro models, and the knockdown with
iRNA against c-Fos resulted in the inhibition of migration, invasion,
and proliferation, which promoted an increase in the MG63 cells. In
addition, c-Fos knockdown reduced the Wnt2 and FZD9 expression.
However, the hypothesis of direct interaction of c-Fos with Wnt2
and Fzd9 was disregarded after conducting an immunoprecipitation
assay (29). In our study, we noted a low negative correlation between
FZD9 and Wnt2, which suggested that Wnt2 may not be the main
mechanism of activation of Fzd9 in TNBC.

As reported by Karasawa et al. (34), the increase in the rat version
of Fzd9, Rfz9, can recruit Dvl-1 and Axin, thus inducing the
accumulation of cytoplasmic f-catenin, which results in TCF
transcription activity. In the same study, the authors identified that
Wnt2 alone can induce an increase in the B-catenin levels, although
its activity in the nucleus remains without significant changes. On the
other hand, the co-transfection of both Rfz9 and Wnt2 leads to an
increase in the concentration of 3-catenin, which also sharply increases
the TCF transcriptional activity (34). Therefore, we can speculate that
Fzd9 in TNBC patients may act independently from Wnt2. However,
an in vitro study is needed to confirm this hypothesis in the future.

Wellenstein et al. (35) suggests that tumors harboring mutations or loss
in p53 exhibit an increase in the Fzd9 expression, which predisposes
to metastasis by a mechanism involving Wnt signaling and systemic
inflammation. In addition to corroborating with our data that
suggests association of the p53 mutational status with increased Fzd9
expression, the authors suggested that Fzd9 is one of the receptors of
the Wnt pathway that can initiate a crosstalk between tumor cells and
immune cells present in the tumor environment.

Cho et al. (20) analyzed a cohort of 184 patients with rectal cancer and
divided them in two groups: good and poor responders. Initially, they
used a group of patients labeled as training set and analyzed the genes
that were differentially expressed in both the good and poor responder
groups. This approach created a multigenic panel composed of eight
genes, including FZD9, which were related to proliferation, cell cycle,
tumor progression and development, and response to radiotherapy.
Among the responders, low levels of FZD9 were observed (20).
Herein, not only were high levels of FZD9 associated with worse OS
and RES but also with worse survival when stratifying for patients
receiving chemotherapy. In agreement with Cho et al.’s (20) finding,
we also noted that low levels of FZD9 are associated with a positive
drug response. In addition, the ROC analysis of FZD9 revealed an
AUC value that was extremely similar to HER2 (0.629), which is a
classical well-established predictive biomarker in BC (19). Taken
together with the findings of Cho et al. (20) and Fekete and Gydrffy
(19), our data indicate that FZD9 can play an important role in the
mechanism of drug resistance.

Zhang et al. (36) evaluated a cohort of 35 adult patients with cerebral
cancer in addition to 10 normal individuals. Immunohistochemistry
staining revealed a crescent level according to the histological tumor
levels, among which grade IV showed the highest staining for FZD9.
In addition, a positive correlation with the proliferation marker Ki67
was recorded (36). Similar to their findings, we observed an increase
in the FZD9 mRNA levels in grade III patients, although this increase
was not progressive, such as the ones reported by the investigators.

Taking together with other studies, our data strongly suggests that
FZD9 is a promising biomarker and a therapeutic target for patients
with TNBC, which can aid in the identification of tumor grades
and prognosis. Collectively, our analysis was highly efficient for the
screening of candidate genes and laid strong foundations for further
in vitro and in vivo studies, which are necessary to consolidate these
findings and apply them in the context of translational medicine.

It is important to highlight that in silico and data mining analysis can
have considerable limitations. For instance, some platforms do not
allow free access or manipulation and often have small cohorts, such as
the TNBC patients categorized in the groups of responders and non-
responders to chemotherapy and the protein expression databases to
confirm the relationship between mRNA and translated protein levels.
This aspect often leads to not very robust results. Nonetheless, these
analyses are highly efficient for the screening of candidate genes and
for the further application of more complex approaches such as in vitro
and in vivo assays.
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