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ABSTRACT 

Trastuzumab has revolutionized the clinical management of HER2 positive breast cancers. 

Unfortunately, a consistent portion of patients is treatment resistant. Other anti-HER2 

agents have already been tested. Still, predicting which patient will benefit from the 

therapy and design alternative strategies would prevent overtreatment and avoid 

unnecessary risks of side effects.  MiRNAs, small non-coding RNAs involved in post-

transcriptional gene regulation, have been described as promising biomarkers. Analyzing 

baseline tissue samples from the NeoALTTO trial, our group recently identified a 2 

miRNA-based predictive signature comprising miR-31-3p and miR-382-3p, associated to 

response to neoadjuvant trastuzumab. 

This PhD project aimed at exploring the functional role of miR-31-3p and miR-382-3p in 

HER2+ breast cancer cell models. Overexpression of miR-31-3p, which negatively 

associated to response in HER2 positive patients, in HER2-addicted SKBr3 cells was able 

to increase HER2 activity and cell number, in a 3D setting, of non-treated and 

trastuzumab-treated cells. HER2 non-addicted HCC1954 cells transfected with miR-31-3p 

inhibitor (LNA-31-3p), alone or in combination with miR-382-3p, showed a significantly 

increased response to trastuzumab. Moreover, LNA-31-3p was able to reduce viability of 

non-treated and trastuzumab-treated HCC1954 cells in a 3D setting. In vivo in SCID mice, 

the combination of LNA-31-3p administration and trastuzumab significantly reduced 

tumor weight compared to control group. Correlation analyses between the expression of 

the miRNAs in the NeoALTTO series and immune signatures and metagenes revealed 
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that tumors expressing higher levels of miR-31-3p are characterized by a downregulation 

of immune-related pathways. 

Finally, RNAseq analyses performed on miR-31-3p modulated SKBr3 and HCC1954 cell 

lines suggest that the main pathways affected are TGF-β and mTOR signaling. 

In conclusion, the results obtained demonstrate that predictive miR-31-3p indeed also 

plays a functional role in the responsiveness to anti-HER2 trastuzumab. In particular, the 

miRNA inhibition holds a promising potential as adjuvant tool to improve responsiveness 

to the anti-HER2 drug. 
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1 INTRODUCTION 

1.1 Breast cancer 

1.1.1 Breast anatomy and physiology  

The breast, an exocrine gland that is unique to mammals, is located within the anterior 

thoracic wall and mostly consists of adipose tissue, sustained by a complex scaffolding of 

fibrous tissue [1,2] (Figure 1.1). Several glandular structures called lobules are linked 

together to form a lobe. 15-20 lobes make up a single mammary gland. The development 

of the breast that starts at puberty as a result of the beginning of the menstrual cycle and 

changes in the body's hormone levels, is incomplete. The female breast will only fully 

mature during pregnancy [3]. Indeed, the breast primary function is milk production. 

Elevated concentration of progesterone induces lobular branching and enlargement in the 

breast. Increased concentration of estrogen mainly leads to ductal proliferation and 

elongation and to an increase in the proliferation of adipose tissue. The luminal epithelium 

of the lobule's functional units, known as alveoli, leans on a basal membrane, where 

mioepithelial cells are linked and aid milk passage through lactiferous ducts and secretion 

by the nipple.  Mammary stem cells proliferate at a basal level and give rise to both 

progenitor and fully differentiated cells [4]. In addition to epithelial cells, breasts are made 

up of endothelial cells, fibroblasts, and immune cells [5]. Lymphocytes, eosinophils, and 

plasma cells gather inside the connective tissues when the breast expands in response to 

high hormone levels and release antibacterial substances into the alveoli. Progesterone 

rapidly declines after childbirth, whereas prolactin and oxytocin rise to favor 
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breastfeeding. When milk production stops as a result of a drop in prolactin, post-lactation 

involution takes place. The mammary gland experiences massive cell loss and apoptosis, 

and the breast tissue undergoes remodeling. The lobules' connective tissue changes from a 

loose to a dense structure. Acini lose their lining cells, and their basement membrane 

thickens [3]. Menopause is reached when the ovaries cease to produce estrogen and 

progesterone and the epithelial component of the breast is gradually substituted by 

stromal cells and adipose tissue [6]. 

 

Figure 1.1. The structure of the breast and changes in breast structure during lactation. Adapted from 

Standring, S. Gray's anatomy, 41st edn, 2016. Edinburgh: Elsevier. 
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1.1.2 Breast cancer epidemiology 

Breast cancer affects 1 in 8 women in their lifetime and accounts for 2.3 million new cases 

overall in both sexes, currently displacing lung cancer as the most frequently diagnosed 

disease worldwide. It is the leading cause of death from any cancer in women, constituting 

25% of all female cases, and its burden has been rising globally [7,8]. In 2020, breast cancer 

incidence rates were almost double in high-income countries compared to low and 

middle-income countries where, however, there is a 17% higher mortality rate, mainly due 

to late-stage diagnosis and poor access to high-quality care [9]. 

In 2019, a systematic review and meta-analysis estimated the overall 5-, and 10-year 

survival of women with breast cancer in the world; the results indicated that the pooled 

survival rates in 130 studies were 73%, and 61%, respectively [10]. 

Aging is one of the main risk factors of breast cancer [11]. 70% of all new cases and 81% of 

all deaths are observed in women aged 50 and above. Almost one-fourth of all breast 

cancer cases are related to family history or attributed to mutation of genes such as Breast 

Cancer gene 1/2 (BRCA1/2), involved in DNA repair pathways. Another important 

variable to be taken into account is mammographic breast density, calculated as the ratio 

between the amount of epithelial and stromal tissues, which respectively appear white 

(the epithelium) and dark, low-density fatty tissue (the stroma) at the radiologic 

examination. Women with dense breasts have both an increased risk of breast cancer and a 

lesser likelihood of a cancer being detected by mammographic screening [12]. Breast 

microcalcifications is a well-recognized risk factor; its value is elevated when combined 
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with breast density [13]. History of a benign breast disease also increases the probability to 

develop a malignant form within 15 years [14]. 

Reproductive factors such as early menarche, late menopause, and late age at first 

pregnancy constitute additional risk variables due to the role of estrogen in breast cell 

growth and the potential for genetic mutations to occur during the prolonged exposure to 

the hormone. Also lifestyle has to be taken into account [11,15]. For example, alcohol 

consumption can elevate the level of estrogen-related hormones in the blood and trigger 

the estrogen receptor pathways, while excessive intake of saturated fat contained in 

modern western diet is associated with poor prognosis in breast cancer patients. 

Moreover, women that start smoking at an early age have a higher risk of breast cancer 

occurrence [11]. Finally, expanding obesity epidemic occurring in many countries is linked 

to an increase in the incidence of estrogen receptor-positive malignancies in post-

menopausal women and to a higher risk of pre-menopausal ER-negative and triple 

negative breast cancers [11,16–18]. 

The World Health Organization recommends organized mammographic screening every 

two years for women aged 50–69 years, an effective strategy that allows the detection of 

nodules when they are still too small to be palpable during an examination. For women 

who are not included in the age interval, and without specific germinal mutations, the 

benefit of the exam would not compensate the risks from radiation exposure and 

overdiagnosis [19,20]. 
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1.1.3 Classification, staging and treatment 

Breast cancer is a very heterogeneous disease, both morphologically and molecularly. The 

advancement of detection and high-throughput molecular technologies that have 

enormously increased the knowledge of breast cancer biology, resulted in an improved 

clinical management. Following the initial detection of a suspicious lump, a biopsy or 

aspirate is recommended, and histological, cytological, and molecular characterization is 

performed.  

Depending on the site of origin and the spreading of the disease, breast tumors can be 

histologically categorized as either ductal or lobular, and non-invasive (or in situ) or 

invasive. Twenty percent of newly diagnosed tumors are ductal carcinomas in situ (DCIS)  

and can be graded based on the degree of differentiation and similarity to the normal 

breast tissue. Lobular carcinoma in situ (LCIS) is less frequent than DCIS and it is 

generally not thought to be a precursor of invasive cancer. It is also possible to find rare 

cases with characteristics of both types of carcinomas. Most breast cancers are invasive (or 

infiltrating) ductal carcinomas (IDCs), which mainly occur sporadically in women over 50 

years of age and in those presenting BRCA1/2 germline mutations. Cell morphological 

properties subdivide IDCs into at least six subtypes with different prognosis, namely 

classical, apocrine, medullary, mucinous, papillary, and tubular ductal. The stage at 

diagnosis is a critical factor in determining the prognosis for all these subtypes but usually 

the apocrine subtype is associated to a very poor outcome [21]. Invasive lobular 

carcinomas account for 10% of invasive breast cancers; as for IDCs, the subtypes identified 

are classic, tubulolobular and histiocytoid. Among the rarest forms of invasive lesions, 
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inflammatory breast cancers (IBCs) stand out for their aggressiveness and fast growth. 

Indeed, in IBC, cancer cells invade and block the lymphatic vessels within the dermal layer 

of the skin. This leads to a buildup of lymphatic fluid and inflammation, which manifests 

as the red and swollen appearance of the breast [22].  

The prognosis of invasive breast cancer is strongly influenced by the stage of the disease, 

which is defined according to the Tumor-Node-Metastasis (TNM) system. The TNM 

staging system classifies breast cancers on the basis of three important features of the 

tumor, i.e. size at the time of diagnosis, lymph node status and metastasization. There are 

therefore five possible stages, having stage 0 assigned to in situ carcinomas, stages I, II and 

III to tumor masses with different degrees of spreading in the breast surroundings and 

lymph node involvement, and stage IV corresponding to the presence of metastasis at 

distant sites.  

A revision of the purely anatomical TNM system established the assessment of the status 

of the three main breast cancer biomarkers, estrogen receptor (ER), progesterone receptor 

(PR), and human epidermal growth factor receptor 2 (HER2), as essential parameter to be 

considered for prognosis and therapeutic evaluation [23]. Indeed, positivity for the three 

receptors is routinely assessed by immunohistochemical or in situ hybridization and 

significantly impacts on treatment decision and outcome. A tumor that lacks the 

expression of these markers is called triple negative breast cancer (TNBC). ER (ERα in 

particular) and PR are respectively encoded by ESR1 (Ch 6q25.1-q25.2) and PGR (Ch 

11q22) genes. Upon ligand binding, they translocate to the nucleus and act as transcription 

factors, activating cell growth, proliferation, and differentiation pathways. The receptor 
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HER2 is a transmembrane protein encoded on Ch 17q12 by ERBB2 gene, it doesn’t have a 

known ligand, forms homo- or heterodimers with the other members of the ERBB family 

to promote cell growth and proliferation. Being a central topic of this thesis, details on 

HER2 functions and oncogenic role can be found in chapter 1.2.  

Complete molecular characterization of breast tumors integrated the information gained 

from receptor status and helped to obtain a better portray of the clinical complexity and 

heterogeneity of the disease. The five “intrinsic” molecular subtypes, luminal A, luminal 

B, HER2-enriched, basal, and normal-like, were defined based on the expression of a panel 

of 50 genes (prediction analysis of microarray 50, PAM50) [24,25]. The two Luminal 

subtypes are characterized by the expression of ER and/or PR associated genes. Luminal A 

is the most common breast cancer subtype, it is slow-growing (low expression of Ki-67, 

cellular marker of proliferation) and less aggressive than other subtypes and, thus, is 

associated with the most favorable prognosis [26,27]. Luminal B tumors tend to be of 

higher grade and are more aggressive (and have higher Ki-67 expression) than luminal A, 

due to frequent positivity for HER2 and TP53 mutations. [28,29]. ER positivity is the 

primary indicator of response to endocrine therapy (i.e. selective ER modulators like 

tamoxifen, ER down-regulators as fulvestrant and aromatase inhibitors). HER2-enriched 

malignancies are less differentiated, tend to grow and spread more aggressively than 

luminal subtypes. The widespread use of targeted therapies (for example the anti-HER2 

antibody trastuzumab, in detail in chapter 1.2.3) has greatly improved the clinical outcome 

of this breast cancer subtype [30,31]. The Basal-like subtype shows the worst prognosis, 

being most of these malignancies TNBCs, with chemotherapy as standard treatment. 
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Recent efforts from the scientific community led to introduction of Poly(ADP-Ribose) 

Polymerase (PARP) inhibitors, antibody-drug conjugates and immune-checkpoint 

inhibitors as therapeutic options for this challenging disease [32], even though limited to 

specific subgroups of eligible patients. 

Plasticity between the different subtypes, also favored by cues from the tumor 

microenvironment, is a known phenomenon and constitutes the basis of tumor 

progression and treatment resistance [33]. For example, luminal tumors with low ER 

expression have a higher tendency to gain basal-like traits compared to other luminal 

malignancies [34]. Patients with residual disease after neoadjuvant anti-HER2 targeted 

therapy can, instead, lose HER2-positivity and become resistant to the same drug in the 

adjuvant phase [35]. Loss of HER2-positivity is also frequently reported in metastasis of 

patients with primary HER2-positive breast cancer [36].  

Finally, the disparity in outcomes between histological and molecular subtypes is nullified 

when the metastatic disease is considered. Indeed, in cases where cancer is confined to the 

breast alone or involves nearby lymph nodes, the 5-year survival rate is at least 86%; on 

the contrary, when cancer has metastasized to a distant area of the body, the survival rate 

drops to 28% [37].  

1.2 HER2+ Breast cancer 

1.2.1 HER2 signaling pathway 

HER2 belongs to a family of type I transmembrane growth factor receptors, along with 

EGFR (or HER1), HER3, and HER4. The extracellular domain of HER2, which lacks a 
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known ligand, constitutively maintains an activated conformation. Conversely, when the 

other three members bind their respective ligands, they undergo a conformational change 

and can form homodimers or heterodimers. HER2 possesses the highest catalytic activity 

and, due to its constitutively activated conformation, is the preferred partner for 

dimerization [38]. Consequently, the transphosphorylation of the intracellular tyrosine 

kinase domains of these receptors initiates numerous signaling cascades, notably 

including the PI3K/AKT/mTOR (phosphatidylinositol 3-kinase/serine/threonine kinase, 

protein kinase B, mammalian target of rapamycin) and MAPK/ERK (mitogen-activated 

protein kinase, extracellular signal-regulated kinases) pathways [39]. In particular PI3K, 

directly activated by HER2, phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) 

to form phosphatidylinositol 3,4,5-trisphosphate (PIP3); PIP3 serves as a second messenger 

that recruits AKT to the plasma membrane, where it is bound and partially activated. 

PTEN (Phosphatase And Tensin Homolog) antagonizes PIK3 activity by 

dephosphorylating PIP3 [40]. Full activation of AKT requires two critical phosphorylation 

events, the first being the phosphorylation at Thr308 carried out by PDPK1 (3-

Phosphoinositide-Dependent Protein Kinase-1 or PDK1), which is recruited to the plasma 

membrane by PIP3. The additional phosphorylation step at Ser473 is typically carried out 

by mTOR Complex 2 (mTORC2), which further enhances AKT's activity. Physiologically, 

AKT signaling is rapidly turned back off to allow proper pathway function. Indeed, 

several downstream effectors, notably mTORC1, function as rheostats that both sense 

signaling within the pathway and control the pathway's activity [41]. As for MAPK 

pathway, upon HER receptor activation a protein called Ras, a small GTPase that serves as 
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a molecular switch, is activated. In turn, Ras recruits and activates a MAPKKK (MAP3K), 

often Raf, which starts the kinase cascade, starting from MAPKK (MAP2K), specifically 

MEK1/2, and finally ERK1/2. Once phosphorylated, activated ERK1/2 translocate from the 

cytoplasm to the nucleus to activate various transcription factors and regulatory proteins, 

modulating gene expression and affecting different cellular responses. The activated 

ERK1/2 can also trigger negative feedback mechanisms to regulate its own signaling and 

maintain cellular homeostasis [42]. 

As mentioned above, HER2 activates a plethora of other pathways: JAK-STAT (Janus 

kinase, signal transducer and activator of transcription) pathway impacts cell growth and 

survival regulating gene expression; PLC-γ/PKC (phospholipase C-gamma, protein kinase 

C) pathway contributes to increase cell proliferation, survival, and migration; nuclear 

factor-kappa B (NF-κB) is a transcription factor involved in inflammation and cell 

survival; Wnt/β-catenin pathway regulates cell proliferation and stem cell maintenance, 

together with Notch Pathway; Rho GTPase Pathway includes Ras Homolog Family 

Member A (RHOA), Rac Family Small GTPase 1 (RAC1), and Cdc42, which are involved 

in cell motility and cytoskeletal rearrangement [43,44]. Finally, HER2 activation can inhibit 

apoptosis and promote cell survival. The transcriptional programs involve proto-

oncogenes like FOS, JUN, and MYC, but also a family of zinc-finger containing 

transcription factors that includes SP1 and EGR1. All these pathways are interconnected, 

and the specific response to HER2 activation can vary depending on the cellular context, 

the presence of other signaling molecules, and genetic factors. Additionally, HER2 

engages in cross-talks with other transmembrane signaling pathways (such as Insulin and 
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insulin-like growth factor receptors), ultimately promoting growth, proliferation, and 

survival of epithelial cells [45,46]. Lastly, it has been also demonstrated that HER2 

signaling, through the modulation of chemokine production, regulates the recruitment 

and activation of tumor infiltrating immune cells [47]. 

Breast cancer cells can present up to 25-50 copies of the HER2 gene and up to 40-100 fold 

increase in HER2 protein expression resulting in up to 2 million receptors expressed at the 

tumor cell surface [48]. Thus, the overexpression of HER2 can profoundly alter the 

composition of HER family dimers, resulting in a notable increase in HER2-containing 

hetero and homodimers. These heterodimers are characterized by a prolonged activity and 

evasion of negative feedbacks, leading to an enhanced signaling potency. For example, 

EGFR undergoes endocytic degradation following activation through ligands and 

homodimerization, in contrast with the other family members that are recycled to the 

membrane. Similarly, EGFR-HER2 heterodimers also avoid endocytic degradation, 

favouring the recycling pathway. Consequently, HER2 overexpression leads to an 

elevation in EGFR membrane expression and activity [49]. Considering the HER2-HER3 

complex, its primary oncogenic function is activating the PI3K/Akt pathway. Unlike 

HER3, HER2 lacks binding sites for PI3K's p85 subunit. Growth factor-triggered PI3K and 

Akt activation by HER2 occurs through HER3 phosphorylation. Overexpressed HER2 

leads to increased HER3 phosphorylation and PI3K/Akt signaling activation, contributing 

to cell transformation [46,50]. 
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1.2.2 Diagnosis, prognosis and treatment 

HER2 overexpression, amplification, or both is detected in 20% of primary invasive breast 

cancer cases. To assess HER2 positivity, two primary methods are generally used: 

immunohistochemistry (IHC) and in situ hybridization (ISH). IHC is employed as the 

initial test and consists in evaluating levels of HER2 protein, assigning scores of 3+ (HER2 

positive), 2+ (HER2 equivocal), and 1+/0 (HER2 negative) based on the intensity of 

staining, the percentage of cancer cells stained, and completeness of membrane staining. 

Accordingly, a 1+/0 score is assigned when the signal is absent or weak and incomplete, 2+ 

score corresponds to a moderate and complete membrane staining in more than 10% of 

tumor cells or strong and complete membrane staining in less than 10% of tumor cells, and 

3+ scored tumors have more than 10% of cells with a strong, complete membrane staining. 

In cases where the IHC score is 2+, further analysis with ISH is typically required. ISH 

examines the HER2/CEP17 ratio and HER2 copy number to definitively determine 

whether the cancer is HER2-positive or negative. CEP17, which stands for chromosome 

enumeration probe 17, is used as a control probe to assess the number of chromosome 17 

copies. Cancers with more than one chromosome 17 often have increased copies of the 

HER2 gene, which is located on chromosome 17, indicating chromosomal instability in the 

cancer. CEP17 plays a crucial role in correcting for chromosome aneuploidy during HER2-

positive cancer testing, enabling the detection of HER2 gene copies in relation to 

centromere 17 copies per nucleus [48,51,52] (Figure 1.2). 
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Figure 1.2 HER2 protein expression detected by IHC. (×400) A: Negative (score 0). B: Negative (score 1+). 

C: Equivocal (score 2+). D: Positive (score 3+). HER2 gene status identified by FISH. Red signals represent 

HER2 gene, green signals represent CEP17 (×600). A: HER2 gene negative case; B:HER2 gene positive 

case, HER2/CEP17 ratio of higher than 2.0; C: HER2 gene positive case, HER2 signals are clustered; D: 

HER2 gene with CEP17 gain, average CEP17 copy number 3.76 to 6. Adapted from Ji H et al PLOS ONE 

2015 

In the past, HER2 positivity was linked to unfavourable outcomes and higher mortality 

rates compared to other subtypes [53]. However, thanks to the development of HER2-

targeting therapies, this disease is now manageable, and patient outcomes have 

significantly improved, with survival rates that can surpass 90%, depending on tumor 

stage.  

In particular, here are the currently available therapeutic options for HER2+ breast cancer 

patients: 

- Humanized monoclonal antibodies: trastuzumab is the first anti-HER2 agent developed, 

it binds extracellular domain IV of the receptor. Pertuzumab, instead, targets 

extracellular domain II of HER2 and is often used in combination with trastuzumab 

and chemotherapy [54,55]. Since trastuzumab is one of the main topics of this thesis, 

thorough information is included in Section 1.2.3. 
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- Tyrosine kinase inhibitors (TKIs): lapatinib is a small molecule that acts as a reversible 

inhibitor of EGFR and HER2. In contrast, neratinib is an irreversible pan-HER TKI that 

targets EGFR, HER2 and HER4. Tucatinib is a HER2-specific TKI with >1,000-fold 

greater potency for HER2 than EGFR [56–58]. 

- Antibody–drug conjugates (ADCs): created to channel chemotherapy's toxic effects 

specifically to tumor cells. They consist of a tumor-targeting antibody linked to a 

cytotoxic drug via a synthetic linker. Ado-trastuzumab emtansine (T-DM1), the first anti-

HER2 ADC developed, couples trastuzumab and DM1, a maytansine derivative which 

causes mitotic disruption [59]. Trastuzumab deruxtecan (T-Dxd) comprises a humanized 

HER2 antibody with the same sequence as trastuzumab conjugated to deruxtecan 

(DXd), a topoisomerase I inhibitor. DXd linker is selectively cleaved by cathepsins, 

which are upregulated in tumors [60]. The membrane-permeable payload is thus able 

to diffuse in the extracellular compartment and exert its anti-tumor activity on 

neighboring heterogeneous cells; this phenomenon is known as ‘‘bystander’’ effect [61].  

- Chemotherapy: various chemotherapy regimens may be used in combination with 

HER2-targeted therapies. Common chemotherapy drugs used include taxanes like 

docetaxel or paclitaxel, and anthracyclines [62]. When combining trastuzumab and 

anthracyclines it is important to consider patient’s cardiac conditions because the two 

drugs are both cardiotoxins and could synergize and increase the likelihood of heart 

problems [63]. 

- Adjuvant Therapy: In early-stage HER2-positive breast cancer, adjuvant therapy with 

trastuzumab is recommended to reduce the risk of recurrence after surgery [64]. 
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- Hormone Therapy: if an HER2-positive breast cancer is also hormone receptor-positive, 

hormone therapy drugs like tamoxifen or aromatase inhibitors are used in combination 

with HER2-targeted therapies, depending on patient’s menopausal status [65]. 

- Radiotherapy: is used after non radical surgery to reduce the risk of local recurrence 

[66]. 

Currently, the ASCO Guidelines for systemic therapy of advanced disease recommend 

combination of trastuzumab, pertuzumab, and a taxane for first-line treatment [67]. If 

tumors are also positive for ER/PR, endocrine therapies can be given alone (in selected 

cases) or in combination with anti-HER2 antibodies. The regimen at second-line has been 

recently updated: if a patient’s HER2-positive advanced breast cancer has progressed 

during or after first-line HER2-targeted therapy (and the patient has not received T-Dxd), 

clinicians should recommend T-Dxd as a second-line treatment, instead of T-DM1. Indeed, 

in the DESTINY-Breast03 trial comparing the two ADCs in metastatic patients that had 

progressed during or after first-line treatment, T-Dxd group had a remarkable 12-month 

progression-free survival of 75.8% versus 34.1% of T-DM1 group [68]. It is important to 

note that T-Dxd has also shown a notable efficacy in HER2-low patients, opening the 

discussion regarding the definition of HER2 status and the necessity to consider HER2-

low tumors an independent clinical subgroup from the HER2 negative [69,70]. Indeed, 

patients with tumors scored by IHC analysis as 0, 1+ or 2+ without gene amplification, 

have been so far all diagnosed as HER2-negative and considered unresponsive to 

conventional anti-HER2 treatments [71].  Increasing evidence underlines instead how 

HER2 1+ or 2+ with no amplification (the so called HER2low tumors) can benefit from 
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anti-HER2 drugs. Finally, the remaining therapeutic options mentioned above are then 

available for third-line treatment and the decision-making process takes into consideration 

therapy schedules, routes, and toxicities [72].  

1.3 Focus on trastuzumab 

Trastuzumab (commercially named Herceptin) was the first recombinant humanized IgG1 

monoclonal antibody designed to specifically target the oncogene HER2. Scientist noticed 

early on that antibodies against HER2 were shown to reverse the transformed appearance 

of cells expressing the tumor antigen and selectively inhibit their growth [73]. Then, the 

antibody 4D5 was selected for its ability to specifically bind HER2 versus EGFR, but it was 

not feasible to test in patients due to the rodent origin and consequent immunogenicity. 

Thus, 4D5 was humanized by replacing the mouse-specific amino acid sequences in the 

variable regions with equivalent human sequences while maintaining the binding 

specificity for HER2, resulting in the clinical antibody Herceptin, approved by the U.S. 

Food and Drug Administration (FDA) in 1998 for the treatment of HER2-positive 

metastatic breast cancer [74,75]. In 2006, the FDA expanded the approval of the drug to 

include its use as an adjuvant therapy for early-stage HER2-positive breast cancer. This 

decision was based on clinical trials, the HERA trial for example, showing that adjuvant 

trastuzumab could help achieve a remarkable 50% decrease in risk of relapse and a 33% 

decrease in risk of death [75–77]. In 2010, Luca Gianni et al published the results of the 

NOAH trial which supported, for the first time, the addition of neoadjuvant trastuzumab 

to neoadjuvant chemotherapy to improve patient’s prognosis [78]. Thanks to these 
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successes, trastuzumab rapidly became the treatment of choice, revolutionizing the 

management of the disease, significantly improving patient lives. Importantly, 

trastuzumab example paved the way for the development of numerous targeted therapies 

in the field of oncology. 

1.3.1 Mechanism of action 

Despite its wide implementation in the clinical practice, trastuzumab holds a multifaceted 

mechanism of action that has been described almost completely only in recent years. For 

example, it exerts a cytostatic effect associated with cell cycle arrest in G1, due to the 

upregulation of the cyclin-dependent kinase (Cdk) inhibitor p27 [79]. When 

overexpressed, HER2 undergoes proteolytic cleavage, the extracellular domain is released 

in the serum but the membrane-bound truncated form (p95) constitutively retains its 

oncogenic activity [80]. Trastuzumab, by binding extracellular domain IV of the HER2, 

interferes by steric hindrance both with its shedding and with its dimerization, inhibiting 

the signaling cascade described in section 1.2.1. [81,82]. It also promotes HER2 endocytosis 

and degradation [83]. However, a substantial part of trastuzumab efficacy is probably due 

to its ability to trigger the so called antibody-dependent cell-mediated cytotoxicity 

(ADCC) [84]. Indeed, the constant Fc portion of the antibody, not being implicated in 

antigen binding, is exposed to the extracellular compartment and it is recognized by Fcγ 

receptor III (FcγRIII) expressed on the surface of natural killer (NK) cells, macrophages, 

neutrophils and eosinophils, inducing activation and release of cytotoxic molecules [85]. 

Subsequently, antigen-presenting cells (APCs), especially dendritic cells, identify tumor-

immune complexes using FcγRIII and initiate the activation of CD4+ T-helper 
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lymphocytes through MHC-II molecules. The cytokines produced by T-helper cells 

amplify the CD8+ cytotoxic T cell response. CD8+ T cells become active upon exposure to 

antigens presented by MHC-I molecules expressed on both APCs and tumor cells [86]. 

Finally, trastuzumab also induces the normalization and regression of the altered tumor 

vasculature by modulating the effects of different pro- and anti-angiogenic factors [87].  

1.3.2 Mechanisms of resistance 

Trastuzumab has undoubtedly positively impacted cancer treatment, reaching way 

beyond HER2 positive breast malignancies. Still, a significant portion of patients 

unfortunately does not benefit from this treatment. Indeed, these patients present intrinsic 

or acquired mechanisms of resistance, which can be grouped into 4 main categories: 

failure of HER2 binding, upregulation of HER2 downstream pathways, signaling through 

an alternative receptor and failure to trigger ADCC (Figure 1.3). 

Failure of HER2 binding 

The presence of p95HER2 reduces the number of trastuzumab molecules on cell surface, 

impairing treatment efficacy [88]. Similarly, alternative initiation of HER2 translation may 

generate truncated isoforms without proteolysis [89]. Shifting the therapeutic regimen to a 

TKI like lapatinib can overcome this event and promote tumor regression. Epitope 

masking can also impede trastuzumab binding. In fact, highly glycosylated membrane-

associated proteins, for example mucin-4, expressed in the vicinity of HER2 can hide the 

target region, decreasing antibody-binding capacity. Knockdown of the protein of interest 

can restore treatment response [90]. 
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Upregulation of HER2 downstream pathways 

Given the amplitude of HER2 signaling cascade, there are multiple escape pathways that 

the tumor can exploit to survive trastuzumab activity. Recently, a study that compared 

alterations associated with either intrinsic or acquired resistance, observed a PKC-

mediated MEK/ERK pathway activation in an acquired trastuzumab-resistant cellular 

model. Conversely, intrinsic resistant cells were mainly characterized by PI3K/Akt and 

RAS/RAF/MEK/ERK activation, stabilization of β-catenin and cell cycle inhibition [91]. In 

general, around 30% of HER2+ breast cancers present somatic mutations in the PI3K/Akt 

pathway, especially PI3K gain-of-function alterations [92,93]. Loss of PTEN is a very 

frequent event in cancers and coincides with a reduced sensitivity to trastuzumab due to 

sustained Akt activity in vitro and in vivo [94]. 

Signaling through an alternative receptor 

Other tyrosine kinase receptors can compensate HER2 inhibition. For example, increased 

levels of Insulin Like Growth Factor 1 Receptor (IGF1R) interfere with trastuzumab 

activity, maintaining the stimulation of proliferation pathways [95] . c-MET belongs to the 

family of hepatocyte growth factor receptors. It is frequently overexpressed along with 

HER2 and confers resistance to trastuzumab by preventing the induction of p27, thus 

sustaining cell growth [96]. Within the HER family, EGFR is the main alternative member 

that is found overexpressed in HER2+ malignancies and associates with poor treatment 

response [97,98].  
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ER upmodulation is another escape mechanism used by tumor cells to overcome HER2 

blockade. Indeed, upon activation, ER acts as transcription factor for proliferation and 

survival genes. Additionally, it has been demonstrated that ER/HER2 crosstalk promotes 

proliferation also by inducing an increase in MYC-mediated glutamine metabolism. 

Combination of HER2 and ER targeting can be an effective strategy in this scenario [99].  

Failure to trigger ADCC 

On this regard, both tumor and host characteristics have to be considered. The type of 

single nucleotide polymorphism present in Fcγ receptor III coding genes determines a 

different affinity for trastuzumab Fc portion [100,101]. The number and lytic efficiency of 

effector lymphocytes (NK and T cells) influences ADCC intensity and, thus, response to 

treatment [102,103]. Chemotherapy can reduce the number and activity of NK cells, 

compromising the efficacy of combination settings [104,105]. ADCC triggering can also fail 

due to tumor release of immunosuppressive factors like TGF-β and IL-10 [106,107]. 

Expanding knowledge of the disease and therapy mechanism of action has recently led to 

the discovery of multiple additional ways that the tumor exploits to survive and progress, 

which include metabolism modulation, cellular plasticity and stemness, and deregulation 

of non-coding RNAs. 
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Figure 1.3 Mechanisms of resistance to trastuzumab: failure of HER2 binding (A), upregulation of HER2 

downstream pathways (B), signaling through an alternative receptor (C), and failure to trigger ADCC (D). 

Adapted from Pohlmann PR et al, Clin Cancer Res 2009 [79].  

1.3.3 Predictive biomarkers of response 

HER2 expression is, intuitively, the first indicator of trastuzumab response but, 

unfortunately, it is not sufficient to explain the heterogeneity of clinical responses to the 

treatment [108]. Nevertheless, tumors that are categorized as HER2 enriched by the 

PAM50 classifier are those that benefit the most from this treatment, especially in the 

neoadjuvant setting [109,110]. Data from different clinical trials support ERBB2 and ESR1 

mRNA levels as superior in predicting HER2 activity and tumor-addiction than the 

standard IHC tests [110–112]. PTEN status and PI3K pathway were initially thought to be 

able to predict response due to the resistance mechanisms they are involved in. However, 
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they recently failed to be associated with pathologic complete response (pCR) in the 

NeoALTTO trial, in any given arm of treatment [110].  

As mentioned before, the contribution of the immune system to trastuzumab activity is 

essential to efficiently fight the tumor. Accordingly, in the last decade, researchers focused 

on identifying the best immunological profile associated to a higher benefit from this 

treatment. Some key findings include the development of a genomic signature that 

predicts the benefit of trastuzumab in tumor enriched with immune-related genes [113]. In 

the neoadjuvant setting, the expression of immune genes, metagenes and the percentage of 

tumor-infiltrating lymphocytes (TILs) significantly correlated with pCR [114,115]. A 

recently identified signature, known as the 41-gene classifier TRAR, highlights the 

importance of the combined evaluation of ERBB2 and ESR1 mRNA levels and immune-

related genes to identify trastuzumab responsive patients [116,117]. 

1.4 MicroRNAs and HER2+ Breast Cancer 

1.4.1 MicroRNAs: biogenesis and mechanism of action 

MicroRNAs, also known as miRNAs or miRs, are short, single-stranded RNAs consisting 

of 19-25 nucleotides. They play a crucial role in post-transcriptional gene regulation. The 

discovery of miRNAs dates back to 1993 when researchers identified in Caenorhabditis 

elegans a small regulatory RNA called lin-4, which was involved in larval development by 

regulating lin-14 translation through an antisense RNA-RNA interaction [118]. In 2000, 

another regulatory RNA, let-7, was found to regulate the same target, not only in annelids 

and molluscs but also in their adult stages [119]. This discovery sparked significant 
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research interest in miRNAs, revealing their involvement in various biological processes  

[120–122]. MiRNAs are initially encoded as long primary transcripts called pri-miRs. 

These pri-miRs undergo a two-step processing, starting in the nucleus and finishing in the 

cytoplasm. They exhibit a hairpin structure with a terminal loop and an approximately 30-

base pair stem with single-stranded ends. RNA polymerase II transcribes these pri-miRs, 

and they are cleaved by a multi-protein complex called the Microprocessor, consisting of 

DROSHA and its essential cofactor DGCR8 [123,124]. This cleavage produces ~60-

nucleotide-long molecules known as pre-miRs, characterized by a hairpin structure with a 

3' overhang. Pre-miRs are then specifically recognized and exported to the cytoplasm 

through the nuclear export machinery, which includes Exportin-5 and Ran-GTPase. In the 

cytoplasm, pre-miRs are further processed by the enzyme DICER, which cleaves the 

double-stranded RNA stem near the terminal loop, generating the mature nucleotide 

duplex. During this process, the transactivation-responsive RNA-binding protein (TRBP) 

facilitates the assembly of the miRNA-induced silencing complex (miRISC) by connecting 

DICER with Argonaute proteins (AGO1, AGO2, AGO3, or AGO4) [125]. MiRISC selects 

and retains one of the two strands (the mature miRNA), while the other strand is usually 

released and degraded [126]. Once the miRISC complex is assembled, the mature miRNA 

guides its interaction with target mRNA. Specifically, the "seed" region of the miRNA, 

comprising nucleotides 2-8 at the 5' end, recognizes complementary sequences within the 

3'UTR, 5'UTR, or coding DNA sequence of the target mRNA [127,128]. This 

complementarity is often partial, allowing miRNAs to bind and modulate multiple 

transcripts. Depending on the degree of miRNA-mRNA base pairing, miRISC can induce 



33 
 

various mechanisms to inhibit target translation. Perfect pairing leads to mRNA 

degradation, while miRNA binding can also prevent the mRNA from being translated 

(Figure 1.4). The exact mechanism of this repression is not fully understood, but it is 

believed that miRISC interferes with the assembly of translation initiation machinery, 

blocking the eIF4F cap-binding complex [129,130]. Intriguingly, some evidence suggests 

that miRNAs might also stimulate mRNA translation under certain conditions, depending 

on the extent of base complementarity and the cellular context in which the modulation 

occurs [131,132]. 

MiRNA strand selection was initially thought to be guided only by 5’ nucleotide identity 

and relative duplex-end stability, determining a unique dominant mature miRNA [133]. 

Instead, numerous evidence demonstrates that both strands can be alternatively or 

simultaneously functional; this process, often referred to as miRNA “arm switching” is 

highly dynamic and tissue specific [134,135]. Among the factors that could influence the 

ratio of the two strands there are mRNA target availability, duplex sequence alteration, 

AGOs and AGO-interacting proteins [136]. Intuitively, a dysregulated miRNA strand 

selection can occur in cancer [133]. In breast cancer, for example, it has been shown that 

tumor cells deficient for homologous recombination (HR)-associated proteins can escape 

therapy-induced synthetic lethality by promoting the downmodulation of miR-223-3p, a 

suppressor of nonhomologous end-joining (NHEJ) components, in favor of the 5p mature 

strand [137]. 
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Figure 1.4 MicroRNA biogenesis. Created with BioRender.com.  

 

1.4.2 Deregulation of miRNAs in cancer 

In 2002, Dr. Croce's laboratory made a groundbreaking discovery concerning the 

involvement of miRNAs in cancer. Their research revealed a connection between the loss 

of two miRNA genes, miR-15a and miR-16-1, and the onset of chronic lymphocytic 

leukemia [138]. Subsequently, numerous other human miRNA-coding genes were 

identified within fragile sites and regions with genetic alterations in various cancer types, 

suggesting a significant role for these small molecules in the development of human 

cancer [139]. The dysregulation of miRNA expression in cancer can be attributed to 

various mechanisms, including structural genetic changes, deficiencies in miRNA 

biogenesis machinery, and abnormal epigenetic modifications [140–144]. MiRNAs are 

classified as either oncogenes (oncomiRNAs) or tumor suppressors (tsmiRNAs) 
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depending on their target function. OncomiRNAs target tumor suppressor molecules and, 

when up-regulated, can promote the initiation of tumors, whereas ts-miRNAs modulate 

oncogenes and, when downregulated, can contribute to malignant progression [145,146]. 

Additionally, some miRNAs, referred to as metastamiRNAs, influence tumor progression 

at later stages by regulating malignant cell migration, invasion, and metastasis. For 

instance, in non-metastatic breast cancer cells the overexpression of miR-10b promotes 

invasion and metastasis, while the downregulation of the proto-oncogene MET by miR-

34a inhibits migration and invasion in human hepatocellular carcinoma cells [147,148]. 

Given the widespread involvement of miRNAs in cancer, various platforms have been 

developed to comprehensively assess genome-wide miRNA expression in different types 

of tumors, aiming to identify specific miRNA signatures associated with malignant tissues 

[149–153]. In the context of breast cancer, the first miRNA expression profile was 

described by Iorio et al. in 2005. Their study compared 76 human breast cancers with 10 

normal samples, identifying 29 miRNAs that exhibited significant deregulation between 

normal and cancerous tissues, with 15 showing the ability to accurately distinguish 

between the two categories. Notably, miR-10b, miR-125b, and miR-145 were the most 

robust predictors among the downregulated miRNAs, while miR-21 and miR-155 were 

prominent among the upregulated ones. Furthermore, the researchers identified miRNAs 

whose expression correlated with specific breast cancer pathological features, such as 

estrogen and progesterone receptor status, lymph node metastasis, vascular invasion, 

proliferation index, and p53 immunohistochemical detection [154]. In conclusion, miRNAs 
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make a substantial contribution to the pathogenesis of cancer and hold significant 

potential as clinical biomarkers and targets for therapies. 

1.4.3 Deregulation of miRNAs in HER2 positive breast cancer 

Numerous are the examples of miRNAs that are involved in any of the phases of tumor 

progression, even in HER2+ malignances. Back in 2013, Leivonen et al, by using miRNA 

gain-of-function assays and reverse-phase protein array technique, identified miRNAs that 

modulate HER2 and its downstream pathways. In this study, 38 miRNAs were identified 

as inhibitors of HER2 signaling and cell growth, with the most effective ones being miR-

491-5p, miR-634, miR-637, and miR-342-5p. Additionally, seven novel miRNAs (miR-552, 

miR-541, miR-193a-5p, miR-453, miR-134, miR-498, and miR-331-3p) were found to 

directly regulate the HER2 3'UTR. The clinical significance of these miRNAs was 

demonstrated, and it was noted that miR-342-5p and miR-744* were significantly 

downregulated in HER2-positive breast tumors compared to HER2-negative tumors in 

two separate cohorts of breast cancer patients (101 and 1302 cases). Interestingly, miR-342-

5p specifically inhibited the growth of HER2-positive cells while having no effect on 

HER2-negative control cells in vitro. Furthermore, higher expression of miR-342-5p was 

associated with improved survival in both cohorts of breast cancer patients [155]. In 2019, 

Pattanayak and coworkers investigated the role of miR-33b in primary HER2+ breast 

cancers. Their findings revealed a significant reduction in miR-33b levels in both patient-

derived samples and cancer cell lines. MiR-33b ectopic expression resulted in a notable 

reduction in EMT, proliferation, invasion, and migration, while simultaneously promoting 

apoptosis. Subsequent investigation unveiled that miR-33b acts as a tumor suppressor by 
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targeting MYC, a known binder of the EZH2 (zeste homolog 2-gene) promoter [156]. 

Further research by Gorbatenko et al. aimed to identify distinctions in miRNA expression 

profiles induced by HER2 and its truncated variant, p95HER2, in HER2-/p95HER2-

overexpressing MCF-7 breast cancer cells. Their investigations disclosed discernible shifts 

in the expression profile, indicating a transition toward a pattern characteristic of the basal 

breast cancer subtype upon p95HER2 overexpression. Among the markedly altered 

miRNAs, miR-221, miR-222, and miR-503 were identified. These particular miRNAs 

downregulated the expression of ERα in p95HER2-overexpressing cells, thereby 

compromising their response to anti-hormonal therapy. Additionally, the upregulation of 

miR-221/222 and -503 amplified cell mobility, collectively suggesting that altered miRNA 

expression played a contributory role in the heightened aggressiveness of the p95HER2 

tumor subtype [157].  Recently, Shabaninejad et al. discovered an intronic miRNA within 

the ERBB2 gene, named HER2-miR1. This novel miRNA was confirmed in various human 

cell lines. Overexpression of HER2-miR1 downmodulated the Wnt signaling pathway, 

indicating an oncosuppressive role [158]. 

1.4.4 MiRNA-based prognostic and predictive signatures  

Clinical trials investigating the potential of miRNAs as biomarkers for diagnosis, 

prognosis, and therapy effectiveness are numerous. Several studies are testing miRNAs in 

blood or tissue samples from cancer patients to diagnose different cancer types, such as 

bladder cancer, breast cancer, non-Hodgkin's lymphoma, acute leukemia, thyroid cancer, 

and colorectal cancer [159]. The recent interest of the scientific community in the 
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microbiota and cancer crosstalk also led to miRNA analysis in fecal samples for colorectal 

cancer screening [160].  

In HER2+ breast cancer, Li and colleagues identified in serum of metastatic patients a four-

miRNA signature of response to trastuzumab. The four miRNAs, miR-451a, miR-16-5p, 

miR-17-3p, and miR-940, were found to be involved in resistance mechanisms through the 

targeting of PTEN, IGF1R, and SRC [161]. In the NeoALTTO trial, miRNA profiling was 

done in plasma samples collected at baseline (T0) and after two weeks of trastuzumab 

(T1). Four miRNA signatures were identified as predictive of pCR. Among these, 

circulating (ct) miR-140-5p was also associated with event-free survival (EFS) in the 

trastuzumab arm (HR 0.43; 95% CI, 0.22–0.84). Additional analysis focusing on early 

changes of circulating miRNA levels revealed that increased levels of ct-miR-148a-3p and 

ct-miR-374a-5p were significantly associated with pCR  [162,163]. In HER2+ and TNBC 

breast cancer patients, Stevic et al. investigated miRNAs in plasma-derived exosomes. 

They found differences in miRNA expression patterns based on tumor biology. Exosomal 

miR-27b was higher in HER2+ patients and predicted pCR, while miR-422a was 

downregulated in HER2+ breast cancer and upregulated in TNBC exosomes [164]. MiR-16, 

miR-328, and miR-660 in exosomes were associated with lymph node status in HER2+ 

patients. In serum samples from early HER2+ breast cancer patients receiving neoadjuvant 

chemotherapy with trastuzumab, miR-21 was significantly reduced in responding 

patients, and changes in its levels were associated with overall survival and disease-free 

survival. This suggests potential as a predictive and prognostic marker [165]. Additionally, 

Zhang's group found that higher baseline levels of serum-miR-222-3p were linked to an 
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inferior pCR rate in HER2+ breast cancer patients receiving neoadjuvant chemotherapy 

with trastuzumab. Lower serum-miR-222-3p expression correlated with better disease-free 

survival and overall survival [166]. Moreover, miRNA and lncRNA (long non-coding 

RNA) interactions were explored. Indeed, miRNAs were shown to regulate lncRNA 

expression; lncRNAs, on the other end, are able to act as molecular sponges or decoys for 

miRNAs. Moreover, in some cases, miRNAs and lncRNAs can work together to 

cooperatively regulate gene expression [167]. Müller and colleagues investigated the 

biological role of functionally or physically interacting couples of lncRNA and miRNAs 

that were found deregulated together in plasma samples of HER2+ breast cancer patients 

compared to other breast cancer subgroups. In particular, they focused on H19 and miR-

675, which is transcribed from H19 first exon and NEAT1/miR-204, which co-repress each 

other through the binding of complementary regions. In vitro functional studies showed 

that the modulation of H19/miR-675 and NEAT/miR-204 affected breast cancer cell 

proliferation and apoptosis [168]. 

1.4.5 MiRNAs involved in trastuzumab resistance 

As pointed out before, trastuzumab is widely used in the clinic but resistance cases are 

frequent. Over the last decade or so, researchers examined the possibility to identify 

miRNAs involved in resistance to trastuzumab and eventually exploit them as target or 

tools to restore treatment sensitivity. In 2012, Ichikawa et al performed a microarray-based 

miRNA profiling and identified a subset of trastuzumab responsive miRNAs, including 

miR-26a and miR-30b. The authors identified CCNE2 (Cyclin E2) as target of miR-30b 

[169]. Few years later, Tormo et al demonstrated that, indeed, CCNE2 targeting reduced 
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trastuzumab resistance in HER2+ breast cancer cells [170]. Rezaei and colleagues identified 

other dysregulated miRNAs in trastuzumab-resistant cell lines. In BT-474 cells seven 

candidate miRNAs were evaluated. MiR-23b-3p, miR-195-5p, miR-656-5p, and miR-340-5p 

were significantly dysregulated in the resistant cell lines. Using different online softwares 

of prediction, several putative targets associated with drug resistance pathways (i.e foxO 

signaling pathways, the response to MAPK and PI3K-AKT pathways) were identified 

[171]. In a recent Nature Communication paper, Luo et al. unveiled that, in HER2+ breast 

cancer cell models sensitive to trastuzumab, there exists a negative feedback loop 

governed by two IRS1(Insulin Receptor Substrate 1)-targeting miRNAs, miR-128-3p and 

miR-30a, as well as an IGF2 (Insulin-like growth factor 2)-targeting miRNA, miR-193-5p, 

which keeps IGF2/IGF-1R/IRS1 oncogenic signaling in check. FOXO3a, activated by IGF2 

levels, induces the expression of these three miRNAs. However, in resistant cells, this 

negative feedback loop breaks down, resulting in upregulated IGF2 and IRS1 [172]. 

Another interesting work by Zhou et al. focused on the intronic miRNA-4728, which 

originates from an excised intron of the HER2 pre-mRNA. Both mature forms, miR-4728-

5p and miR-4728-3p, are functional and significantly upregulated in HER2+ breast cancer 

patients. The authors found out that miR-4728 promotes cell survival and reduces 

sensitivity to hormonal therapy through ESR1 downmodulation, and that it also enhances 

the response to anti-HER2 therapy by directly targeting ErbB3-binding protein 1 (EBP1) 

[173]. Normann et al. recently identified eight miRNAs that sensitized KPL4 and 

SUM190PT cell lines to treatment with trastuzumab or lapatinib. Notably, higher miR-101-

5p expression levels were associated with better breast cancer-specific survival and overall 
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survival [174]. Subsequently, another article from the same group focused exclusively on 

the role of miR-101-5p in HER2+ breast cancer. Analysis from the TCGA and METABRIC 

datasets confirmed the downregulation of miR-101-5p in HER2+ patients. In vitro 

experiments with KPL4 cells showed an improved response to trastuzumab upon miR-

101-5p overexpression. The combination of miR-101-5p transfection with anti-HER2 

treatment led to several changes in the proteomic landscape of KPL4 cells, including 

alterations in PI3K-Akt, mTOR, and ErbB signaling [175]. 

1.4.6 MiRNA-based therapeutic approaches 

MiRNA dysregulation in the context of tumor biology is a widely accepted notion in 

cancer research. What remains a subject of ongoing debate is the practicality of using 

miRNAs as therapeutic tools. Over the years, miRNA mimics and inhibitors have been 

proposed for clinical applications, but only a few trials have advanced to the phase II stage 

[176]. There are indeed numerous challenges that researchers must overcome to achieve 

this goal [177]. First, naked miRNAs are unstable when exposed to extracellular 

environments, rapidly degraded by nucleases within seconds. In biological systems, 

miRNAs are mainly transported to other cells or districts shielded within lipoprotein 

complexes or enclosed in lipid microvesicles, often referred to as exosomes [178–181]. 

Consequently, for miRNAs to be administered as drugs either into the bloodstream or 

directly at the tumor site, they need to undergo chemical modifications or to be 

encapsulated into nanoparticles. This latter approach may also help address other issues, 

such as the presence of leaky blood vessels in tumors, leading to insufficient miRNA 

delivery to the target tissue due to poor blood flow. Moreover, once miRNAs enter cells, 
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they pass from early to late endosomes and ultimately reach lysosomes, which contain an 

acidic environment and nucleases [182]. One of the primary drawbacks of employing 

miRNA-based therapies is that it inadvertently capitalizes on one of their strengths: the 

capacity to regulate multiple targets simultaneously. Naturally, the mechanism of action 

of miRNAs is meticulously fine-tuned and often cell- and tissue-specific. This precision 

may not be preserved once miRNAs are introduced artificially into the system, potentially 

resulting in unintended gene silencing, known as the off-target effect [183]. Recently, a 

potential solution was proposed, involving the administration of low doses of cooperating 

miRNAs to mitigate such phenomena [184]. Furthermore, the delivery of exogenous 

molecules, whether double-stranded RNA or their carriers, holds the risk of triggering an 

adverse immune response as they can be perceived as pathogens [185,186]. Developing 

carriers capable of capitalizing on or bypassing all these features could facilitate efficient 

cargo delivery, reduce required dosages, and minimize side effects [187–189]. A recent 

review by Silva‑Cázares et al. summarizes the selection of delivery systems employed 

over the years for testing in breast cancer treatment [190]. In the context of HER2+ 

metastatic breast cancer, the delivery of miR-125a-5p in lipid nanoparticles coated with 

hyaluronic acid reduced HER2 levels and suppressed cell proliferation and migration via 

the PI3K/AKT and MAPK signaling pathways [191].  

1.5 Tissue miRNA-based signatures in the NeoALTTO study 

In 2022, my research group, in collaboration with the Unit of Bioinformatics and 

Biostatistics of our Institute, published results of an investigation of tissue miRNA-based 
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signatures aimed at predicting response and prognosis upon neoadjuvant trastuzumab 

[192]. We had access to tumor tissue samples from the phase III NeoALTTO clinical trial, 

aimed at evaluating the efficacy of neoadjuvant HER2 dual blockade with trastuzumab + 

Lapatinib vs single blocking, in concomitance with chemotherapy (Paclitaxel), in HER2+ 

breast cancer patients. The primary and secondary endpoints of the study were pCR and 

EFS, respectively. Focusing on the Trastuzumab arm, a predictive and a prognostic 

signature were identified. In details, from the univariate analysis, 8 miRNAs were 

significantly associated with pCR in the training set. By combining these miRNAs into 

multivariate models, and after their confirmation in the testing set, a final signature of two 

miRNAs, miR-31-3p and miR-382-3p, was selected as best model in the overall study 

population (hsa-miR-31-3p, OR 0.70, 95% CI: 0.53-0.92, and hsa-miR-382-3p, OR: 1.39, 95% 

CI: 1.01-1.91, Figure 1.5).  

 

Figure 1.5. MiRNAs significantly associated with pCR and predictive signature ROC curve. Adapted from 

Pizzamiglio S, Cosentino G et al, Cancer Med. 2022. 



44 
 

Moreover, in the training set, 23 miRNAs were significantly associated with EFS by 

univariate analysis. By combining these miRNAs into a multivariate model, and after its 

confirmation in the testing set, a final signature of two miRNAs, miR-153-3p and miR-

219a-5p, was selected as best model in the overall study cohort (hsa-miR-153-3p, HR 1.831, 

95% CI: 1.34-2.50 and hsa-miR-219a-5p, HR 0.629, 95% CI: 0.50-0.78) [192]. For both 

signatures, no statistically significant relationships were observed between miRNAs 

expression level and the available clinico-pathological variables (i.e. ER status, lymph 

nodal status, tumor size and age). Finally, we also found two miRNAs (miR-215-5p and 

miR-30c-2-3p) with a statistically significant interaction term with pCR (p.interaction: 

0.017 and 0.038, respectively), meaning that the expression analysis of only two miRNAs 

can predict a different outcome depending on whether the patient achieved pCR or not. 

This information is particularly useful to guide patient clinical management after 

neoadjuvant treatment. 

Thus, our data support the idea that analysing miRNAs in primary tumor tissue could be 

a useful strategy to ameliorate the clinical management of HER2+ breast cancer patients 

treated with neoadjuvant trastuzumab. 

This scenario could be improved even more considering that miRNAs, besides being 

biomarkers, could also be biologically active in mechanisms of resistance to trastuzumab. 

Focus of my PhD project was, indeed, investigating the biological function of the two 

miRNAs identifying the predictive signature, miR-31-3p and miR-382-3p, exploring the 
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possibility to use them as therapeutic tools to restore responsiveness to trastuzumab in 

resistant patients. 

Concerning miR-31-3p, the few studies found in the literature explore its potential as 

biomarker in anti-EGFR-treated metastatic colorectal cancer. Specifically, this miRNA was 

found significantly upmodulated in the progressive disease vs stable disease and in non-

responders vs responders, negatively associated with progression-free survival and time 

to progression, thus resulting as promising predictive biomarker of selection for anti-

EGFR antibodies [193–197]. Moreover, a more recent publication linked miR-31-3p to c-

MYC, defined as key driver of resistance to EGFR inhibitors in the same tumor model 

[198]. Being EGFR another member of the ERBB family, the literature encouraged miR-31-

3p investigation. 

As for miR-382-3p, information gathered from the literature loosely pertains to the focus of 

this project. Nevertheless, miR-382-3p is described as an oncosuppressor in most models. 

For example, in ovarian cancer it inhibits metastasis-related gene Rho Associated Coiled-

Coil Containing Protein Kinase 1 (ROCK1) and, in pancreatic and head and neck cancers, 

it was shown to inhibit PD-L1, reducing cancer progression [199–201]. In 2022, miR-382-3p 

downregulation was demonstrated to promote carcinogenesis of lung adenocarcinoma 

[202]. In breast cancer, miR-382-3p expression level was higher in serum from patients 

compared to healthy donors [203].  

Overall, the literature published to these days concerning the two miRNAs is not 

exhaustive, especially in the breast cancer context. The data included in this PhD thesis 
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aims to fill this gap of knowledge and provide useful information for future research on 

HER2+ breast cancer malignancies. 
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2 AIM OF THE PROJECT 

The anti-HER2 humanized monoclonal antibody trastuzumab is the standard-of-care 

treatment for HER2 positive breast cancers patients, but the percentage of resistant cases is 

high. Although researchers and clinicians have already tested other anti-HER2 agents, 

predicting benefit from trastuzumab monotherapy and design alternative strategies would 

prevent overtreatment and avoid unnecessary risks of side effects. Our group has recently 

identified a predictive signature of response to neoadjuvant trastuzumab composed of 2 

miRNAs, miR-31-3p and miR-382-3p, in baseline tissue samples from the phase III 

NeoALTTO clinical trial. Evidence from the literature concerning the biological activity of 

the two miRNAs is currently limited.   

Thus, this PhD project aimed at exploring whether miR-31-3p and miR-382-3p, besides 

being promising biomarkers, could also be functionally involved in the mechanism of 

resistance to trastuzumab in HER2+ breast cancer cells, with the ultimate goal of exploiting 

them in the clinics as targets or tools to restore response in resistant patients.  
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3 MATERIALS AND METHODS 

3.1 Cellular biology 

3.1.1 Human and murine breast cancer cell lines and treatments  

Human SKBr3 and HCC1954, and murine N202.1A and TUBO HER2+ breast cancer cell 

lines were cultured in GIBCO RPMI 1610-medium (Thermo Fisher Scientific, Waltham 

MA, USA) with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific); BT474 and 

MDAMB361 human luminal B cell lines were cultured in GIBCO DMEM with 10% FBS. 

All cells were maintained at 37 °C under 5% CO2. All human cell lines were purchased 

from ATCC (Manassas, Virginia, USA). The TUBO cell line derived from spontaneous 

lobular mammary tumour developed in BALB/c mice transgenic for the transforming rat 

neu gene [204]. For the blocking of HER2 signals, trastuzumab (Roche, Basel, Switzerland) 

was given to all the cell lines at a concentration of 10 μg/ml, while 250 nM and 0.9 μM of 

lapatinib (LC Laboratories, Woburn, MA, USA) were administered respectively to SKBr3 

and HCC1954 cells. Since lapatinib is resuspended in dimethyl sulfoxide (DMSO), non-

treated cells were given DMSO as control. 7.16.4 monoclonal antibody was, instead, used 

to target rat HER2 expressed in N202.1A and TUBO cell lines. 

3.1.2 MiRNA, LNA and siRNA transfection 

MiR-31-3p, miR-382-3p, miR-31-5p and miRNA mimic negative control (with random 

sequence that produce no identifiable effects), were purchased as Pre-miR precursor 

molecules (Thermo Fisher Scientific). Locked nucleic acid (LNA) against miR-31-3p and 

miR-31-5p and the corresponding control were purchased from QIAGEN (Hilden, 
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Germany). ERBIN silencer (Silencer® Select) was purchased at Thermo Fisher Scientific. 

HER2+ breast cancer cells were seeded in 6-well and, when at 80% confluency, transfected 

for 24 hours with 50 nM of oligos using Lipofectamine 2000 (Thermo Fisher Scientific) 

according to the manufacturer’s instruction. 

3.1.3 3D assay 

SKBr3 (7x105 cells/well) and HCC1954 (5x105 cells/well) cells were seeded on day 1 in the 

afternoon in 6-well plates and transfected after 24h with miRNA mimics or inhibitors (50 

nM) for 24h. The cells were then transferred on Geltrex LDEV-Free, hESC-Qualified, 

Reduced Growth Factor Basement Membrane Matrix (Thermo Fisher Scientific) in a 96-

wells plate (5x104 cells/well, 50 uL of Geltrex/well, 10 wells/condition) and treated (or not) 

with trastuzumab (10 ug/mL) the following morning. Images of the cells were captured at 

T0 and after 3, 5 and 7 days of treatment and, subsequently, quantified with ImageJ 

software. The quantification obtained was normalized on the initial number of cells seeded 

on the matrix. 

3.2 Molecular biology 

3.2.1 RNA extraction and quantitative real-time PCR 

The cells were harvested after Trypsin-EDTA (Corning, Corning, New York, USA) 

incubation and centrifuged at 1500 rpm for 5 minutes. Total RNA was isolated using 

QIAzolLysis Reagent (Qiagen) according to the manufacturer’s instruction. The purified 

RNA was subjected to reverse transcription reactions using Taqman microRNA reverse 

trascription kit (Thermo Fisher Scientific) for miRNA analysis and High-Capacity RNA-to-
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cDNA™ Kit (Thermo Fisher Scientific) for gene analysis. qRT-PCR was performed using 

TaqMan™ Fast Universal PCR Master Mix (2X), no AmpErase™ UNG (Thermo Fisher 

Scientific). RNU44 and GAPDH were used as internal control for miRNAs and genes 

respectively [205,206]. MiRNAs and genes’ TaqMan™ probes were all purchased from 

Thermo Fisher Scientific (Table 3.1). All qRT-PCR assays were performed in StepONEPlus 

Real-Time PCR system (Thermo Fisher Scientific) and the relative expression was 

calculated using the comparative 2-ΔCt method. 

                  Table 3.1. TaqMan™ probes 

Probe Catalog # Assay ID 

Hsa-miR-31-3p  4427975 002113 

Hsa-miR-382-3p  4427975 000572 

Hsa-miR-31-5p  4427975 002279 

ERBB2  4448892 Hs01007077_m1 

ERBIN 4331182 Hs01049966_m1 

TFAP2C  4448892 Hs00231476_m1 

SLC25A17  4448892 Hs00697095_m1 

PRDM10  4448892 Hs00999748_m1 

ASXL2  4448892 Hs00827052_m1 

RAB10  4448892 Hs00794658_m1 

LPIN1  4448892 Hs00299515_m1 

PDPK1  4448892 Hs00928927_m1 

3.2.2 Luciferase reporter assay 

3 x 105 HEK293 cells were seeded in 12-well plates and co-transfected with 500 ng of 

Human ERBB2IP 3´UTR miRNA Target Clone in vector pEZX-MT06 (BioCat GmbH, 

Heidelberg, Germany) and 50 nM of miR-31-3p precursor or negative control, using 

Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific). Cell lysates were 

collected 24h post transfection and Firefly and Renilla luciferase activities were quantified 

by Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) on a GLOMAX 
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20/20 luminometer (Promega). Firefly luciferase was normalized on Renilla luciferase, and 

the reporter activity was finally expressed as relative activity between cells silenced for 

miR-31-3p and the corresponding control. Three biological replicates were performed. 

3.2.3 RNA-seq 

RNA-seq analysis was performed on four biological replicates of SKBr3 cells 

overexpressing miR-31-3p or control and treated or not with trastuzumab for 24h (2D 

assay protocol), and three biological replicates of HCC1954 cells transfected with either 

miR-31-3p or LNA-31-3p (or controls) and treated or not with trastuzumab for 24h. In 

collaboration with the Genomics Unit, RNA was isolated using miRNEasy Micro Kit 

(QIAGEN), following the manufacturer's instructions. mRNA seq library was prepared 

using QuantSeq 3‘mRNA-Seq Library Prep Kit for Illumina (Lexogen, Vienna, Austria), 

according to the manufacturer’s instruction. The libraries were then sequenced by 

collaborators at the Biology Department of the University of Padua and analyzed by 

bioinformaticians of the Genomic Unit. Pathway enrichment analysis was performed 

using the Enrichr software (https://maayanlab.cloud/Enrichr/) and considering the 

pathway significantly modulated based on The Molecular Signatures Database (MSigDB) 

hallmark gene set collection [207]. This analysis was performed considering genes with an 

absolute value of LogFC of at least 0.30. Ingenuity pathway analysis (IPA) was carried out 

using QIAGEN IPA application (https://digitalinsights.qiagen.com/products-

overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/) ; no gene 

LogFC cut off was applied for this analysis.   

https://maayanlab.cloud/Enrichr/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
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3.3 Biochemistry 

3.3.1 Protein extraction and Western Blot analysis 

Whole cell lysates and total exosomal proteins were prepared using NTG buffer (Tris HCl 

50mM, NaCl 150mM, NaF 100mM, Sodiopirofosfato 10mM, Glicerolo 10%) with the 

addition of one cOmplete Mini protease inhibitor cocktail tablet (Roche), Triton X-100 

(1:100; sigma-aldrich, St. Louis, Missouri, USA) and activated, at the time of use, with 

sodium orthovanadate 100 mM (pH 10). Bradford assay with CoomassiePlus Protein 

Assay Reagent (Thermo Fisher Scientific) was used to quantify the total proteins at 

Ultrospec 2100 pro (GE Healthcare Life Sciences, Marlborough, MA, USA) 

spectrophotometer. 30 μg total proteins were electrophoretically separated on NuPAGE 4-

12% Bis-Tris Gel (Thermo Fisher Scientific). Western blot analyses were performed with 

primary antibodies listed in Table 3.2. The secondary antibodies were anti-mouse and 

anti-rabbit peroxidase-linked (1:5000 and 1:10 000, respectively, Merck). The signals were 

visualized by Pierce™ ECL and ECL Plus Western Blotting Substrate and SuperSignal™ 

West Pico PLUS Chemiluminescent Substrate and Femto Maximum intensity substrate 

(Thermo Fisher Scientific). The quantification of proteins bands was performed by 

Quantity One 1-D Analysis (Bio-Rad Laboratories, Hercules, CA, USA). 

Table 3.2 Primary antibodies 

Target Brand ID Dilution 

Phospho-HER2/ErbB2 (Tyr1221/1222) 

(6B12) 

Cell signaling 

technology* 

#2243 
1:1000 

HER2/ErbB2 (D8F12) XP Cell signaling technology  #4290 1:1000 

Phospho-AKT (Ser473) (D9E) XP Cell signaling technology #4060 1:1000 
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AKT (Pan) (C67E7) Cell signaling technology #4691 1:1000 

Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204) (D13.14.4E) XP 
Cell signaling technology  

#4370 
1:1000 

p44/42 MAPK (Erk1/2) (137F5) Cell signaling technology #4695 1:1000 

 Phospho-PDK1 (Ser241) (C49H2) Cell signaling technology #3438 1:1000 

PDK1 (D4Q4D) Cell signaling technology #13037 1:1000 

ERBIN Abcam** ab247081 1:1000 

Phospho-HER3/ErbB3 (Tyr1289) (D1B5) Cell signaling technology #2842 1:1000 

HER3/ErbB3 (D22C5) XP Cell signaling technology #12708 1:1000 

FOXO3A (7508) Cell signaling technology #2497 1:1000 

Beta-catenin (D10A8) XP Cell signaling technology #8480 1:1000 

p-CREB-1 (Ser 133) 
***Santa Cruz 

Biotechnology 

sc-

101663 
1:200 

CREB-1 (C-21) 
Santa Cruz 

Biotechnology 

sc-186 
1:200 

(*Cell signaling technology, Danvers, MA, USA; **Abcam, Cambridge, UK; Santa Cruz 

Biotechnology, Dallas, TX, USA)  

3.3.2 Flow Cytometry Analyses 

HER2 expression on SKBr3 and HCC1954 cell membranes was detected by Flow 

Cytometry using PE anti-human CD340 (erbB2/HER-2, 24D2 clone) antibody (BioLegend, 

San Diego, CA, USA). 

3.4 In vivo experiments 

Mice were maintained in laminar-flow rooms at constant temperature and humidity, with 

food and water given ad libitum. Experimental protocols used for animal studies were 

approved by the Ethics Committee for Animal Experimentation (OPBA) of Fondazione 

IRCCS Istituto Nazionale dei Tumori of Milan and by the Italian Ministry of Health in 

accordance with institutional guidelines (project # INT_10_2023). 
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3.4.1 SKBr3 and HCC1954 growth and treatment test (TEST experiment) 

2.5x106 and 5x106 SKBr3 cells were injected respectively into the right and left mammary 

fat pad of 8-week-old female SCID mice (n=10) (Charles Rivers Laboratories, Calco, Italy) 

and tumor growth was monitored for two weeks. 1.5x106 HCC1954 cells were injected in 

the mammary fat pad of 8-week-old female SCID mice (4/5 mice per group). At palpable 

tumors, the mice were treated twice a week with either 6, 10 or 20 mg/kg of trastuzumab, 

administered via intra peritoneal injection (i.p.), for 2.5 weeks. Every 3-4 days, the tumor 

volume was calculated as 0.5 × d12 × d2, where d1 and d2 are the smaller and larger 

diameters. Statistical significance was analyzed by the two-tailed Student’s t-test and a P-

value of less than 0.05 was considered significant. 

3.4.2 COMBO and SINGLE experiments 

1.5x106 HCC1954 cells were injected in the mammary fat pad of 8-week-old female SCID 

mice (5 mice per group). At palpable tumors, the mice were treated twice a week with 

10mg/kg, of trastuzumab, administered via intra peritoneal injection (i.p.), for 3 weeks.  

LNA-31-3p, miR-382-3p, or controls were given peritumor five times (20 ug/injection), two 

injections per week. Cel-miR-67 was used as control oligo for miR-382-3p due to its 

minimal sequence homology with mouse, rat, and human miRNAs ([208]) For the 

SINGLE/2 experiment, mice received two additional LNA-31-3p or control injections 

before starting trastuzumab administration.  
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3.4.3 Tumor sample homogenization 

To perform miR-31-3p expression analysis, the frozen tumor tissues were homogenized 

using RETSCH MM 200 Model Mixer Mill (Thermo Fisher Scientific). Briefly, tumor 

samples stored at -80°C were first transferred in liquid nitrogen, then cut into smaller 

fragments, and then transferred into 1.5 mL pre-cooled vials containing a 2.4 mm metal 

beads. Qiazol was added for RNA extraction. The vials were inserted in pre-cooled plastic 

tubes and loaded into the mixer mill where they were shaken two times for 2 min (30 

movements/s). The samples were then centrifuged at 1500 rpm for 5 min at 4 °C and the 

supernatants collected in new tubes. 

3.5 In silico analyses 

3.5.1 Correlation analysis in the NeoALTTO study 

A first correlation analysis between the predictive signature composed of the two miRNAs 

(miR-31-3p and miR-382-3p) and the expression levels of genes obtained from the gene 

profile of the NeoALTTO series, was performed. The resulting list of genes correlated with 

the signature was, consequently, matched with the lists of miR-31-3p and miR-382-3p 

putative targets predicted by at least three online tools, specifically miRwalk 

(http://mirwalk.umm.uni-heidelberg.de/), TargetScan   

(https://www.targetscan.org/vert_72/), and miRTarBase 

(https://mirtarbase.cuhk.edu.cn/~miRTarBase/miRTarBase_2022/php/index.php) [209–

211]. Next, a second correlation analysis was performed between the selected putative 

targets and the expression of the two miRNAs in the NeoALTTO series. The most 

http://mirwalk.umm.uni-heidelberg.de/
https://www.targetscan.org/vert_72/
https://mirtarbase.cuhk.edu.cn/~miRTarBase/miRTarBase_2022/php/index.php
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promising genes, in terms of statistical significance of the correlation and biological role, 

were analyzed by qRT-PCR in miRNA-overexpressing cell line models. A third correlation 

analysis was carried out between the expression levels of the two miRNAs, considered 

independently, and the gene expression performed on the NeoALTTO series. The strength 

of the association between expression of genes and miRNAs of interest was assessed by 

the Spearman correlation coefficient (rs) and its 95% confidence interval (95% CI). A value 

of Spearman correlation coefficient > 0.4 in absolute value was considered as relevant for 

evaluate the relationship in subsequent analysis. Finally, correlation analysis between 

miRNA expression and both the immune infiltrate in the NeoALTTO study and 60 

immune-related metagenes was performed by considering Spearman Corr. coeff. >0.30 in 

absolute value. In particular, 28 immuno signature by Charoentong et al., 13 by Safonov et 

al., 14 tumor-infiltrating immune cells population by CIBERSORT and immune-related 

metagenes 5 by Rody et al, were used in this analysis [212–215]. 

3.6 Statistical analyses 

Analyses of in vitro and in vivo experiments were performed using GraphPad Prism 5 

(GraphPad software Inc, CA, USA). Differences between groups were determined by two-

tailed unpaired Student’s t-test if datasets passed Shapiro-Wilk normality test, otherwise 

Mann-Whitney non-parametric test was applied. p<0.05 was considered statistically 

significant. 
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4 RESULTS 

4.1 MiR-31-3p increases HER2 level and activation in non-treated and 

trastuzumab-treated SKBr3 cells  

The main aim of my PhD project was investigating the biological meaning of the 

differential expression of two miRNAs in association with responsiveness to trastuzumab  

in HER2+ breast cancer patients. In particular, my research group has recently identified a 

two-miRNA signature, comprising miR-31-3p and miR-382-3p, associated to pCR in the 

trastuzumab arm of the NeoALTTO study, as thoroughly described in Chapter 1.5 of the 

introduction section. Thus, as first step of my research plan, I evaluated the expression of 

the two miRNAs in four HER2+ breast cancer cell lines, specifically SKBr3, BT474, 

MDAMB361 and HCC1954. According to the literature, the first two cell lines are 

described as HER2-addicted, thus sensitive to HER2-inhibiting drugs as trastuzumab. On 

the contrary, the other two models are resistant (MDAMB361) or only partially sensitive 

(HCC1954) [216].  

Figure 4.1A-B illustrates miRNA basal expression in HER2+ breast cancer cell lines, 

evaluated by qRT-PCR. Both miRNAs displayed a wide range of expression among the 

different models, a feature that I exploited to select the most appropriate cell line for 

miRNA modulation. Indeed, I selected SKBr3 as “sensitive” model and HCC1954 as 

“resistant” model, on the basis of both their sensitivity to HER2-targeted therapy and the 

basal expression of the two miRNAs. 
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In order to assess the biological effect of miR-31-3p and miR-382-3p upmodulation upon 

treatment with trastuzumab in vitro, I used two different approaches: 

1. 2D assay: Evaluation of HER2 signaling pathway modulation, by western blot assay  

2. 3D assay: Evaluation of cell viability in a 3D setting. 

Starting from the 2D assay, in order to design the protocol, I had to consider that each cell 

line has a different growth rate and attachment speed to cell culture plastics; moreover, 

HER2 signalling is influenced by cell confluence. Accordingly, I first defined the 

appropriate number of cells to have approximately the same confluence (60-70%) at the 

time of treatment for both cell lines. Subsequently, I tested three different time points (1h, 

9h and 24h). Besides HER2, I checked phosphorylated and total protein levels of AKT and 

MAPK (ERK1/2), which are the two main downstream effectors of HER2 signaling.  

Usually, HER2 pathway inhibition by anti-HER2 agents is a fast event. In SKBr3 cells, 

which are HER2-addicted, the downmodulation is still maintained at 24h, whereas, at the 

same point, in the non-addicted HCC1954 cells HER2 activation is already restored and 

even slightly higher compared to the non-treated counterpart (Figure 4.1C).  
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Figure 4.1. qRT-PCR analysis evaluating miR-31-3p (A) and miR-382-3p (B) basal expression in SKBr3, 

HCC1954, BT474 and MDAMB361 HER2+ breast cancer cell lines. The bar plots show mean expression 

values of three replicates (±SD). Western blot for total and phosphorylated (p) protein levels of HER2, AKT 

and MAPK in SKBr3 and HCC1954 cells treated or not with trastuzumab for 1h, 9h or 24h. Quantification 

was done normalizing on total protein signal. β-ACTIN signal was used as loading control. Images and 

quantifications are representative of three biological replicates (C).  

Since my goal was assessing whether miR-31-3p and miR-382-3p induce a change in cell 

response to trastuzumab, according to the previous analysis I concluded that the more 

appropriate time point was 24h. Concerning trastuzumab concentration, according to 

previous experience with the same HER2+ breast cancer cell line models acquired over 

time in my laboratory, I was advised to use 10 ug/mL. 

Given that high miR-31-3p levels negatively correlated with pCR in the NeoALTTO study, 

I decided to overexpress it in SKBr3 cells to appreciate a possible gain of resistance to 

trastuzumab; conversely, as high miR-382-3p levels positively correlated with pCR, this 

miRNA was overexpressed in HCC1954 cells. 
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For this experiment SKBr3 and HCC1954 cells were seeded on day 1 in 6-well plates and, 

the following day, the cells were transfected with miRNA mimics (50 nM) for 24h. Then, 

the cells were treated (or not) with trastuzumab (10 ug/mL). After other 24h the cells were 

collected for RNA and protein isolation (Figure 4.2).  

 

Expression levels upon transfection are reported in Figure 4.3A and 4.3C for miR-31-

3p/SKBr3 and miR-382-3p/HCC1954, respectively. Figure 4.3B and Figure 4.3D show a 

representative western blot analysis, comparing the expression of HER2, AKT, MAPK and 

their phosphorylated forms in SKBr3 (4B) and HCC1954 (4D) cells, respectively transfected 

with miR-31-3p and miR-382-3p, or with miRNA mimic negative control (miR-NEG) with 

random sequence that produce no identifiable effects, and treated or not with trastuzumab 

for 24h. In SKBr3 cells, I detected higher levels of pHER2 and HER2 in miR-31-3p 

overexpressing cells vs their controls, regardless of trastuzumab treatment. However, this 

increase is paralleled by a higher activation of MAPK only in the treated condition. AKT, 

on the contrary, is downmodulated upon miR-31-3p upregulation in both non-treated and 

Figure 4.2. 2D assay protocol (Created with BioRender.com). 
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treated cells. Thus, these results suggest that miR-31-3p upregulation of HER2 activity 

only partially induces a higher activation of the downstream pathways.  

Concerning HCC1954 cells, miR-382-3p overexpression slightly reduced pHER2 but this 

modulation was not mirrored downstream. This result may not be surprising, being 

HCC1954 a HER2 non-addicted cell line. Indeed, AKT levels did not change upon miRNA 

transfection, while MAPK activity increased in both non-treated and treated miR-382-3p 

overexpressing cells, indicating a possible counteractive mechanism to miRNA action 

(Figure 4.3D). 

 

Figure 4.3. qRT-PCR analysis evaluating miR-31-3p expression level upon miRNA mimic transfection in 

SKBr3 cells (A) and miR-382-3p in HCC1954 (C) (mean expression of three replicates ±SD, ***p<0.001). 

Western blot analysis evaluating HER2, AKT, MAPK and their phosphorylated (p) forms in SKBR3 cells 

transfected or not with miR-31-3p and treated or not with trastuzumab (B), and in HCC1954 cells 

transfected or not with miR-382-3p and treated or not with trastuzumab (D). β-ACTIN signal was used as 

loading control. The bar plots below the western blots quantify the expression of the activated forms 

normalized on their respective total protein. Images and quantifications are representative of three biological 

replicates. 



62 
 

4.2 MiR-31-3p inhibition alone or in combination with miR-382-3p 

overexpression reduces HCC1954 viability upon trastuzumab treatment 

Since miR-382-3p did not have a significant impact on HER2 downstream signaling, I 

decided to change strategy and test the effect of the combination (COMBO) of a miR-31-3p 

inhibitor (LNA-31-3p) and miR-382-3p up-modulation on trastuzumab sensitivity of 

HCC1954 cells. LNA-31-3p transfection efficiency was assessed by analyzing miR-31-3p 

levels (Figure 4.4A). Figure 4.4B shows, instead, miR-382-3p transfection efficiency. 

I conducted the 2D assay to evaluate whether the COMBO modulates HER2 signaling 

pathway. I also surprisingly observed in the 2D assay a reduced viability of trastuzumab-

treated HCC1954 cells transfected with either LNA-31-3p alone or in combination with 

miR-382-3p. This observation was confirmed by cell count: there was a significant decrease 

of cell number in the two cited experimental conditions, compared to negative treated 

control (NEG T) (Figure 4.4B).  

The related western blot analysis was instead puzzling due to the modulation of HER2 

pathway. Indeed, in treated cells transfected with LNA-31-3p, the pathway was more 

activated then in the controls. One theory could be that, given the cell count result, the 

surviving cells are trying to upregulate HER2 pathway, especially through MAPK activity. 
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Figure 4.4. qRT-PCR analysis evaluating miR-31-3p expression level upon inhibition with LNA-31-3p and 

miR-382-3p expression level upon miRNA mimic transfection in HCC1954 cells (A, ***p<0.001). Cell 

counts shown as mean percentage of three biological replicates (±SEM, *p<0.05) calculated considering the 

non-treated negative control mean as 100% (B). Western blot analysis evaluating HER2, AKT, MAPK and 

their phosphorylated (p) forms in HCC1954 cells transfected or not with LNA-31-3p, miR-382-3p or the 

combination of the two (COMBO) and treated or not with trastuzumab. β-ACTIN signal was used as 

loading control. Images and relative quantifications are representative of three biological replicates; the 

expression of the activated forms is normalized on the respective total protein expression and quantified in 

the bar plots on the right (C).  

 

Following the suggestion of my colleagues, I assessed HER2 pathway and treatment 

response in SKBr3 and HCC1954 upon miR-31-3p modulation in concomitance with 

administration of lapatinib, another anti-HER2 drug, instead of trastuzumab. The main 

reason supporting this strategy is the possibility to better appreciate miRNA effect in 2D 

assays due to different mechanism of action of the two compounds. Indeed, even though 

both drugs downmodulate HER2 pathway, they bind two different domains of the 
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receptor, one extracellular (trastuzumab-domain IV), the other intracellular (lapatinib-

tyrosine-kinase domain), which could imply alternative resistance mechanisms, which are 

the focus of my thesis. Moreover, lapatinib, differently from trastuzumab, is known to 

affect cell viability in 2D. Once I established IC50 concentrations of lapatinib for both cell 

lines at 72h (timing suggested by colleagues to evaluate cell response), I repeated all the 

2D assays described before, adjusting the initial number of seeded cell to the longer timing 

of treatment (72h instead of 24h). The results obtained confirmed what I already 

established with the experiments with trastuzumab in SKBr3 cells (see Figure 4.3B). 

Indeed, the upregulation of miR-31-3p increased HER2 activation.  Instead, I was able to 

detect, for the first time, a reduction of pHER2 levels by western blot analysis upon miR-

31-3p inhibition in treated HCC1954 cells, accompanied by a reduced cell viability already 

seen upon trastuzumab treatment (Figure 4.5B). It is possible that, in the first 24h upon 

treatment, HCC1954 cells tried to counteract LNA-31-3p onco-suppressive activity, but at 

72h the combination of miRNA inhibition and HER2 targeting overcame cell resistance.  

Given the results obtained at 72h in the lapatinib experiment, I wondered whether I had 

never been able to appreciate HER2 downmodulation by LNA-31-3p in HCC1954 cells due 

to a too short exposure time to trastuzumab. Thus, I repeated the 2D assay with 

trastuzumab, modifying the protocol accordingly. Firstly, in this setting, I appreciated that 

overexpression of miR-31-3p is able to increase pHER2 and HER2 levels also in HCC1954 

cells, despite the high basal levels of the miRNA in this cell line (Figure 4.5A-B). 

Moreover, as hypothesized, HCC1954 cells transfected with LNA-31-3p and treated or not 

with trastuzumab at 72h showed a reduced expression of pHER2 and total HER2 (Figure 
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4.5C). In conclusion, inhibition of miR-31-3p efficiently reduces HER2 activation only after 

72h of trastuzumab treatment, even though its biological effect on cell viability is already 

evident at 24h, even in a 2D assay. I could speculate that miR-31-3p has a broader range of 

action than the HER2 signaling and affects HCC1954 response to trastuzumab by 

modulating alternative pathways. 

 

 

Figure 4.5. Western blot analysis showing pHER2 and HER2 expression in HCC1954 cell transfected or not 

with miR-31-3p or LNA-31-3p and treated or not with lapatinib (A) or trastuzumab (C) for 72h. Images and 

quantifications are representative of three biological replicates, and the expression of the activated form is 

normalized on the total protein and quantified in the bar plots on the right. β-ACTIN signal was used as 

loading control. HCC1954 mean cell counts (three biological replicates) upon LNA-31-3p transfection alone 

or combined with trastuzumab treatment (B, ±SEM, *p<0.05). 
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4.3 MiR-31-3p modulation affects SKBr3 and HCC1954 3D cell growth and 

responsiveness to trastuzumab  

According to the literature and to the experience of my colleagues, cell viability upon 

treatment with trastuzumab has to be assessed in a 3D setting [217]. For the seeding and 

transfection steps, I set the same experimental conditions as in the 2D assay. Then, 24h 

later, the cells were transferred on Geltrex matrix in the afternoon. The morning after, 

images of the cells were captured at T0, followed by treatment with trastuzumab (10 

ug/mL). In particular, trastuzumab-containing fresh medium (50 uL/well) was added to 

the already present medium (100 uL/well) aliquoted at the time of cell seeding on the 

matrix; thus, since the final total volume was 150 uL, trastuzumab in the fresh medium 

had a concentration of 30 ug/mL. Cell growth was then monitored for 7 days. Images of 

the cells were captured again after 3, 5 and 7 days of treatment and, subsequently, 

quantified with ImageJ software. The quantification obtained was normalized on the 

initial number of cells seeded on the matrix (T0 quantifications) (Figure 4.6). 

 

Figure 4.6. 3D assay protocol (Created with BioRender.com). 
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Figure 4.7 displays the results of the 3D assay. Representative images were selected to 

show cell viability of SKBr3 and HCC1954 cells in each experimental condition. MiR-31-3p 

overexpression in SKBr3 cells was able to significantly increase cell number in comparison 

with control cells transfected with miR-NEG. This effect is consistent with the HER2 

upmodulation observed in the 2D setting, suggesting a possible involvement of this 

miRNA in proliferation pathways, sustained by a persistent HER2 signaling (Figure 4.7A). 

In addition, whereas a significant decrease of cell growth upon 5 days of treatment with 

trastuzumab was observed as expected in control cells, miR-31-3p overexpression was able 

to partially counteract the effect of the drug. Indeed, cell growth in miR-31-3p-

overexpressing SKBr3 cells is significantly higher than control cells also in treatment 

condition. Trastuzumab and miR-382-3p combination, instead, did not affect cell number 

(Figure 4.7B). Since LNA-31-3p alone was able to increase HCC1954 cell response to 

trastuzumab, even in a 2D setting, I decided to test its effect also by 3D assay. This analysis 

confirmed that inhibiting miR-31-3p significantly reduces cell viability in non-treated and 

treated cells compared to controls, also in a 3D setting, regardless of trastuzumab 

administration (Figure 4.7C). 
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Figure 4.7. 3D assays evaluating cell growth and viability of SKBr3 overexpressing or not miR-31-3p and 

treated or not with trastuzumab (A), of HCC1954 overexpressing miR-382-3p (B) or transfected with LNA-

31-3p (C) and treated or not with trastuzumab, compared to controls. Images are representative of three 

biological replicates. The bar plots show the mean normalized area occupied by cell colonies at day 5 of 

treatment (± SEM, **p<0.01, ***p<0.001, ns=not significative). 
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4.4 MiR-31-5p overexpressing SKBr3 cells show a similar in vitro behavior than 

miR-31-3p overexpressing cells 

MIR31, miR-31-3p gene on human chromosome 9 (9p21.3), encodes for another mature 

miRNA, miR-31-5p, the miR-31-3p complementary strand, which was found as well 

negatively associated with pCR in the NeoALTTO series [192]. Indeed, the miRNA 

predictive signature obtained from analysis of NeoALTTO series, originally included miR-

31-5p together with miR-31-3p and miR-382-3p; it was then reduced to a two-miRNA 

signature because it retained the same predictive power. The 5p strand of miR-31 is more 

expressed in tissues than the 3p and it is known to act as an oncogene [195]. Due to these 

intriguing reasons, I decided to explore also the effect of miR-31-5p modulation, repeating 

the 2D and 3D assays. First, I checked the miRNA basal expression in a panel of HER2+ 

breast cancer cell lines. All the experiments were performed keeping miR-31-3p as control 

in order to compare the results obtained with the two strands. MiR-31-5p is indeed almost 

10 times more expressed than its “brother” strand but has the same trend among the 

different cell lines, being HCC1954 cells the higher expressing model (Figure 4.8A). 

Mirroring what I previously did with miR-31-3p, I transfected miR-31-5p into SKBr3 cells. 

Western Blot analysis suggested that miR-31-5p has similar but not equal impact on the 

HER2 signaling pathway. Indeed, as shown in Figure 4.8B, miR-31-5p is able to increase 

pHER2 and HER2 levels in non-treated cells, but this effect was lost after 24h of treatment 

with trastuzumab. Given this result, I presumed the 3D assay would mirror such HER2 

modulation. Instead, miR-31-5p overexpression increases the number of both untreated 

and trastuzumab treated SKBr3 cells grown in 3D (Figure 4.8C). A possible explanation 
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could have been that the 5p strand “behaves” differently in 2D and 3D settings; a second 

hypothesis was that miR-31-5p needed more time to restore HER2 expression and activity 

upon trastuzumab treatment. Thus, I decided to repeat the 2D assay, collecting the cells 

after 48h of treatment. Figure 4.8D shows the western blot that supports the second 

hypothesis: indeed, whereas at 24 h only miR-31-3p is able to sustain HER2 activation, at 

48h both miRNAs counteract trastuzumab-induce p-HER2 downregulation. In conclusion, 

both miRNAs encoded by MIR31 are able to increase HER2 activity and the number of 

non-treated and treated SKBr3 cells in the 3D setting, but the different timing may reflect 

an alternative or only partially overlapping molecular mechanism. 

 

Figure 4.8. qRT-PCR evaluating miR-31-3p and miR-31-5p expression in panel of HER2+ breast cancer cell 

lines (A). Western blot analysis showing pHER2 and HER2 expression in SKBr3 cells transfected or not 

with miR-31-3p or miR-31-5p and treated or not with trastuzumab for 24h (B) or 48h (D). Images and 

quantifications are representative of three biological replicates, and the expression of the activated form is 

normalized on the total protein and quantified in the bar plots on the right. β-ACTIN signal was used as 

loading control. 3D assays evaluating cell growth and viability of SKBr3 overexpressing or not miR-31-3p 

or miR-31-5p and treated or not with trastuzumab. Images are representative of three biological replicates. 
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The bar plot shows the mean normalized area occupied by cell colonies at day 5 of treatment (± SEM, 

*p<0.05, ***p<0.001). 

4.5 Inhibition of miR-31-3p reduces HCC1954 tumor growth and increases 

responsiveness to trastuzumab in vivo 

4.5.1 HER2-addicted models: SKBr3, N202.1A, TUBO 

Having obtained encouraging results by modulating miR-31-3p in the HER2-addicted cell 

line SKBr3 and aiming at translating in vitro analysis to an in vivo setting, SKBr3 cell 

growth was tested in SCID mice. Unfortunately, the cells did not form tumors after 

injection. As alternative strategy, we decided to switch to a murine cell line, able to 

efficiently grow in the immune-competent FVB murine strain. I thus tested the rat HER2 

expressing mouse mammary carcinoma cell line N202.1A, repeating 2D and 3D 

experiments, focusing on miR-31-3p. As substitute for trastuzumab, I used 7.16.4 

monoclonal antibody, which binds rat HER2. As shown in Figure 4.9A, in this model we 

could detect a similar pHER2 upmodulation upon miR-31-3p overexpression in treated 

cells as seen in the SKBr3 model. However, the result of the 3D assay was not consistent 

with what we observed with the human cell line since cell growth on the matrix was 

comparable in all the experimental conditions (Figure 4.9B). The other murine model I 

tested, the TUBO cell line, instead, showed an increased HER2 activation in non-treated 

miR-31-3p overexpressing cells compared to control; however, a too strong receptor 

inhibition upon 7.16.4 treatment did not allow any evaluation of expression differences 

between miRNA-transfected cells and control (Figure 4.9C). Considering the 3D assay, 

miR-31-3p combination with anti-HER2 treatment reduced cell number, rather than 
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increasing it as suggested by western blot analysis, when compared to its control (Figure 

4.9D).  These results suggest that miR-31-3p effect on TUBO cell line do not recapitulate 

data observed in SKBr3 human cell line. In conclusion, none of the tested HER2-addicted 

models revealed to be suitable to assess miR-31-3p effect in vivo.   

 

Figure 4.9. Western blot analysis showing pHER2 and HER2 expression in N202.1A (A) or TUBO (C) 

cells transfected or not with miR-31-3p and treated or not with 7.16.4 antibody. Images and quantification 

are representative, the bar blot shows quantification of pHER2 signal normalized on total protein. β-ACTIN 

signal was used as loading control. 3D assays evaluating cell growth and viability of N202.1A (B) or TUBO 

(D) cells overexpressing miR-31-3p or control and treated or not with 7.16.4 antibody. Images are 

representative of three biological replicates. The bar plot shows the mean normalized area (as percentage for 

N202.1A, miR-NEG NT as 100%) occupied by cell colonies at day 5 of treatment (± SEM, ns=not 

significative, *p<0.05). 

4.5.2 HER2- non addicted model: HCC1954 

As described in the previous paragraph, the HER2-addicted models were not suitable for 

in vivo experiments. Consequently, encouraged by the results obtained by inhibiting miR-

31-3p in both 2D and 3D assays, HCC1954 cell growth and sensitivity to trastuzumab were 
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tested in vivo in SCID mice, upon injection in the mammary fat pad (TEST experiment). 

These and the following in vivo experiments were performed with the help of my 

colleagues. At palpable tumors, mice were treated with 6, 10 or 20 mg/kg trastuzumab five 

times, two times per week. As expected, we did not detect any response to the treatment, 

even at the highest concentration. (Figure 4.10A). I checked HER2 tumor expression, the 

loss of which could have explained the lack of response to trastuzumab. However, both 

non-treated and trastuzumab-treated (10mg/kg treated group only) tumors did express 

HER2 at the end of the experiment (Figure 4.10B).  

The HER2+ breast cancer cell line HCC1954 thus proved to be the most suitable one for in 

vivo experiments, in order to appreciate a gain of sensibility by modulating miRNA 

expression. We concomitantly delivered miR-31-3p inhibitor (LNA) and miR-382-3p 

mimic to evaluate a possible increase of response to trastuzumab (COMBO exp). Cel-miR-

67 was used as control oligo for miR-382-3p (Figure 4.10C). In details, LNA-31-3p, miR-

382-3p or controls were given peritumor five times (20 ug/injection), two injections per 

week. Each oligo delivery was followed by systemic treatment with trastuzumab (i.v., 10 

mg/kg) the day after. Tumor growth was monitored every 3-4 days. In parallel we also 

performed a pilot in vivo study to test the effect of LNA-31-3p alone (SINGLE exp) (Figure 

4.10D). This decision was supported by both 2D and 3D assays but, more importantly, it 

took into consideration the possible use of the inhibitor as therapeutic tool. Indeed, it 

would be more feasible to propose the delivery of a single agent than a combo, thus 

reducing potential off targets effects, and of a miRNA inhibitor rather than a mimic, since 

it does not necessarily require a carrier. In both experiments, we detected no statistically 
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significant differences in tumor volumes between the experimental groups (Figures 4.10C-

D).  

Considering the in vivo data described in the previous paragraph, we repeated the 

SINGLE experiment adjusting the protocol to better appreciate the effect of miR-31-3p 

inhibition alone (SINGLE /2). Therefore, we pre-administered the oligo and its control 

alone twice before starting the usual schedule of oligo injection followed by trastuzumab. 

Unfortunately, also in this experiment we obtained no statistically significant results 

(Figure 4.10E). We reasoned that miR-31-3p inhibition once the tumor is already formed is 

probably not sufficient to revert treatment resistance in this cell model. Thus, to appreciate 

miRNA functional role, we decided to recapitulate the low basal level observed in 

responsive patients by inhibiting the miRNA levels before tumor formation.  
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Figure 4.10. TEST in vivo experiment evaluating tumor growth of HCC1954 cell upon treatment (or not) 

with 6, 10 or 20 mg/kg of trastuzumab (A). qRT-PCR analysis evaluating HER2 expression in non-treated 

or trastuzumab-treated (only 10mg/kg-group) tumors at the end of the experiment (ns= non significative) 

(B). COMBO in vivo experiment evaluating tumor growth of HCC1954 cell upon concomitant delivery of 

LNA-31-3p and miR-382-3p and treatment or not with trastuzumab, compared to controls (C). SINGLE in 

vivo experiment evaluating tumor growth of HCC1954 cell upon delivery of LNA-31-3p or control (5 

injections) and treatment or not with trastuzumab (D). SINGLE/2 in vivo experiment evaluating tumor 

growth of HCC1954 cell upon delivery of LNA-31-3p or control (7 injections) and treatment or not with 

trastuzumab. Treatment started after 2 oligo injections (E). Trastuzumab treatments are indicated with a 

black arrow. 

Thus, we decided to transfect HCC1954 cells with LNA-31-3p or control in vitro and inject 

them in SCID mice, then started again the usual schedule of alternated LNA and 

trastuzumab delivery once the tumors were palpable. This time, we detected a statistically 

significant difference between the groups LNA-31-3p + trastuzumab and the untreated 

LNA-NEG in terms of tumor volume (Figure 4.11A). Figure 4.11B shows images of the 
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tumors collected at the sacrifice. Moreover, we weighted the tumors at the sacrifice, and 

we obtained statistically significant differences between all the experimental conditions: 

LNA-31-3p tumors, both untreated and treated, had a reduced weight compared to their 

controls (Figure 4.11C). Figure 4.11D shows the successful inhibition of miR-31-3p in 

LNA-31-3p transfected tumors, checked at the end of the experiment by qRT-PCR 

analysis. 

 

Figure 4.11. Mean tumor volumes after peritumoral injection of LNA-31-3p or control plus trastuzumab or 

saline (PHYSIO) treatment evaluated across different time points (n = 8/group; *** p≤0.001); trastuzumab 

treatments are indicated with a black arrow. (A). Images of the tumors collected at the sacrifice (B). Tumor 

weights at the sacrifice (*p≤0.05, **p≤0.01) (C). qRT-PCR evaluating miR-31-3p levels in HCC1954 tumors 

which received LNA-31-3p compared to control (±SEM, ***p<0.001) (D). 
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4.5.3 Exploring miRNA mechanism of action: identification of targets 

In order to better explore the molecular interactions that are responsible for the biological 

effects described above, I decided to identify possible miRNA direct targets by using four 

approaches (Figure 4.12): 

A) Correlation analysis between the predictive signature composed of the two 

miRNAs and the expression levels of genes obtained from the gene profile of the 

NeoALTTO series. The resulting list of genes correlated with the signature was, 

consequently, matched with the lists of miR-31-3p and miR-382-3p putative targets 

predicted by at least three online tools. Next, a second correlation analysis was performed 

between the selected putative targets and the expression of the two miRNAs in the 

NeoALTTO series. The most promising genes, in terms of statistical significance of the 

correlation and biological role, were analyzed by qRT-PCR in miRNA-overexpressing cell 

line models. 

B) Correlation analysis between the expression levels of the two miRNAs, independently 

considered, and the gene expression performed on the NeoALTTO series. In this case, the 

resulting list was not previously filtered for the correlation with the signature and was 

directly matched with the lists of putative targets. 

C) Starting from the lists of miRNA putative targets, candidates were selected depending 

on the pathway they are involved in, considering the context of the study, and information 

found in the literature. 

D) RNA-seq analysis on SKBr3 and HCC1954 cells modulated for miR-31-3p expression 
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Figure 4.12. Schematic representation of the four approaches for miRNA target identification 

4.5.4 Approach A 

Starting from the results of approach A, 70 genes resulted significantly correlated with the 

signature (Spearman correlation coefficient ≥0.40 in absolute value, Figure 4.13A), 20 of 

which are predicted to be direct targets of either miR-31-3p or miR-382-3p. Among the 

genes that resulted anti-correlated with the corresponding miRNA, PDPK1, PRDM10, 

ASXL2, SLC25A17, RAB10 and LPIN1 for miR-31-3p, and TFAP2C for miR-382-3p, were 

analyzed by qRT-PCR in in vitro models. These genes were selected based on either 

highest anti-correlation score, as SLC25A17 (r=-0.39), PRDM10 (r=-0.38), ASXL2 (r=-0.37) 

and RAB10 (r=-0.33), or relevant biological function like PDPK1, LPIN1 and TFAP2C. In 

particular, PDPK1 is directly involved in the PI3K/Akt pathway, phosphorylating and 

activating protein kinases, including AKT, and it has been already linked to trastuzumab 

resistance mechanisms [218]. LPIN1 encodes for phosphatidic acid phosphatase (PAP) 
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lipin-1, which is directly phosphorylated by the oncogene src, a close interactor of HER2 

pathway, and it is linked to breast cancer malignancy [219]. Lastly, TFAP2C encodes for 

the transcription factor AP-2γ, which regulates a set of genes that constitute a signature 

that predicts outcome in HER2+ breast cancer [220]. Unfortunately, most of the predicted 

targets resulted upmodulated rather than downmodulated upon overexpression of the 

putative targeting miRNA (Figure 4.13B-C). To exclude that this increase was the result of 

a feedback loop to restore gene expression upon inhibition, I checked PDPK1 protein level, 

both phosphorylated and total forms as example, in miR-31-3p overexpressing SKBr3 cells. 

The western blot analysis confirmed the qRT-PCR data (Figure 4.13D). 

 

Figure 4.13. Correlation coefficients of the 70 genes significantly correlated with the miRNA-based 

predictive signature in the NeoALTTO study (A). qRT-PCR evaluating PDPK1, PRDM10, ASXL2, 

SLC25A17, RAB10 and LPIN1 mRNA levels in miR-31-3p overexpressing SKBr3 compared to control at 

24h after miRNA transfection (B). qRT-PCR evaluating TFAP2C mRNA levels in miR-382-3p 

overexpressing HCC1954 at 24h after miRNA transfection (C). Western blot analysis showing pPDPK1 

and PDPK1 protein levels in SKBr3 cells transfected or not with miR-31-3p and treated or not with 
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trastuzumab. Images and quantification are representative of three biological replicates and the expression of 

the activated form is normalized on the total protein and quantified in the bar plot on the right, while 

PDPK1 levels are normalized on the expression of b-actin (D). 

4.5.5 Approach B 

Approach B led to a list of 127 genes correlated with miR-31-3p, 83 of which anti-

correlated (Spearman Corr. Coeff. ≤-0.40). 8 of 83 genes were putative targets and are listed 

in Table 4.1. 111 genes instead correlated with miR-382-3p expression. Among the 58 anti-

correlated genes, 7 were predicted as targets (Table 4.1). Validation of these genes is still 

ongoing.  

Table 4.1 List of miR-31-3p and miR-382-3p putative targets resulting from the intersection between in 

silico predicted targets and anti-correlated genes in the NeoALTTO study  

 

4.5.6 Approach C 

Approach C, instead, led to the investigation of ERBIN, namely ERBB2 interactive protein, 

a putative target of miR-31-3p and described as HER2 stabilizer at the membrane level 

Symbol Complete name Function Corr.

MFAP3 Microfibril Associated Protein 3 ECM -0.46

CDC42SE2 CDC42 Small Effector 2 Cytoskeleton -0.45

EIF4EBP2 Translation Initiation Factor binding protein Repressor of translation -0.45

PRDM10 PR/SET Domain 10 Transcription Factor -0.45

RCAN3 RCAN Family member 3 Calcium-mediated signalling -0.44

ABLIM1 Actin binding LIM protein 1 Scaffold protein - Cytoskeleton -0.43

GUF1 GTP Binding Elongation Factor GTPase (mitochondria) -0.41

MCOLN2 Mucolipin TRP Cation Channel 2 Cation (Ca2+) channel -0.40

Symbol Complete name Function Corr.

COIL Coilin Post-transcription modification -0.47

RB1CC1 RB1 Inducible Coiled-Coil 1 Cell growth, prolif, autophagy -0.44

ANKRD28 Ankyrin repeat domain 28 phosphatase -0.44

TP53INP1 P53 inducible nuclear protein 1 Autophagy, antioxidant -0.43

SHOC2 Leucin Rich Repeat Scaffold protein Scaffold x RAS/MAPK signalling -0.41

UBXN6 UBX domain protein 6 Endo- to lysosome transport -0.41

NTN4 Netrin 4 ECM -0.40

PUTATIVE TARGETS of miR-31-3p

PUTATIVE TARGETS of miR-382-3p
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[221]. ERBIN levels, analyzed by western blot assay, resulted downmodulated by miR-31-

3p only in HCC1954 cells and not in SKBr3 (Figure 4.14A). Luciferase assay performed in 

HEK293 cells demonstrated that miR-31-3p binds ERBIN 3’UTR (Figure 4.14B).  

Given ERBIN biological role, I performed flow cytometry analysis to check whether HER2 

stability increased upon miR-31-3p inhibition with LNA-31-3p, thus justifying the increase 

of response to trastuzumab of HCC1954 cells due to an increase of target availability on 

cell membranes. I performed the analysis using a limiting dilution of the antibody to 

overcome the possibility of a saturated reaction between anti-HER2 antibody and HER2, a 

situation that would have masked differences between my experimental conditions. 

Starting from a concentration of 0.625 ug/mL, I reached an antibody concentration of 0.05 

ug/mL. However, no significant changes in HER2 expression at membrane level were 

observed (Figure 4.14C). Thus, to investigate ERBIN possible implication in resistance to 

trastuzumab, I decided to silence it in concomitance with trastuzumab treatment both in 

2D and 3D setting. Unfortunately, I obtained no significant changes between the different 

experimental conditions, neither in terms of HER2 pathway modulation nor in 3D cell 

growth and response to trastuzumab (Figure 4.14D-E). Thus, the results obtained do not 

support a direct involvement of ERBIN in the biological effects described in the previous 

paragraphs.  
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Figure 4.14. Western blot analysis evaluating ERBIN expression in miR-31-3p overexpressing SKBr3 and 

HCC1954 cells compared to control. Protein levels were quantified in the bar plot on the right normalizing 

on b-actin signal; images and quantifications are representative of three biological replicates (A). Luciferase 

reporter assay assessing miR-31-3p direct targeting of ERBIN performed in HEK293 cells. The bar plot 

shows mean values of luciferase activity of three biological replicates (±SEM, **p<0.01) (B). Representative 
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flow cytometry analysis assessing HER2 expression on HCC1954 cell membranes upon miR-31-3p 

inhibition (second graph), compared to control (first graph). The third graph shows the overlay of the two 

samples (C). Western blot analysis evaluating ERBIN, pHER2, pAKT and pMAPK levels in non-treated or 

trastuzumab-treated HCC1954 cells silenced (or not, si-NEG) for ERBIN expression (si-ERBIN). Images 

and quantifications are representative of three biological replicates; ERBIN signal was normalized on b-actin 

signal while pHER2, pAKT and pMAPK levels were normalized on their respective total protein signals 

(D). 3D assay evaluating cell growth and viability of HCC1954 silenced (or not) for ERBIN expression and 

treated or not with trastuzumab, compared to controls. Images are representative of three biological 

replicates. The bar plots show the mean normalized area occupied by cell colonies at day 5 of treatment (± 

SEM, ns=not significative). 

4.5.7 Approach D 

Approaches A and C described in the previous paragraphs were not successful in giving 

insight into miR-31-3p mechanism of action, while approach B is still ongoing. Thus, in 

parallel, I decided to perform an RNA-seq analysis on my in vitro models, SKBr3 and 

HCC1954, modulated for miRNA expression and treated or not the day after with 

trastuzumab for 24h.  

  RNAseq analysis on SKBr3 cells 

For what concerns SKBr3 cells, a total of 155 genes resulted significantly modulated 

between miR-31-3p NT and miR-NEG NT conditions (94 down, 61 up) and 196 genes 

between miR-31-3p T and miR-NEG T (101 down, 95 up). Trastuzumab treatment alone 

modulated 308 genes in the control condition (miR-NEG T vs miR-NEG NT), while the 

number is reduced to 8 in the presence of miRNA overexpression (miR-31-3p T vs miR-31-

3p NT). This result suggests that miRNA upmodulation dampens the effect of the anti-

HER2 agent on SKBr3 cells.  

Among the downmodulated genes in miR-31-3p overexpressing cells, 31 were predicted 

as direct targets by at least 2 online tools (Table 4.2). Surprisingly, ERBB3, HER3 coding 
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gene, is included in this list even though its upmodulation has been demonstrated to 

reduce response to trastuzumab [222]. 

Table 4.2 List of genes downmodulated by miR-31-3p in in both non-treated and treated SKBr3 cells, which 

are predicted as miRNA direct targets by at least two online prediction tools  

GENE FULL NAME LogFC FDR PREDICTION TOOLS 

CA12 Carbonic Anhydrase 12 -0.64 0.0022 miRwalk, TargetScan 

CCNY Cyclin Y -0.62 0.0048 miRwalk, TargetScan 

CDK6 Cyclin Dependent Kinase 6 -0.45 0.0442 miRwalk, TargetScan 

CYB5R1 Cytochrome B5 Reductase 1 -0.66 0.0047 miRwalk, TargetScan 

EHBP1 EH Domain Binding Protein 1 -0.51 0.0141 miRwalk, TargetScan 

ERBB3 Erb-B2 Receptor Tyrosine Kinase 3 -0.62 0.0024 miRwalk, TargetScan 

GUCD1 Guanylyl Cyclase Domain Containing 1 -0.72 0.0080 miRwalk, TargetScan 

ITPRIPL2 Inositol 1,4,5-Trisphosphate Receptor Interacting Protein Like 2 -0.40 0.0360 miRwalk, TargetScan 

LPGAT1 Lysophosphatidylglycerol Acyltransferase 1 -0.41 0.0229 miRwalk, TargetScan 

LSM14B LSM Family Member 14B -0.72 0.0061 miRwalk, TargetScan 

MLEC Malectin -0.61 0.0012 miRwalk, TargetScan 

NEDD9 Neural Precursor Cell Expressed, Developmentally Down-Regulated 9 -0.57 0.0163 miRwalk, TargetScan 

PTBP3 Polypyrimidine Tract Binding Protein 3 -0.44 0.0121 miRwalk, TargetScan 

PTPRF Protein Tyrosine Phosphatase Receptor Type F -0.39 0.0190 miRwalk, TargetScan 

SEC31A SEC31 Homolog A, COPII Coat Complex Component -0.50 0.0047 miRwalk, TargetScan 

SNX27 Sorting Nexin 27 -0.34 0.0395 miRwalk, TargetScan 

CYB5RL Cytochrome B5 Reductase Like -0.80 0.0163 miRwalk, TargetScan 

LNPEP Leucyl And Cystinyl Aminopeptidase -0.35 0.0409 miRwalk, TargetScan 

LRRC8B Leucine Rich Repeat Containing 8 VRAC Subunit B -0.77 0.0229 miRwalk, TargetScan 

MAP3K7 Mitogen-Activated Protein Kinase Kinase Kinase 7 -0.37 0.0448 miRwalk, TargetScan 

NEBL Nebulette -0.36 0.0239 miRwalk, TargetScan 

PDPR Pyruvate Dehydrogenase Phosphatase Regulatory Subunit -0.81 0.0129 miRwalk, TargetScan 

SCAMP5 Secretory Carrier Membrane Protein 5 -1.02 0.0338 miRwalk, TargetScan 

USP12 Ubiquitin Specific Peptidase 12 -0.56 0.0353 miRwalk, TargetScan 

UBE2H Ubiquitin Conjugating Enzyme E2 H -0.36 0.0363 miRwalk, TargetScan 

XPNPEP3 X-Prolyl Aminopeptidase 3 -0.78 0.0129 miRwalk, TargetScan 

ZBTB5 Zinc Finger And BTB Domain Containing 5 -0.52 0.0382 miRwalk, TargetScan 

PPP2R5C 
 

Protein Phosphatase 2 Regulatory Subunit B'Gamma -0.34 0.0238 miRwalk, miRTarBase 

CHMP4B Charged Multivesicular Body Protein 4B -0.47 0.0061 TargetScan, miRTarBase 

EPB41L4B Erythrocyte Membrane Protein Band 4.1 Like 4B -0.60 0.0186 TargetScan, miRTarBase 

PLEKHB2 Pleckstrin Homology Domain Containing B2 -0.96 0.0002 TargetScan, miRTarBase 

 

In order to better understand miR-31-3p mechanism of action, I performed a pathway 

enrichment analysis using the Enrichr software (https://maayanlab.cloud/Enrichr/) and 

considering the pathway enriched based on The Molecular Signatures Database (MSigDB) 

https://maayanlab.cloud/Enrichr/
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hallmark gene set collection [207]. In Table 4.3 are listed the significant enriched pathways 

in miR-31-3p NT vs miR-NEG NT, miR-31-3p T vs miR-NEG T and miR-NEG T vs miR-

NEG NT comparisons.  

Table 4.3 Significant enriched pathways in treated or not 

miR-31-3p overexpressing SKBr3 cells, compared to controls 

miR-31-3p NT vs miR-NEG NT 

Term Overlap P-value Adjusted P-value 

TGF-beta Signaling 4/54 8.1E-04 2.2E-02 

UV Response Up 6/158 1.5E-03 2.2E-02 

Apoptosis 6/161 1.6E-03 2.2E-02 

mTORC1 Signaling 6/200 4.7E-03 4.7E-02 

miR-31-3p T vs miR-NEG T 

mTORC1 Signaling 12/200 6.9E-07 2.9E-05 

TGF-beta Signaling 4/54 1.9E-03 2.6E-02 

Protein Secretion 5/96 2.6E-03 2.6E-02 

Androgen Response 5/100 3.1E-03 2.6E-02 

Myc Targets V1 7/200 3.6E-03 2.6E-02 

Oxidative Phosphorylation 7/200 3.6E-03 2.6E-02 

miR-NEG T vs miR-NEG NT 

G2-M Checkpoint 33/200 1.4E-24 5.5E-23 

E2F Targets 31/200 2.6E-22 5.2E-21 

Myc Targets V1 25/200 6.4E-16 8.5E-15 

mTORC1 Signaling 22/200 5.3E-13 5.3E-12 

Cholesterol Homeostasis 8/74 1.7E-05 1.4E-04 

Androgen Response 9/100 2.3E-05 1.5E-04 

Fatty Acid Metabolism 11/158 3.3E-05 1.9E-04 

Myc Targets V2 6/58 2.5E-04 1.3E-03 

Glycolysis 10/200 1.1E-03 4.7E-03 

Mitotic Spindle 9/199 3.7E-03 1.5E-02 

Spermatogenesis 7/135 4.8E-03 1.7E-02 

DNA Repair 7/150 8.4E-03 2.8E-02 

Oxidative Phosphorylation 8/200 1.2E-02 3.7E-02 

 

Figure 4.15 is, instead, a schematic representation showing the enriched pathways shared 

between the different comparisons. mTORC1 Signaling resulted enriched in all groups, 

while TGF-beta Signaling was enriched only in the presence of miR-31-3p, both in non-

treated and treated condition. Androgen Response, Myc Targets V1 and Oxidative 
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Phosphoriylation were, instead, the pathways shared by miR-31-3p T vs miR-NEG T and 

miR-NEG T vs miR-NEG NT, which could suggest that those gene sets are modulated by 

the miRNAs only in response to trastuzumab treatment. Indeed, all the genes included in 

the three pathways, that are also in common between the two comparisons, are modulated 

in opposite way by the miRNA and the treatment alone. I then performed Ingenuity 

Pathway Analysis (IPA) to predict activation (z-score ≥ 2) or inhibition (z-score ≤ -2) of 

pathways based on the amplitude of negative or positive fold change of the enriched 

genes included in those pathways, upon miR-31-3p overexpression in SKBr3 cells. For 

example, the most activated pathway in non-treated miR-31-3p overexpressing SKBr3 is 

Protein kinase A (PKA) signaling (z-score=2.24), which includes CTNNB1 (Catenin beta-1) 

and TGFBR1 (Transforming Growth Factor Beta Receptor 1) genes, already present also in 

the MSigDB hallmark gene set TGF-Beta Signaling. In accordance with my data, PKA 

activation has been demonstrated to confer resistance to trastuzumab in human breast 

cancer cell lines [223]. In trastuzumab-treated miR-31-3p overexpressing cells, instead, 

among the activated IPA pathways stand out Mitotic G2-G2/M phases (z-score=2.65) and 

PI3K/AKT Signaling (z-score=2), a clear indication that the drug is not efficiently exerting 

its anti-tumoral effect. These results support the in vitro data demonstrating that miR-31-

3p overexpression is able to counteract trastuzumab activity in SKBr3 cells.  
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Figure 4.15. Schematic representation showing the significant enriched MSigDB Hallmarks gene sets that 

are shared between miR-31-3p NT vs miR-NEG NT, miR-31-3p T vs miR-NEG T and miR-NEG T vs miR-

NEG NT comparisons in SKBr3 cells.  

A preliminary western blot analysis was performed to validate gene modulation at protein 

level in the miR-31-3p NT vs miR-NEG NT comparison group. Based on their function, I 

selected as downmodulated genes ERBB3 (logFC -0.62, FDR 0.0024), and FOXO3 (or 

FOXO3A, logFC -0.39, 0.024), a transcription factor that mainly acts as tumor suppressor, 

inhibiting cell proliferation and inducing transcription of apoptosis genes [224]. CTNNB1 

and CREB1 (CAMP Responsive Element Binding Protein 1) are the upmodulated genes I 

chose to study. CTNNB1 (logFC 0.37, FDR 0.014) encodes for β-catenin, which is part of a 

complex of proteins that constitute adherens junctions, and it is known to be involved in 

trastuzumab resistance mechanisms with its partner WNT [225,226]. CREB1 (logFC 0.34, 

FDR 0.038) encodes for a transcription factor downstream the PI3K/AKT pathway, 

modulating different cellular processes like cell growth and proliferation, differentiation, 

apoptosis, and survival, and it was found overexpressed in solid tumors [227,228]. 

Moreover, FOXO3 and CREB1 were selected for protein analysis also because they are 
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included in the IPA activated pathway ERK5 Signaling (z-score=2), which has also been 

linked to trastuzumab resistance mechanisms [229]. 

Figure 4.16 shows images and quantification of the western blot analysis. Despite what 

expected from RNAseq data, where HER3 was among the genes downmodulated also in 

miR-31-3p NT vs miR-NEG NT group, protein levels of both total and phosphorylated 

HER3 resulted downmodulated by miR-31-3p only in treated cells.  FOXO3A protein 

levels also decreased only in the combination group. As for β-catenin, it increased upon 

miR-31-3p overexpression both in non-treated and treated cells. Finally, CREB1 activity 

only did increase in non-treated miR-31-3p overexpressing cells; on the contrary, in treated 

samples, the increase in total protein did not result in a higher activation. Considering that 

the western blot analysis is not completely overlapping with the RNAseq analysis, I 

checked pHER2 and HER2 expression and validated the usual upmodulation of HER2 by 

miR-31-3p only in the treated condition. Replicates of this analysis are needed to verify 

putative miRNA target modulation.  
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Figure 4.16. Western blot analysis assessing pHER2, HER2, pHER3, HER3, FOXO3A, β-catenin, 

pCREB1 and CREB1 protein levels in SKBr3 cells transfected or not with miR-31-3p and treated or not 

with trastuzumab. Bar plots show quantification of the bands, total protein levels were normalized on β-actin 

signal, while phosphorylated form levels were normalized on total protein levels. 

 

RNAseq analysis on HCC1954 cells 

The RNA-seq performed on HCC1954 cells aimed at evaluating the effect of both miR-31-

3p upmodulation and downmodulation to better recapitulate miRNA mechanism of 

action in concomitance or not with trastuzumab treatment. The analysis was carried out 

on cells treated for 24h and not 72h considering that at 24h HCC1954 cell viability was 

already affected by miR-31-3p inhibition, as described in Chapter 4.2. These are the 

numbers of significant modulated genes in the different comparisons: 

- miR-31-3p NT vs NEG NT:  1041 significant modulated genes, 529 down and 512 up;  

- miR-31-3p T vs NEG T: 1170 significant modulated genes, 622 down and 548 up; 
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- miR-NEG T vs miR-NEG NT: 137 significant modulated genes, 87 down and 50 up; 

- LNA-31-3p NT vs LNA-NEG NT: 877 significant modulated genes, 472 down and 405 

up. 

- LNA-31-3p T vs LNA-NEG T: 741 significant modulated genes, 318 down and 423 up. 

- LNA-NEG T vs LNA-NEG NT: 35 significant modulated genes, 26 down e 9 up. 

Is it immediately clear that the number of significantly modulated genes found in 

HCC1954 comparisons are quite higher than in SKBr3 cells, except for miR-NEG T vs 

miR-NEG NT (n=137) and LNA-NEG T vs LNA-NEG NT (n=35). In SKBr3 cells the 

modulated genes by the treatment alone were 308. It could be speculated that these 

results mirrors the different responsiveness of the cell lines to trastuzumab. 

Among the downmodulated genes in miR-31-3p overexpressing cells, 137 were predicted 

as direct targets by at least 2 online tools. Since the number is high, in Table 4.4 are 

reported only the 21 genes that are putatively targeted by miR-31-3p in both SKBr3 and 

HCC1954. 
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Table 4.4 List of genes downmodulated by miR-31-3p in both non-treated and treated SKBr3 and 

HCC1954, which are predicted as miRNA direct targets by at least two online prediction tools 

GENE FULL NAME LogFC FDR PREDICTION TOOLS 

CCNY Cyclin Y -0.62 1.1E-09 miRwalk, TargetScan 

CYB5R1 Cytochrome B5 Reductase 1 -0.75 8.0E-08 miRwalk, TargetScan 

EHBP1 EH Domain Binding Protein 1 -0.45 2.9E-03 miRwalk, TargetScan 

ERBB3 Erb-B2 Receptor Tyrosine Kinase 3 -0.76 8.9E-08 miRwalk, TargetScan 

GUCD1 Guanylyl Cyclase Domain Containing 1 -1.02 6.6E-08 miRwalk, TargetScan 

ITPRIPL2 Inositol 1,4,5-Trisphosphate Receptor Interacting Protein Like 2 -0.66 7.0E-08 miRwalk, TargetScan 

LPGAT1 Lysophosphatidylglycerol Acyltransferase 1 -0.69 6.7E-06 miRwalk, TargetScan 

LSM14B LSM Family Member 14B -0.98 6.6E-08 miRwalk, TargetScan 

MLEC Malectin -0.92 6.6E-08 miRwalk, TargetScan 

PTBP3 Polypyrimidine Tract Binding Protein 3 -0.42 7.8E-08 miRwalk, TargetScan 

PTPRF Protein Tyrosine Phosphatase Receptor Type F -0.39 8.7E-08 miRwalk, TargetScan 

SEC31A SEC31 Homolog A, COPII Coat Complex Component -0.48 1.3E-09 miRwalk, TargetScan 

LRRC8B Leucine Rich Repeat Containing 8 VRAC Subunit B -0.45 1.0E-03 miRwalk, TargetScan 

NEBL Nebulette -0.40 4.9E-03 miRwalk, TargetScan 

PDPR Pyruvate Dehydrogenase Phosphatase Regulatory Subunit -0.70 1.3E-09 miRwalk, TargetScan 

SCAMP5 Secretory Carrier Membrane Protein 5 -1.94 3.3E-04 miRwalk, TargetScan 

UBE2H Ubiquitin Conjugating Enzyme E2 H -0.39 9.1E-08 miRwalk, TargetScan 

XPNPEP3 X-Prolyl Aminopeptidase 3 -0.70 8.6E-04 miRwalk, TargetScan 

PPP2R5C 
 

Protein Phosphatase 2 Regulatory Subunit B'Gamma -0.52 7.0E-0.8 miRwalk, miRTarBase 

CHMP4B Charged Multivesicular Body Protein 4B -0.64 6.7E-06 TargetScan, miRTarBase 

PLEKHB2 Pleckstrin Homology Domain Containing B2 -0.81 6.6E-08 TargetScan, miRTarBase 

 

Pathway enrichment analysis performed on the miRNA-related comparisons resulted in 

the list of gene sets included in Table 4.5.  
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Table 4.5 Significant enriched pathways in treated or not miR-

31-3p overexpressing HCC1954 cells, compared to controls 

miR-31-3p NT vs miR-NEG NT 

Term Overlap P-value Adjusted P-value 

Estrogen Response Early 31/200 4.9E-08 2.4E-06 

TGF-beta Signaling 13/54 2.9E-06 7.1E-05 

Hypoxia 27/200 5.4E-06 8.9E-05 

p53 Pathway 26/200 1.6E-05 2.0E-04 

UV Response Dn 20/144 5.8E-05 5.7E-04 

IL-2/STAT5 Signaling 24/199 1.1E-04 8.4E-04 

TNF-alpha Signaling via NF-kB 24/200 1.2E-04 8.4E-04 

Estrogen Response Late 23/200 3.1E-04 1.9E-03 

Interferon Gamma Response 22/200 7.6E-04 3.4E-03 

mTORC1 Signaling 22/200 7.6E-04 3.4E-03 

Glycolysis 22/200 7.6E-04 3.4E-03 

Wnt-beta Catenin Signaling 8/42 1.3E-03 5.2E-03 

Unfolded Protein Response 14/113 2.2E-03 7.9E-03 

Angiogenesis 7/36 2.2E-03 7.9E-03 

KRAS Signaling Up 20/200 4.0E-03 1.3E-02 

E2F Targets 19/200 8.4E-03 2.4E-02 

heme Metabolism 19/200 8.4E-03 2.4E-02 

miR-31-3p T vs miR-NEG T 

Estrogen Response Early 36/200 1.2E-09 5.8E-08 

p53 Pathway 31/200 5.5E-07 1.4E-05 

mTORC1 Signaling 27/200 3.8E-05 4.7E-04 

KRAS Signaling Up 27/200 3.8E-05 4.7E-04 

TGF-beta Signaling 12/54 4.9E-05 4.8E-04 

TNF-alpha Signaling via NF-kB 26/200 1.0E-04 8.2E-04 

IL-2/STAT5 Signaling 25/199 2.3E-04 1.6E-03 

Estrogen Response Late 24/200 6.0E-04 3.7E-03 

PI3K/AKT/mTOR Signaling 15/105 1.1E-03 5.9E-03 

Protein Secretion 14/96 1.3E-03 6.2E-03 

Glycolysis 23/200 1.4E-03 6.2E-03 

Fatty Acid Metabolism 19/158 2.1E-03 8.5E-03 

Apoptosis 19/161 2.6E-03 9.8E-03 

Hypoxia 22/200 3.0E-03 1.1E-02 

Angiogenesis 7/36 4.2E-03 1.4E-02 

Epithelial Mesenchymal Transition 21/200 6.4E-03 1.8E-02 

Inflammatory Response 21/200 6.4E-03 1.8E-02 

Wnt-beta Catenin Signaling 7/42 9.9E-03 2.7E-02 

miR-NEG T vs miR-NEG NT 

Estrogen Response Early 7/200 4.6E-04 1.5E-02 

Estrogen Response Late 6/200 2.6E-03 4.1E-02 
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Figure 4.17 is the schematic representation showing the shared pathways. Estrogen 

Response Early and Estrogen Response Late gene sets resulted significantly modulated in all 

the three comparisons, but no genes are shared. 10 gene sets were, instead, significantly 

modulated only upon miR-31-3p overexpression, including TGF-beta Signaling and 

mTORC1 Signaling, already found in the SKBr3-related analysis.  

 

Figure 4.17. Schematic representation showing the significant enriched MSigDB Hallmarks gene sets that 

are shared between miR-31-3p NT vs miR-NEG NT, miR-31-3p T vs miR-NEG T and miR-NEG T vs miR-

NEG NT comparisons in HCC1954 cells. 

In Figure 4.18 I merged the results of enrichment pathway analysis performed in miRNA-

related comparisons in the two cell lines, followed by a schematic representation of the 

main molecular interactions in TGF-beta Signaling and mTORC1 Signaling pathways 

(Figure 4.19).  



94 
 

 

Figure 4.18. Significant enriched pathways in miRNA-related comparisons (miR-31-3p vs miR-NEG) in 

treated and non-treated SKBr3 and HCC1954. Highlighted in yellow are TGF-beta Signaling and mTORC1 

Signaling gene sets, which are shared between all the comparisons. Created with BioRender.com  

 

Figure 4.19 Schematic representation of the main molecular interactions in TGF-beta Signaling and 

mTORC1 Signaling pathways (Created with BioRender.com). 
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Pathway enrichment analysis performed on the LNA-related comparisons resulted in the 

list of gene sets included in Table 4.6. No significant enriched gene set was found in the 

comparison LNA-NEG T vs LNA-NEG NT. 

Table 4.6 Significant enriched pathways in treated or not LNA-

31-3p transfected HCC1954 cells, compared to controls 

LNA-31-3p NT vs LNA-NEG NT 

Term Overlap P-value Adjusted P-value 

Interferon Alpha Response 20/97 6.2E-09 3.0E-07 

Interferon Gamma Response 28/200 5.6E-08 1.4E-06 

Cholesterol Homeostasis 14/74 3.4E-06 5.5E-05 

mTORC1 Signaling 24/200 7.8E-06 9.4E-05 

TNF-alpha Signaling via NF-kB 22/200 7.1E-05 6.8E-04 

Hypoxia 21/200 2.0E-04 1.6E-03 

Unfolded Protein Response 14/113 4.3E-04 2.9E-03 

Myc Targets V1 17/200 7.1E-03 3.8E-02 

Inflammatory Response 17/200 7.1E-03 3.8E-02 

LNA-31-3p T vs LNA-NEG T 

Interferon Alpha Response 18/97 1.5E-08 5.2E-07 

Interferon Gamma Response 26/200 2.7E-08 5.2E-07 

Unfolded Protein Response 19/113 3.3E-08 5.2E-07 

TNF-alpha Signaling via NF-kB 25/200 1.1E-07 1.3E-06 

p53 Pathway 22/200 5.4E-06 5.2E-05 

Hypoxia 19/200 1.7E-04 1.4E-03 

UV Response Up 13/158 6.0E-03 4.1E-02 

Apoptosis 13/161 7.0E-03 4.2E-02 

 

Figure 4.20 is the schematic representation showing the shared pathways between the 

two comparisons. 
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Figure 4.20. Schematic representation showing the significant enriched MSigDB Hallmarks gene sets that 

are shared between LNA-31-3p NT vs LNA-NEG NT and LNA-31-3p T vs LNA-NEG T comparisons in 

HCC1954 cells. 

 

In order to exploit results from both the upmodulation and the downmodulation of miR-

31-3p in the same cell line, I also checked which pathways were enriched when only the 

downmodulated genes by the miRNA (miR-31-3p NT vs miR-NEG NT_down) and the 

upmodulated genes by its inhibitor LNA-31-3p (LNA-31-3p NT vs LNA-NEG NT_up) 

were considered for the enrichment analysis, highlighting the commonalities (Figure 

4.21). It is interesting to note that mTORC1 Signaling comes out as a core modulated 

pathway even in this context. Many of the other recurrent gene sets, like TGF-beta 

Signaling, TNF-alpha Signaling via NF-kB and p53 Pathway are all functionally 

interconnected with each other, with mTORC1 signaling and with HER2 signaling 

pathway.  
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Figure 4.21. Schematic representation showing the significant enriched MsigDB Hallmarks gene sets that 

are shared between miR-31-3p NT vs miR-NEG NT and LNA-31-3p T vs LNA-NEG T comparisons in 

HCC1954 cells. 

 

Finally, I performed IPA analysis also in HCC1954-related comparisons and it revealed, 

for example, that the most predicted activated pathway in non-treated miR-31-3p 

overexpressing HCC1954 cells was PI3K/AKT Signaling (z-score 3.27). Since the significant 

activated and inhibited pathways in the different comparisons were numerous, I decided 

to see which cellular functions were positively or negatively enriched, so that single 

interacting pathways were grouped together in higher functional categories. In miR-31-3p 

NT vs miR-NEG NT comparison, the most significantly activated functional category was 

cell proliferation of tumor cell lines (z-score=3.36). Cell proliferation of breast cancer cell line (z-

score=2.36) was the most significant among the top 10 activated functional categories in 

miR-31-3p T vs miR-NEG T comparison. In the same group, Apoptosis of epithelial cell line 

(z-score=-2.78) was, instead, the most significantly inhibited category. On the contrary, in 

both LNA-31-3p vs LNA-NEG comparisons, regardless of the presence of the treatment, 

cell death of tumor cells (z-score=3.14 in the non-treated group and z-score=4.65 in 

trastuzumab-treated group) had the highest significance among the top 5 activated 

functional categories, while, coherently, cell viability of carcinoma cell lines (z-score=-2.68) 
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was included in the top 5 inhibited functional categories. These results are in line with 

what I observed in in vitro experiments in 2D and 3D settings. 

Thus, taking into consideration the results obtained from in vitro and in vivo experiments 

described in the previous chapters, together with the RNAseq analyses, it can be 

concluded that miR-31-3p modulation in the two HER2+ breast cancer cell lines SKBr3 

and HCC1954 considerably affects cell proliferation and viability upon trastuzumab 

treatment. Future experiments will unveil more details on the precise mechanism of 

action and direct molecular interactions of the miRNA.  

4.6 MiR-31-3p negatively correlates with an activation of immune cell subsets 

in the NeoALTTO study 

The experiments described so far suggest that miR-31-3p exerts an active role in HER2+ 

breast cancer cells. On the contrary, the modulation of miR-382-3p led to minor changes in 

in tumor behavior. The immune system, as described in the introduction, plays an 

important role in the context of trastuzumab response. Thus, I hypothesized that miR-382-

3p could be effective in the immune compartment. In collaboration with the 

Bioinformatics and Biostatistics Unit, a correlation analysis between miRNA expression 

and both the immune infiltrate in the NeoALTTO study and 60 immune-related 

metagenes was performed (28 immuno signature by Charoentong et al., 13 by Safonov et 

al., 14 tumor-infiltrating immune cells population by CIBERSORT and immune-related 

metagenes 5 by Rody et al) [212–215]. Both predictive miRNAs were included in this 

analysis. No correlation was found between miRNA expression and distribution of TILs in 
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terms of number of infiltrating lymphocytes detected by IHC in patient biopsies . 

Correlation analysis of the expression of each miRNA and different immune-related 

metagenes are reported in Table 4.7, considering a Spearman correlation coefficient >0.30 

in absolute value.  

Table 4.7. Summary of the results of the correlation analysis between miRNA expression in the NeoALTTO 

study and immune metagenes.  

 

a Charoentong et al. Cell Reports 18, 248–262, January 3, 2017; b Safonov et al Cancer Res (2017) 77 (12): 3317–

3324., c tumor-infiltrating immune cells (TIICs) population generated by CIBERSORT; d Pizzamiglio et al. Clin 

Cancer Res (2021) 27 (23): 6307–6313 7. Rody et al . Breast Cancer Res 2009; 11 :R15. 

These analyses suggested that miR-31-3p, in particular, negatively correlated with the 

presence of activated immune cell subsets, except for mast cells, which however still have 

a controversial role in breast cancer responsiveness to anti-HER2 therapies [230]. As for 

miR-382-3p, despite its opposite correlation with pCR to miR-31-3p, it showed a similar 

pattern of correlation but with fewer signatures. Further analyses and experiments are 
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needed to explore miRNA-immune system relationship in the context of trastuzumab 

treatment.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

In conclusion, the results described in this PhD thesis demonstrate that overexpression of 

miR-31-3p was able to increase HER2 activity and cell number of non-treated and 

trastuzumab-treated HER2-addicted SKBr3 cells. On the contrary, HER2 non-addicted 

HCC1954 cells transfected with miR-31-3p inhibitor (LNA-31-3p) alone or in combination 

with miR-382-3p showed an increased response to trastuzumab in vitro, but the effect on 

cell viability was mainly due to miR-31-3p inhibition. Moreover, LNA-31-3p alone was 

able to reduce HCC1954 cell viability also in a 3D setting, regardless of trastuzumab 

treatment. According to the RNAseq analyses, these biological effects could be mediated 

by miR-31-3p modulation of TGF-β and mTOR signaling pathways. Functional studies 

will better explore the molecular mechanisms involved and will help identifying direct 

miRNA targets.  

The results obtained with LNA-31-3p were then validated also in vivo in SCID mice: 

combination of LNA-31-3p administration and trastuzumab treatment led to the most 

significant tumor weight reduction in comparison with control group.  

Finally, correlation analyses between the expression of the miRNAs of interest in the 

neoALTTO series and available immune signatures and metagenes revealed that miR-31-

3p expression in patients negatively correlated with the activation of immune cell subsets. 

Future experiments will assess the effect of miRNA modulation on the immune 

compartment, which plays a crucial role in tumor response to trastuzumab.  
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5 DISCUSSION 

At present, overcoming resistance to treatment is one of the biggest challenges of cancer 

research. Enormous achievements have been made in drug development in the past 

decades; however, intrinsic or acquired resistance mechanisms are responsible for most 

events of relapse, a major cause of cancer-related death. HER2+ breast cancer patient’s 

resistance to trastuzumab treatment is, unfortunately, a crucial example. Alternative anti-

HER2 agents have been already proposed and tested alone or in combination with 

trastuzumab. One of the best performing strategies at present is double blocking of HER2 

by administration of trastuzumab and pertuzumab. Pertuzumab synergizes with 

trastuzumab by interfering with HER2 dimerization with other HER receptors and 

blocking ligand-activated signaling from HER2/EGFR and HER2/HER3 heterodimers 

[231]. The tyrosine-kinase inhibitor lapatinib was proposed, instead, to overcome 

resistance to trastuzumab mediated by IGF1R upregulation or by the presence of HER2 

truncated forms. The NeoALTTO clinical study was conducted to compare trastuzumab 

and lapatinib combination (plus chemotherapy) against single agents (plus chemotherapy) 

in a neoadjuvant setting for HER2+ early breast cancer patients. Although higher pCR 

rates were achieved upon combination administration, lapatinib-containing treatment 

arms were linked to higher percentages of adverse events [232]. Moreover, many HER2 

overexpressing breast malignancies also escape the combinatorial approaches. With the 

intent to avoid patient’s overtreatment and unnecessary side effects, our group have 

recently identified a two tumor miRNA-based signature comprising miR-31-3p (Odds 

Ratio (OR) 0.70, 95% Confidence Interval (CI): 0.53–0.92) and miR-382-3p (OR 1.39, 95% CI: 
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1.01–1.91), that predicts response in the trastuzumab arm of the NeoALTTO study, helping 

the identification of patients who would benefit more from the single agent regiment. 

In this PhD thesis, I demonstrated that miR-31-3p, besides being a powerful biomarker, 

also plays an active role in reducing cell response to trastuzumab in vitro and in vivo. I 

started the investigation of the two miRNAs by analysing their basal expression in 

different HER2+ breast cancer cell lines. Both miRNAs displayed a varied range of 

expression: HCC1954 cells express miR-31-3p 10 times more than SKBr3 cells, around 30 

times more than MDAMB361 and 100 times more than BT474. It was interesting to note 

that miR-31-5p, the other mature miRNA encoded by MIR31, is 10 times more expressed 

than miR-31-3p in all cell lines, consequently showing a comparable trend of expression 

between the different models to its complementary strand. This result suggests that each 

cell line differently regulates the expression of the precursor miRNA, but the strand 

selection always favours the 5p over the 3p mature miRNA in all cases and with the same 

ratio. Nevertheless, in the predictive signature it was miR-31-3p that statistically 

“weighted” more, since miR-31-5p removal from the model did not sensibly affect the 

power of the signature predictivity. It is conceivable that even a slight perturbation of the 

basal lower levels of miR-31-3p causes a more significant biological effect then what 

would occur with miR-31-5p expression fluctuations. MiR-382-3p is expressed 15 times 

more in MDAMB361 than in SKBr3, 30 times more than in HCC1954 and 100 times more 

than in BT474. It could be interesting to address these findings because the peculiar high 

peaks of expression of miR-31-3p in HCC1954 cells, and miR-382-3p in MDAMB361 cell, 
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could be related to cell line specific mechanisms that might give insights on miRNA 

biological role.  

A limitation of the present work is that I performed all the experiments on SKBr3 and 

HCC1954 cells, which, differently from BT474 and MDAMB361, are both ER negative. Half 

of the enrolled patients in the NeoALTTO study were HER2+/ER+, and ER upmodulation 

is one of the escape mechanisms tumors cells use to compensate HER2 blockade. Future 

studies will have to address the effect of miR-31-3p and miR-382-3p in ER+ breast cancer 

cells, even though it is important to keep in mind that the predictive capability of the 

miRNA signature composed by the two miRNAs is independent from ER status. SKBr3 

and HCC1954 cell lines are HER2+/ER-/PR-, and both present a loss-of-function mutation 

in TP53. HCC1954 cells also present a gain-of-function mutation in PIK3CA, gene coding 

for PI3K, which has been linked to resistance to trastuzumab, even in the NeoALTTO 

study, because it sustains the activation of HER2 signaling cascade upon HER2 blocking 

[232–234]. This is supported by the results of the western blot analysis assessing HER2 

phosphorylation status upon 1h, 9h and 24h of trastuzumab treatment of HCC1954 cells in 

the 2D assay. Indeed, 1h after drug administration, despite pHER2 downmodulation, 

pAKT and pMAPK levels not only are not downmodulated, but they are even higher than 

in non-treated cells.  

Considering the non-treated conditions, a decrease in pHER2 expression over time is 

evident in both SKBr3 and HCC1954 cells. This phenomenon may be attributed to the 

medium change occurring at the time of trastuzumab treatment, which can give a rapid 
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boost of HER2 activation in all experimental conditions, which fades overtime upon 

nutrient consumption. Moreover, a rise in proliferation rate results in a higher cellular 

confluence, which, in turn, elicits a negative feedback effect on HER2 activity. 

MiR-31-3p overexpression increased pHER2 levels in both trastuzumab-treated and non-

treated SKBr3 cells, paralleled by a higher activation of MAPK only and solely in the 

treated condition, while AKT activity always diminished. This result is puzzling 

considering the increase in cell number upon miR-31-3p upmodulation in both non-

treated and trastuzumab-treated SKBr3 cells grown in 3D for five days. One possible 

explanation can be found in the wide range of molecular interactions established by AKT 

and MAPK in multiple key pathways like angiogenesis, metabolism, growth, proliferation, 

survival, protein synthesis, transcription, and apoptosis, and miR-31-3p could target at the 

same time positive and negative regulators of the two kinases. For example, according to 

the results of the RNAseq performed on non-treated and trastuzumab treated (for 24h) 

SKBr3 cells, miR-31-3p upmodulation reduces both PPP2R5C, regulatory subunit of AKT 

negative regulator Protein Phosphatase 2A (PP2A), and Integrin Subunit Beta 6 (ITGB6), 

which is known to promote AKT activation [235,236]. Thus, the biological effect elicited by 

miR-31-3p upregulation is the result of the sum of different and sometimes contrasting 

molecular modulations. However, one must also consider that the molecular interactions 

engaged in 2D at 24h may not be the same established in 3D and maintained over a period 

of 5 days. Moreover, RNAseq analysis gives insight into gene expression regulations that 

may not be mirrored at protein level due to post-transcriptional regulatory events. Indeed, 
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the result of my preliminary western blot analysis assessing HER3, FOXO3, β-catenin and 

CREB1 levels, was not completely consistent with the output of SKBr3 RNAseq.  

As mentioned before, HCC1954 cell line expresses much higher basal levels of miR-31-3p 

than all the other HER2+ cell lines analysed, and it is also not responsive to trastuzumab. 

Thus, this cell line was the perfect model to evaluate the effect of miR-31-3p inhibition on 

cell sensitiveness to treatment with the anti-HER2 agent. The initial experiments testing 

the combination of miR-382-3p overexpression and miR-31-3p inhibition with LNA-31-3p, 

suggested that the latter had a greater impact on HCC1954 cell viability, which I was even 

able to appreciate in the 2D assay. Indeed, LNA-31-3p transfection plus trastuzumab 

treatment is able to significantly reduce HCC1954 cell number compared to the treated-

only control. Considering the 3D assay, inhibition of miR-31-3p significantly reduced cell 

number in non-treated and trastuzumab-treated conditions.  

Taking into account both 2D and 3D assay results, it is evident that it is only LNA-31-3p 

that reduces cell viability, and trastuzumab never exerted any effect. On the contrary, 

trastuzumab alone did significantly reduce tumor weight in vivo, and its combination with 

LNA-31-3p was even more powerful. One important difference between all the settings is 

that SCID mice, although lacking functional lymphocytes, retain elements of the innate 

immune system including natural killer cells and macrophages. As already mentioned, the 

ability of trastuzumab to trigger ADCC is a major contributor to treatment efficacy.  

Indeed, it has been demonstrated that patients who have pre-existing high levels of 

immune cells or immune-related genes in their tumour microenvironment respond best to 
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HER2-targeted therapies [237]. Thus, it could be hypothesized that the significant 

reduction in tumor weight given by trastuzumab, is mediated by the drug-dependent 

activation of the innate immune system. The combination with the anti-proliferative 

activity of LNA-31-3p then led to an even greater reduction in tumor weights. This 

hypothesis is supported by the correlation analysis performed between miRNA expression 

and both the immune infiltrate in the NeoALTTO study and 60 immune-related 

metagenes. These analyses suggest that miR-31-3p could negatively impact on the immune 

system activity. The only positively correlated feature with miR-31-3p expression was 

“mast_cell_activated” metagene. Interestingly, in 2020, Majorini MT et al from our Institute 

demonstrated that mast cell infiltration is predictive of an increased risk of relapse in 

patients with HER2+ breast cancer treated with adjuvant trastuzumab [238]. RNAseq 

analysis conducted on HCC1954 cells revealed that miR-31-3p modulation, both in non-

treated and treated cells, altered the expression of immune-related genes. Indeed, among 

the pathways significantly modulated in the different comparisons were included 

Inflammatory Response, Interferon Gamma Response, Interferon Alpha Response and TNF-alpha 

Signaling via NF-kB. Interferon proteins are a family of cytokines typically released by the 

host cells in the presence of a pathogen and modulate the immune response. There are two 

main classes of interferons (INFs): type I IFNs (13 isoforms of IFN-α, IFN-β, IFN-ε, IFN-κ 

and IFN-ω) and type II IFN (IFN-γ). In cancer, they can exert both anti- and pro-tumor 

effects. In 2011, Stagg J et al demonstrated that trastuzumab efficacy depends on both type 

I and type II IFNs release [239]. Genes belonging to Interferon alpha response pathway 

resulted enriched in LNA-related comparisons and retained this significant enrichment 
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even considering only the upmodulated (and not the downmodulated) genes upon LNA-

31-3p transfection. This result suggests that miR-31-3p inhibition in HCC1954 cells 

induced an upmodulation of molecules involved in the IFN-α response pathway that 

could explain the additive antitumor effect of LNA-31-3p and trastuzumab in SCID mice. 

This is particularly interesting because the entire family of type I interferons is encoded by 

genes located right beside MIR31 coding sequence on chromosome 9p21.3. It could be 

speculated that miR-31-3p plays a role as a locally transcriptional regulator of type I 

interferons. Functional studies are necessary to investigate such intriguing mechanism. 

The in vivo study demonstrated that the combination of trastuzumab and miR-31-3p 

inhibition significantly reduced HCC1954 tumors. However, having obtained a 

statistically significant result only upon injection of HCC1954 cells transfected in vitro with 

LNA-31-3p, and not after direct intratumor injection of LNA-31-3p in mice, we still do not 

have a proof-of-concept experiment that would support LNA-31-3p as a miRNA-based 

therapy. A deeper understanding of miR-31-3p mechanism of action is needed and the 

RNAseq performed on SKBr3 cells and HCC1954 is a huge source of information that will 

have to be summed up, for example, with immunohistochemistry analyses on the tumors 

of the in vivo experiment to characterize the immune compartment response to miRNA 

modulation in tumor cells. Identifying which are the other possible miRNA expressing 

cells in the tumor microenvironment besides the tumor could also help adding pieces to 

the puzzle we are trying to delineate. Indeed, we planned to perform an in situ 

hybridization (ISH) on HER2+ breast cancer tissue sections in order to visualize miRNA 

expressing cells. It is also conceivable that miR-31-3p could be exchanged between tumor 
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cells and stromal cells, incapsulated in exosomes. The ISH assay will be a starting point for 

future additional evaluations. The literature already provides hits on this matter: miR-31-

5p, miR-31-3p brother miRNA mature strand, was demonstrated to have an active role in 

inducing an exhausted phenotype in T cells. Since MIR31 mature miRNAs seem to be 

closely transcriptionally connected, we could hypothesize a role also for miR-31-3p [240]. 

Moreover, miR-31-5p was identified as biomarker of CD56bright NK cells, which are 

immature NK cells that exert limited cytotoxic capacity [241]. It is interesting to note that 

in the same work, even though the authors focus only on the 5p strand, also miR-31-3p 

appears in the list of significantly upregulated miRNAs in CD56bright NK cells when 

compared to the mature counterpart CD56dim NK cells. These data support an immune-

modulating role of miR-31 that, in the context of trastuzumab treatment, could result 

detrimental for an efficient anti-tumor activity of the drug. 

Finally, correlation analyses performed on the NeoALTTO study between gene and 

miRNA expression and the RNAseq analyses on HER2+ breast cancer cell lines will help 

identify direct miR-31-3p targets, which could potentially serve as additional therapeutic 

options to be explored for the clinic. 

In conclusion, the results presented in this PhD thesis demonstrate that miR-31-3p, besides 

being a powerful biomarker of response to trastuzumab together with miR-382-3p, has an 

active role in modulating HER2+ breast cancer cell viability and proliferation, both in vitro 

and in vivo, possibly by affecting major signaling pathways like TGF-β Signaling and 

mTOR Signaling. Moreover, evidence of miR-31-3p involvement in moulding the activity 
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of the immune system provided both by the literature and by correlation analysis 

performed on the NeoALTTO study, supports once more miR-31-3p (and possibly miR-31-

5p) inhibition as a possible winning strategy to restore response to trastuzumab in 

resistant HER2+ breast cancer patients (Figure 5.1).  
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Figure 5.1 Thesis graphical summary (Created with BioRender.com). 
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