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Abstract: Breast cancer is a heterogeneous disease with distinct clinical and molecular characteristics.
Scientific advances in molecular subtype differentiation support the understanding of cellular signal-
ing, crosstalk, proliferation, survival, migration, and invasion mechanisms, allowing the development
of new molecular drug targets. The breast cancer subtype with super expression and/or amplification
of human growth factor receptor 2 (HER2) is clinically aggressive, but prognosis significantly shifted
with the advent of anti-HER2 targeted therapy. Zoledronic-acid (ZOL) combined with a neoadju-
vant Trastuzumab-containing chemotherapy regimen (Doxorubicin, Cyclophosphamide followed
by Docetaxel, Trastuzumab) increased the pCR rate in a RH-positive/ HER2-positive subgroup,
according to the phase II Zo-NAnTax trial. To verify genes that could be related to this response, a
microarray assay was performed finding 164 differentially expressed genes. Silico analysis of these
genes showed signaling pathways related to growth factors, apoptosis, invasion, and metabolism, as
well as differentially expressed genes related to estrogen response. In addition, the RAC3 gene was
found to interact with the MVD gene, a member of the mevalonate pathway. Taken together, these
results indicate that RH-positive/ HER2-positive patients present gene alterations before treatment,
and these could be related to the improvement of pCR.
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1. Introduction

Breast cancer exhibits heterogeneous clinical behavior and treatment response, par-
tially due to distinct molecular characteristics. Around 25% of breast cancer harbors
amplification or super expression of human epidermal growth factor receptor 2 (HER2), a
core driver for cellular growth, and about 50% of these cases concurrently express hormone
receptors (HR). Regardless of hormonal receptor (HR) status, those tumors are associated
with worse survival outcomes and intracranial recurrence [1-3].

Trastuzumab is a humanized monoclonal antibody that significantly improves out-
comes of HER2-positive tumors either alone or in combination with chemotherapy [4,5].
Multiple antitumor mechanisms are attributed to Trastuzumab, including deregulation of
HER?2 expression, inducing internalization, and degradation of the receptor. By binding to
domain IV of the HER?, it inhibits homodimerization and blocks pathways PI3K/Akt/mTOR
and Ras/Raf/MAPK, also inhibiting angiogenesis, proliferation, and metastasis [6].

Despite the significant benefits induced by Trastuzumab, treatment failures are still
frequent, either by reactivation of the HER2 pathway, activation of compensatory pathways,
or redundancy of alternative survival pathways [7]. Therefore, subsequent drugs were de-
veloped such as Pertuzumab, another monoclonal antibody that binds in a different domain
of HER2, and which is an added benefit when combined with Trastuzumab-containing
regimens. The tyrosine kinase inhibitors (Lapatinib, Neratinib, and Tucatinib) and antibody-
drug conjugates (Ado-Trastuzumab Emtansine, Fam-Trastuzumab, Deruxtecan-nxki, and
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Margetuximab-cmkb) [8] have also emerged as having a meaningful effect but with a
significant increase in cost and in some cases life-threatening toxicity.

Neoadjuvant studies are crucial to breast cancer research. They provide an opportunity
to evaluate tumors sample before and after treatment and are an outstanding platform
for identifying new biomarkers, predictors of response, mechanisms of drug resistance,
developments of investigational drugs, triaging of novel combinations, and drug reposi-
tioning. This approach is mainly considered in-clinic for triple-negative and HER2-positive
breast cancer subtypes, where pathological complete response (pCR) is a good surrogate of
survival benefit [9].

Several neoadjuvant studies associating chemotherapy with single or dual HER2
blockade showed a significant increase in the pCR rate of all populations studied. However,
when they were evaluated according to HR positivity, there was a significantly lower pCR
rate for HR-positive tumors compared to HR-negatives, as can be seen in Table 1. These
results demonstrate the need for a greater understanding of this tumor subtype. While there
has been increased benefit with the new therapies, several unmet needs remain, such as the
establishment of biomarkers that would allow the de-escalation of anti-HER? treatment
and/or chemotherapy [10,11], the determination of which other pathways could be concur-
rently or sequentially blocked to circumvent resistance, and the role of repurposing drugs.

Table 1. Pathological complete response rates in HER2-positive breast cancer clinical trials according
to hormone receptor expression.

Overall re .
Trials Neoadjuvant Regimen HR-PosmY)e PCR Rate HR-Negatlre PCR
pPCR Rate (%) (%) Rate (%)

DocTP 39.3& 26.0T 6327

NEOSPHERE [12] DocT 215%& 2007 36.8T

Randomized/phase I TP 112 & 59T 273t

DocP 17.7& 1741 3007

NEOALTTO [13] Pac* LT 468 % 4167 6137

Randomized / Pac*T 276 & 22771 3657

phase III Pac*L 20.0 & 16171 33.71

TRYPHAENA [14] FECTP—DocTP 61.6T 41171 7357

Randomized / FEC—DocTP 57371 4571 62571

phase IT DocCarbTP 6621 4757 811t

CALGB 40601 [15] Pac*LT 52.0 & 410%& 68.0 &

Ranzomized / Pac*T 440% 39.0& 50.0 &

phase IIT Pac* L 27.0& 26.0& 30.0&
TECHNOS [16]

Single arm/ EC—Pac** T 387 & 354 & 423%&

phase II

Carb, carboplatin; Doc, docetaxel; EC, epirubicin/cyclophosphamide; FEC, fluorouracil/epirubicin/
cyclophosphamide; L, lapatinib; P, pertuzumab; Pac, paclitaxel; pCR, pathological complete response;
Trastuzumab; * Weekly paclitaxel; ** Paclitaxel every 3 weeks; T pCR only in breast (ypT0/ypTis); € pCR
in breast and axilla (ypT0/ypTis ypNO). Adapted from [17]: Ther. Adv. Med. Oncol. 2019, 11, 1758835919853971.

The mevalonate biosynthetic pathway (MVA) regulates cholesterol production and
participates in post-translational modifications of Rho-GTPases, which are isoprenylated
metabolites, essential for tumor cell growth and progression. Inhibition of the MVA
pathway can reduce the isoprenylation of these small GTPases and induce cell death [18].
However, the complexity of this pathway is notable, and how lipid metabolism relates
to tumor development and progression, as well as the best way to target it, is currently
under investigation [19].

Bisphosphonates inhibit mevalonate metabolism [20]. In pre-clinical studies, zole-
dronic acid (ZOL), a third-generation bisphosphonate, has inhibited tumor cell proliferation,
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induced apoptosis, inhibited angiogenesis, reduced cell invasion and migration, activated
specific antitumor cellular immune responses, and induced synergistic/additive antitumor
effect with anthracycline and paclitaxel [21].

In the phase II Zo-NAnTax trial [17], we assessed the benefit in pCR in HER2-positive
breast cancer by adding zoledronic acid (ZOL) to a neoadjuvant treatment regimen based
on anthracycline + cyclophosphamide followed docetaxel + trastuzumab. Unlike previous
studies (Table 1), we observed a meaningful increase in the pCR rate in the RH-positive
subgroup (40%), which reached levels comparable to the RH-negative subgroup (44%).

In this article, we report the molecular signatures of differentially expressed genes
(DEGs) from HR-positive/HER2-positive tumors of patients who achieved pCR versus
those who did not, investigating their gene-to-gene interactions. We investigated their
involvement in biological processes and signaling pathways, aiming to understand the
mechanism of associating ZOL in increasing pCR in HR and HER2-positive breast cancer.

2. Results
2.1. Clinical Results

The Zo-NAnTax trial [17] achieved its primary endpoint by showing a pathological
complete response (pCR) rate (42%) across the entire patient population. Secondarily,
there was a similar pathological response rate in the hormone receptor (HR)-positive
(40%) subgroup as compared to the negative HR (44%) subgroup, unlike the results in the
literature. Here, we report the gene expression analysis of 16 patients randomly selected
from the subgroup of RH-positive/HER2-positive patients from the Zo-NAnTax trial to
identify molecular differences that could justify this improvement in pCR.

The baseline characteristics of these patients and their tumors are described in Table 2.
Sixteen patients with estrogen-receptor (ER) and/or progesterone-receptor (PgR)-positive
disease. The median age was 56.0 (26.0-74.0) years and the tumors were large, with a
median size of 57 mm. A total of 10 patients (62.5%) were postmenopausal. Most patients
had stage IIB (37.5%) cancer, tumor grade 2 (62.5%). A total of four patients (25%) had a
family history of breast/ovarian cancer. TILs were present in 10 patients (62.5%). Most
patients had KI67 > 20% (84%) and 11 patients (64%) had p53 > 10.

Table 2. Patient and tumor characteristics at baseline.

Characteristics HR-Positive
N (%) (n=16)
Age, mean (range), y 56 (26-74)
Menopausal Status, N (%)
Premenopausal 6 (37.5)
Postmenopausal 10 (62.5)
Family History of Cancer, N (%)
Breast/ovarian cancer 4 (25)
Any other type of cancer 6 (37.5)
No family history 6 (37.5)
T size, (range), mm 57 (30-90)
AJCC stage *, N (%)
IIA 4 (25)
1B 6 (37.5)
1A 2 (12.5)
1I1B 4 (25)
Histology, N, (%)
Invasive ductal 16 (100)

Histologic grade ¥, N (%)
2 10 (62.5)
3 6 (37.5)
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Table 2. Cont.

Characteristics HR-Positive
HER2, N (%)
HER2 3 + (IHQ) 12 (75)
HER?2 2 + (FISH positive) 4 (25)
TILs, N (%)
Presence 10 (62.5)
Absence 6 (37.5)
Ki67 8, N (%)
<20 1(6)
>20 15 (84)
p53 S, N (%)
<10 5 (31)
>10 11 (69)
Not performed 0(0)

HR, hormone receptor; FISH, fluorescence in situ hybridization; HER2, human epidermal growth factor receptor
2; IHC, immunohistochemistry; TILs, Tumor-infiltrating lymphocytes; T, tumor. * TNM classification according to
the International Union Against Cancer. * Grading according to Bloom-Richardson. § Immunohistochemistry
was performed according to international guidelines.

All 16 (100%) patients had a breast operation performed. pCR (RCB 0) was achieved
in seven patients (44%). Fourteen patients (87.5%) were alive at five years and without
disease recurrence (Table 3).

Table 3. Patient outcomes after neoadjuvant treatment.

Characteristics HR-Positive
N (%) (n=16)
RCB, N (%)
RCBO 7 (44)
RCBI 2 (12.5)
RCBII 5 (31)
RCB III 2 (12.5)
Alive at 5 years, N (%)
Yes 14 (87.5)
No 2 (12.5)

RCB, Residual Cancer Burden.

2.2. Microarray Analysis Revealed Differentially Expressed Genes at Diagnosis Related to Response

To verify if HR-positive/HER2-positive patients could present, before treatment,
differentially expressed genes that could be related to the response, we performed the
global gene expression pattern from HR-positive/HER2-positive patients that had pCR. We
compared this with the global gene expression pattern from HR-positive/HER2-positive
patients who achieved versus those who did not achieve pCR, using microarray assay.

In the transcriptomic analysis, we used seven biopsy samples without any treatment
from HR-positive/HER2-positive patients that had pCR and compared these with nine
biopsy samples without any treatment from HR-positive/HER2-positive patients who did
not achieve pCR. For this, the total RNA that was obtained from each previously frozen
biopsy was processed and hybridized to Human Gene Expression v2 4 x 44K microarrays
according to the manufacturer’s protocols. Using a >2-fold change and p < 0.05 as a
cut-off to define overexpression or downregulation, 164 genes (Supplementary Table S1)
were found to be differentially expressed in HR-positive/HER2-positive patients who
achieved pCR in comparison with those who did not achieve this response. Among these
164 differentially expressed genes, 86 were upregulated and 78 were downregulated.
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2.3. Differentially Expressed Genes Indicate Growth Factors and Metabolism Signaling as Those
Pathways Related to Zo-NAnTax Response

In order to identify signaling pathways that could be related to differentially expressed
genes found in HR-positive/ HER2-positive patients who achieve pCR in comparison
with those who do not, we performed an in silico analysis using Webgestalt software,
the “WEB-based GEne SeT AnaLysis Toolkit” (http://www.webgestalt.org/ (accessed on
24 August 2022)). WebGestalt is a free web-tool that helps to interpret high-throughput
experiments through a gene set enrichment analysis tool that enables the use of differ-
ent databases to extract different biological insights from a given gene list. When we
used Panther, Wikipathway, and KEGG databases we found that different pathways were
enriched depending on the database used, which is a very insightful way to visualize
how our differentially expressed genes can interplay and impact relevant biological path-
ways. The Panther database showed signaling pathways related to growth factors such
as VEGF and PDGEF, signaling pathways involving important regulatory genes such as:
SHC Adaptor Protein 2 (SHC2), a member of the Src homology and collagen (SHC) family,
which are essential elements in signaling cascades; RAS-like Estrogen Regulated Growth
Inhibitor (RERG); Rac family small GTPase 3 (RAC3), a GTPase which belongs to the
RAS superfamily of small GTP-binding proteins. SHC2 presented upregulated and RAC3
downregulated. In this analysis we also identified P53 and ubiquitin proteasome path-
ways presenting differentially expressed genes: P53 targeted genes such as p53 apoptosis
effector related to PMP-22 (PERP) and Cluster of differentiation 82 (CD82), a metastasis
suppressor gene, presented upregulated. We also observed that, interestingly, Wikipathway
and KEGG databases showed mainly pathways related to metabolism associated with
the antioxidant response and detoxification of xenobiotics (NRF2 pathway, Arachidonate
Epoxygenase/Epoxide Hydrolase, and metabolism of xenobiotics by cytochrome P450),
which are intimately related to the other pathways identified relating to drug metabolism
(Table 4 and Supplementary Figures S1-56). We identified that some genes known for
their function in detoxification activity and the metabolism of endogenous and exogenous
toxic compounds connect those pathways, such as the downregulated genes Glutathione
S-Transferase Pi 1 (GSTP1), Gamma-Glutamyltransferase Light Chain 1 (GGTLC1), the
Carbonyl Reductase 3 (CBR3), and the upregulated genes, such as Cytochrome P450 Family
2 Subfamily B Member 6 (CYP2B6) and Glutathione S-Transferase Theta 1 (GSTT1).

Table 4. Signaling pathways related to the genes differentially expressed associated with response.

Signaling Pathways Databank Overexpressed Genes Downregulated Genes
VEGEF signaling pathway Panther SHC2 RAC3
p53 pathway Panther CD82-PERP
PDGF pathway Panther SHC2 RERG
Ubiquitin proteasome pathway Panther UBE2C
Arachidonate Epoxygenase/Epoxide Hydrolase =~ Wikipathway GSTP1
Gamma-Glutamy]l cycle for the biosynthesis and I
degradation of glutathione, including diseases Wikipathway GGILCL
NRF2 pathway Wikipathway CBR3-FGF13-GGTLC1-GSTP1-SLC2A9
Nuclear receptors Meta-Pathway Wikipathway CBR3-FGF13-GGTLC1-GSTP1-SLC2A9-TNS4 CYP2B6
Metabolism of xenobiotics by cytochrome P450 KEGG ALDH1A3-CBR3-GSTP1 CYP2B6-GSTT1
Drug metabolism KEGG ALDHI1A3-GSTP1 CYP2B6-GSTT1
Drug metabolism 1 KEGG GSTP1 GSTT1-NAT1

2.4. SLC9ARTI Is Highlighted as a Possible Candidate in HR-Positive/HER2-Positive
Patient Outcome

We also performed an in silico analysis using the website tool Enrichr to search terms
in the Molecular Signatures Database gene-set library (MSigDB), a free database of collec-
tions of different gene sets, where we used the MsigDB Hallmark 2020 collection. This
database collection comprises annotated gene sets representing specific, well-defined bio-
logical states or processes displaying coherent expression. These gene sets were generated
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by a computational methodology based on identifying overlaps between gene sets in
other MSigDB collections and retaining genes that display coordinate expression. In this
analysis, it was interesting to observe that two of the main processes related to response
were “Estrogen Response Early” and “Estrogen Response Late” and most of the differen-
tially expressed genes related to both estrogen responses showed decreased expression
(13 of 14 genes) (Figure 1).

MSigDB Hallmark 2020
A Estrogen Response Early *1.34x 103

Estrogen Response Late *1.34x103
KRAS Signaling Up *1.34x 103

UV Response Up *1.95x 1073
Inflammatory Response *6.20 x 103
p53 Pathway 2.47 x 10
Spermatogenesis 2.52 x 102
Hedgehog Signaling 3.51x 102
Apical Surface 5.05x 102

Mitotic Spindle 8.15x 10?2

0 1 2 3
—logio(p-value)

Top significant p-values and g-values for MSigDB Hallmark 2020

Term p-value g-value overlap_genes
Estrogen Response Early 0.001336 0.015585 [OLFM1, SLC9A3R1, ABCA3, P2RY2, GREB1, MYBL1, IL17RB]
Estrogen Response Late 0.001336 0.015585 [OLFM1, SLC9A3R1, SERPINA3, CA2, PERP, ABCAS3, IL17RB]
KRAS Signaling Up 0.001336 0.015585 [SERPINA3, ALDH1A3, SLPI, KIF5C, CA2, IL7R, KCNN4]
UV Response Up 0.001954 0.017100 [CDKN1C, OLFM1, NAT1, CA2, GGH, TUBA4A]
Inflammatory Response 0.006203 0.043423 [CD82, IRAK2, P2RY2, SLC1A2, KIF1B, IL7R]
p53 Pathway 0.024705 0.126037 [CD82, PERP, KIF13B, FGF13, CDK5R1]
Spermatogenesis 0.025207  0.126037 [SLC12A2, ARL4A, LPIN1, MLF1]
Hedgehog Signaling 0.035094 0.153535 [ADGRG1, CDK5R1]

Figure 1. MSigDB Hallmark 2020 analysis. (A) Bar chart of top enriched terms from the MSigDB
Hallmark 2020 gene set library. The top 10 enriched terms for the input gene set are displayed based
on the —log10 (p-value), with the actual p-value shown next to each term. The term at the top has
the most significant overlap with the input query gene set. The asterisk (*) indicates a significant
adjusted p-value (<0.05). The adjusted p-value is computed using Benjamini-Hochberg method for
correction for multiple hypothesis testing (B) Table displaying the names, p-values, and g-values of
significant terms and the genes from the input that were found to be associated with that term. The
g-value is an adjusted p-value calculated using the Benjamini-Hochberg method of correction for
multiple hypothesis testing. Only the top significant results are displayed.

As these processes are relevant to the investigation of breast cancer from a targeting
perspective, the 14 DEGs identified in these processes may be somehow related to estrogen
response. Thus, we analyzed the proteins coded by those genes through a protein-protein
interaction network in the STRING software. Since the relationship of those proteins with
the estrogen response in our sample is unknown, we included in the analyses our 14 query
proteins, and we enabled the first shell of interactors with a maximum of 20 non-query
proteins (from the software database) to find the main proteins related to our protein set.
As shown in Figure 2, we divided the genes presented in “Estrogen Response Early” and
“Estrogen Response Late” in two STRING analyses using strong interaction data (curated
databases, experimental determination, gene neighborhood, gene fusions, text mining,
co-expression, protein homology, gene co-occurrence) in the software as evaluation criteria.
All colored genes are directly or indirectly related to the estrogen pathway. Intriguingly,
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the SLCIABR1 protein was downregulated in HR-positive/ HER2-positive patients who
achieved pCR, shown as a key hub in both STRING analyses, suggesting a role of this gene
in inducing treatment resistance in this subset of tumors.

Figure 2. Network of interactions among the differentially expressed genes related to (A) “Estrogen
Response Early” and (B) “Estrogen Response Late” by STRING software. The colored balls repre-
sent proteins related to the estrogen pathway. Downregulated genes are marked with blue circles.
Associations were visualized with a medium confidence cutoff (0.400).

To identify the proteins that interact with SLC9A3R1 we performed a STRING analysis
using the same criteria that we used before. As seen in Figure 3, SLC9A3R1 interacts with
several proteins related to the estrogen pathway and tumorigenesis, including EGFR, PTEN,
PDGFR, B-catenin, and ezrin.

PDGFRB

Figure 3. Network of interactions among SLC9A3R1 proteins by STRING software. The colored balls
represent proteins related to the estrogen pathway. Associations were visualized with a medium
confidence cutoff (0.400).
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2.5. RAC3 Gene Links Growth Factor Signaling with Mevalonate Pathway

The Zo-NAnTax clinical trial evaluated the association of zoledronic acid (ZOL),
chemotherapy, and HER?2 target therapy [17]. As is already known, ZOL blocks the
mevalonate pathway and could interact with the HER2 pathway. Therefore, it would
be interesting to assess whether there is any relation among the differentially expressed
genes found in HR-positive/HER2-positive patients that obtained complete responses
with the mevalonate pathway. For this, we selected the differentially expressed genes
in the pathways obtained in Webgestalt and put them together with mevalonate-related
genes in a STRING analysis. As can be seen in Figure 4, the RAC3 gene (decreased in
HR-positive/HER2-positive patients who achieved pCR) interacts with the MVD gene
from the mevalonate pathway.

CYP2B6

ALDH1A3

Figure 4. Network of interactions among mevalonate pathways and differentially expressed genes
presented in the pathways obtained in Webgestalt by STRING software. Associations were visualized
with a medium confidence cutoff (0.400).
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3. Discussion

The Zo-NAnTax was the first clinical trial to prospectively assess the in vivo benefit of
ZOL in a neoadjuvant treatment setting combined with chemotherapy and HER2-targeted
therapy for HER2-positive breast cancer. This study achieved its primary objective of
therapeutic efficacy, with an overall pCR rate of 42%. However, different from the literature
studies, our results showed that pCR rates according to HR status were similar between
HR-positive and negative subgroups (40% versus 44%, respectively) [17].

Around 60% of HER2 positive breast cancer also expresses hormonal receptor (HR)
positivity. When both ER and HER2 pathways are activated, there is a bi-directional
cross-talk where blocking one might induce super activation of the other [22].

The estrogen pathway mediates biological effects, including signal transcription and
transduction, by ER-dependent or -independent stimulus. When a ligand binds to an
ER, a cascade of transcription gene activation is initiated, resulting in proliferation and
survival, inhibition of anti-proliferation, or pro-apoptosis. Beyond that, it can regulate
gene expression without directly binding to the DNA, modulating the function of other
transcriptional factor classes by interactions among proteins at the cellular nucleus [23].

Considering the bi-directional crosstalk between HER2 and ER pathways, the signaling
by different growth factor receptor-dependent kinases downstream phosphorylates several
ER cofactors, including the ER itself [24].

This potentiates ER genomic signaling activity in gene transcription independent of the
presence of ligand or selective ER modulators. In consequence, this can directly or indirectly ac-
tivate the epidermal growth factor receptor (EGFR), HER?2, and insulin-like growth factor re-
ceptor 1 (IGFR1), leading to a cascade of activations downstream of the RAS/MEK/protein
pathway mitogen-activated kinases (MAPK) and PI3K/AKT/mTOR [25].

Wang et al. [26] showed that resistant cells reactivated the HER pathway as a resis-
tance mechanism after trastuzumab treatment; however, dual-blockade (Lapatinib and
Trastuzumab) resistance required the activation of an alternative pathway of escape. As
seen in four of the five ER-positive/ HER2-positive cell lines, the ER and its downstream
products increased, demonstrating a reactivation of ER expression and signaling.

The survival benefit gained in achieving pCR for triple-negative and HER2-positive tu-
mors is unquestionable, especially in the HER2-enriched subgroup [9]. However, for the HR-
positive/HER2-positive subgroup, the magnitude of this benefit has often been questioned.

Since pCR also plays an essential role in a long-term better outcome in the HR-
positive/ HER2-positive subgroup of BC patients [27,28], we explored the benefits of pCR
improvement in the HR-positive/HER2-positive subgroup of the Zo-NAnTax trial. There-
fore, we performed a microarray assay to verify if there would be differentially expressed
genes between patients who achieved pCR and those who did not that could predict this
increase in pathological response.

We found 164 differentially expressed genes (DEGs). In silico analysis of these genes
revealed interesting pathways in which these differentially expressed genes could be re-
lated. DEGs were significantly enriched in biological processes such as “Estrogen Response
Early”, “Estrogen Response Late”, KRAS signaling up, inflammatory response, and the
p53 pathway. They are crucial processes for breast oncogenesis. In addition, studies in
RH-positive/HER2-negative cells have shown that “Estrogen Response Early” can provide
a score of genes involved in a better-targeted therapeutic response and survival gain [29]. In-
terestingly, we can observe that several genes are common to different biological processes.

Differently expressed genes of the main processes relating to either “Estrogen Response
Early” or “Estrogen Response Late” were found (Figure 1). Surprisingly, from the total of
14 genes of both estrogen responses, we found 13 genes with a reduced response. Of the
7 genes differentially expressed in “Estrogen Response Early”, it is important to highlight
the reduction in GREB1 expression. In ER-positive breast cancers, the plasma level of
estradiol and the expression of ERs are positively correlated with GREB1 expression [30,31].
An optimal level of GREB1 expression is necessary for the proliferation of breast cancer
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cells through PI3K/Akt/mTOR pathway signaling. However, the molecular function by
which GREBI regulates proliferation is unknown.

Experiments performed in GREB1 knockdown MCEF-7 cells showed that almost half
of the estrogen responsive genes were no longer differentially expressed, and the cells
were less able to form colonies [31]. This would be a mechanism that could have helped
our patients to achieve pCR since in our samples it was found to be downregulated.
Nevertheless, the involvement of GREB1 is much more complex. A more recent study
showed that when knocking down GREB], the proliferation of estrogen-dependent breast
cancer cells is rescued by the expression of Akt constitutively across the direct link between
estrogen signaling and the PI3K pathway [32].

At that time, if this escape pathway is activated, we can assume that the benefit of
zoledronic acid involves the suppression of MEK inhibitor-induced Akt activation, leading
to combined apoptosis dependent on the inhibition of geranylgeranylation [33,34].

Regarding differentially expressed genes in “Estrogen Response Late”, the increase in
PERP expression caught our attention. PERP is a component of desmosomes, multiprotein
complexes involved in cell-to-cell adhesion. It is upregulated in p53-dependent cell death
and during E2F1-induced cell death. In cells with HER?2, overexpression is involved in the
anoikis in a pathway by unknown mechanisms [35].

The PERP overexpression evidenced in our results favors an improvement in the
sensitivity of transformed cells to inhibitors of mevalonate’s pathway due to the inhibition
of downstream metabolic products. This can induce apoptosis, increasing intracellular ROS
generation and p38 activation and suppressing the activation of Akt and Erk pathways [36].

In our results, the interleukin receptor 7 (IL7R) gene was upregulated and was part of
two groups of biological processes: “KRAS signaling up” and “Inflammatory Response”.
Its signals through the JAK/STAT pathway after dimerization induce the formation of
cholesterol-enriched membrane microdomains (lipid rafts) and the approximation and
reciprocal activation of JAK1 and JAK3, followed by the phosphorylation of IL7R«’s residue,
Y449. Y449 phosphorylation also recruits and activates the PI3K/AKT pathway, which
could lead to increased therapeutic resistance [37].

However, our patients had an excellent therapeutic response, which leads us to sup-
pose that there could have been a proliferation blockage by an alternative pathway. The
mechanism of RAS activation by IL7R is unknown, but it is suggested that tyrosine phos-
phorylation on IL7R, JAK1, or JAK3 provides binding sites for adapter proteins such as Shc
and/or Grb2, which upon phosphorylation recruit SOS to the plasma membrane; this in
turn activates RAS. Thus, the inhibition of RAS prenylation would block its activation and
could help to inhibit cell proliferation of the transformed cell and induce its death, adding
to the benefits of pCR gain [37].

From the 14 DEGs identified in these processes, we analyzed the proteins encoded by
them that could predict protein-protein interactions by STRING. The results showed that
the SLC9A3R1 protein, downregulated in HR-positive/ HER2-positive tumors in patients
who achieved pCR, acts as a key hub in both STRING analyses.

SLCY9A3R1 is a protein that joins plasma membrane proteins with members of the
ezrin/moesin/radixin family and thereby helps to link them to the actin cytoskeleton and
to regulate their surface expression. It is necessary for cAMP-mediated phosphorylation,
the inhibition of SLC9A3, and could enhance WNT signaling.

SLCY9A3R1 protein expression was significantly related to an increase in undifferen-
tiated tumor cells and to poor prognosis. Lower NHERF1 levels were identified only in
ER-negative breast cancer lines. [38]. Cytoplasmic SLCI9A3R1 was significantly associated
with negative progesterone receptor (PgR) tumors and with HER2 overexpression, while
nuclear SLC9A3R1 was associated with small -sized and positive ER tumors [39].

Studies in MDA-MB-231 cells demonstrated that the interaction of SLC9A3R1 with
PTEN and BEC1 stimulates autophagy through the PTEN-PI3K-Akt signaling cascade [40].
Interestingly, in a pre-clinical study from Jaekwang et al. 2019 [41], the authors showed that
treatment with an ezrin inhibitor plus lapatinib induced apoptosis of HER2-positive cancer
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cells. Considering this pre-clinical evidence, our translational data support the crucial
role of SLC9A3R1 in HER? stability and signaling. Once in HR-positive/ HER2-positive
patients where the SLC9A3R1 gene was downregulated, the combination of trastuzumab,
chemotherapy, and zoledronic-acid—the latter affecting the mevalonate pathway—induced
higher rates of pCR.

More specifically, we evaluated the network interactions between mevalonate path-
ways and differentially expressed genes present in the pathways obtained in Webgestalt
using the STRING software (Figure 4). Interestingly, we found reduced RAC3 gene expres-
sion in the tumors of our HR-positive/ HER2-positive breast cancer patients who achieved
pCR, interacting with the MVD gene of the mevalonate pathway. Rac3, a member of the
p21 Rho family of small GTPases, is an understudied paralog of the canonical Racl GTPase
and has been implicated in cancer cell proliferation, invasion, and autophagy [20,42]. Few
studies have assessed the role of Rac3 in breast cancer [42].

The PI3K-AKT signaling pathway is an important regulatory pathway for cell metabolism,
protein synthesis, transcription, proliferation, and survival. In the cascade of phosphory-
lation events, the components of this pathway integrate, among others, signals from cell
membrane receptors and receptor tyrosine kinases (RTKs) in response to growth factors [43].

Activating mutations in the PI3K-AKT pathway, inactivating the PI3K-AKT PTEN
negative regulator, and/or hyperactivity of GFR-tyrosine kinases, in addition to the direct
and independent binding of the p85 adapter of the small GTPase RAS to the subunit p110
catalytic activity of PI3K, are key mechanisms of PI3K activation [44].

Although compelling, the results of this study should be interpreted considering its
limitations. Despite the samples being derived from patients enrolled in a prospective
controlled phase II clinical trial with patient background, clinical characteristics, and
therapeutic intervention data, the number of patients studied was small and it was not
possible to evaluate the molecular results against the clinical variables. Nevertheless, this
study was innovative in evaluating the DEGs of HR-positive/HER2-positive breast cancer
patients who achieved versus those who did not achieve pCR after neoadjuvant treatment.

Finally, our results demonstrated that mevalonate pathway blockage is important
for treatment response in HR-positive/ HER2-positive breast cancer. The mevalonate
pathway can interact in several ways with the PI3k/Akt pathway, which is essential for
both hormonal resistance and HER2 blockade resistance. It solidifies ZOL as a drug
repositioned in breast cancer, with a positive impact on treatment benefits at lower clinical
toxicity and financial cost.

4. Materials and Methods
4.1. Zo-NAnTAx Study Design

Seventy-one patients with HER2-positive BC stage IIA-IIIB signed the informed
consent form (ICF) after the ethics committee and relevant health authorities approved the
study and then were enrolled in the Zo-NAnTax neoadjuvant phase II trial, from November
2012 to July 2016. A total of 58 were eligible for the efficacy analysis. The design and results
of the Zo-NAnTax trial were previously reported in detail [21]. In short, all 58 patients
(42 RH-positive and 16 RH-negative) with HER2-positive locally advanced BC received
four 3-week cycles of 60 mg/m? doxorubicin and 600 mg/m? cyclophosphamide (AC),
followed by four 3-week cycles of 100 mg/m? docetaxel (DOC) with 6 mg/ kg trastuzumab
every 3 weeks (8 mg/kg as a loading dose). Overall, eight cycles of 4 mg/dose ZOL were
given, the first cycle concomitant with AC and subsequent cycles occuring 1 week after
each chemotherapy cycle (AC x 4 + ZOL x 4—DOC x 4 + trastuzumab x 4 + ZOL x 4)
every 3 weeks; this was followed by surgery.

After surgery, radiotherapy was delivered according to institutional guidelines and
trastuzumab was continued as a single agent for 1 year or combined with adjuvant en-
docrine therapy when indicated. Tissue samples were collected before and after treatment
for histopathological diagnosis, immunohistochemistry, therapeutic response assessment,
and molecular analysis.
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We would like to highlight that neoadjuvant treatment with Trastuzumab and Per-
tuzumab together with chemotherapy had not yet been incorporated into the guidelines of
our country during the conduction of this study.

4.2. Tissue Samples

Core biopsies from the tumor and nontumoral areas were performed by guided
ultrasonography following patient enrollment in the study. The decision between breast-
conserving surgery and mastectomy or sentinel lymph node biopsy and axillary lymph
node dissection was decided according to institutional guidelines. For both tissue sam-
ples, one part was paraffin-embedded for histological and immunohistochemistry (IHC)
analysis, and the rest was frozen and stored at —80 °C. Histopathology and IHC analyses
were performed pre- (core biopsy) and post-chemotherapy (surgical part material) by two
experienced and blinded BC pathologists from our institution. The definition of pCR was
an absence of infiltrating carcinoma in the breast and axilla.

4.3. Microarray

The total RNA from the core biopsy before any treatment was extracted using an
RNeasy Mini Kit (QIAGEN, Hilden, Germany). RNAs were quantified using a NanoDrop
2000 and RNA integrity was evaluated on a 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). A RIN higher than 6.0 was considered of enough quality to perform the
microarrays. Biopsy RNA and a Universal Human Reference RNA (Stratagene, San Diego
CA, USA) were amplified and differentially labeled with Cy5 and Cy3, respectively, using
an Agilent Low Input Quick Amp Labeling Kit 2-Color, and subsequently hybridized 1:1 in
mass (i.e., 825 ng each labeled RNA) with Human Gene Expression v2 4 x 44K microarrays,
using the Agilent Gene Expression Hybridization Kit and Wash Buffer (Agilent Technolo-
gies, Santa Clara CA, USA). Feature Extraction 11.5.1.1 software (Agilent Technologies,
Santa Clara, CA, USA) was used to generate raw data. GeneSpring software was used to
analyze and identify the differentially expressed genes and >2-fold change and p < 0.05
were used as criteria to define overexpression or downregulation.

4.4. In Silico Analysis

The differentially expressed genes (DEGs) functional enrichment analysis was performed
in the WEB-based Gene SeT Analysis Toolkit (WebGestalt, http:/ /www.webgestalt.org/
(accessed on 24 August 2022)), a free online software tool that gathers information from
various public databases for biological analysis [45]. We also performed Enrichment
analysis using the integrative and collaborative website tool Enrichr (https://maayanlab.
cloud/Enrichr/ (accessed on 24 August 2022)) using the pathways search module and
Human Molecular Signatures Database gene-set library (MSigDB_Hallmark_2020) gene set
library [46—48]. Enrichr results are corrected for multiple hypotheses using the Benjamini-
Hochberg (BH) correction. Top terms with higher adjusted p values were chosen for
subsequent interpretations. The protein-protein interaction (PPI) analyses of the proteins
encoded by DEGs were predicted using Retrieval of Interacting Genes/Proteins (STRING)
version 11.5 [49] against the human database. Associations were visualized with a medium
confidence cutoff (0.400) using query proteins and the first shell of interactors with no more
than 20 interactors.

5. Conclusions

We found several DEGs between HR-positive/HER2-positive breast cancer patients
who achieved versus those who did not achieve pCR and identified key hub genes, their
associated biological processes, and the signaling pathways provided by a series of bioin-
formatic analyses. However, further molecular and biological experiments are required
to confirm the pCR predictive value of these genes against treatment with the association
of zoledronic acid to standard neoadjuvant treatment and for the assembly of a possible
pathological response gene score.
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