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ABSTRACT (English)

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths

worldwide. Despite progress, HCC treatment remains a challenge with limited effective

therapies. This study investigates the potential of combining Palbociclib, a CDK4/6

inhibitor with miR-199a-3p mimics to improve HCC treatment. While Palbociclib has

shown promise in inhibiting HCC growth, it also activates AKT signaling, which limits its

effectiveness. However, miR-199a-3p, a tumor suppressor miRNA, may help overcome

this limitation. To evaluate the safety and effectiveness of this combined therapy we

conducted experiments both, in vitro and in vivo.

Methods:

AKT inhibitors, MK-2206 or microRNA-199a-3p, were studied in combination with

Palbociclib in the TG221 HCC transgenic mouse model and HCC cell lines. In in vitro

studies, cell viability and apoptosis analyses were carried out. Signal transduction

pathways (AKT, RB1, FOXM1) were evaluated by Western blots. In in vivo studies, the

growth and number of liver tumors and weight changes during therapies were

evaluated.

Results:

The combination of Palbociclib and MK-2206 proved to be highly effective but toxic to

mice, as shown by dramatic weight loss. The combination of miR-199a-3p with

Palbociclib was instead well tolerated and highly effective in inhibiting HCC progression in

in vitro and in vivo models. At the molecular level, the combined treatment inhibits the

phosphorylation of RB1 and FOXM1 (attributed to Palbociclib action) and AKT

(attributed to miR-199a-3p). This suggests that the combination of Palbociclib and miR-

199a-3p mimics may overcome the limitations of Palbociclib as a single agent and

improve its antitumor activity.

Conclusions:

This study provides preclinical evidence for the combination of miR-199a-3p with

Palbociclib as an effective anti-HCC treatment. The combination was well tolerated and
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produced a significant reduction in the number and size of tumors compared to

Palbociclib or miR-199a-3p mimics used as single treatments. Future studies should

evaluate the safety and efficacy of this combination in clinical trials for the treatment of

advanced HCC.

Keywords: Hepatocellular carcinoma (HCC); Palbociclib; miR-199a-3p; MK-2206; anti-

tumor therapy.
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ABSTRACT (Italian)

Il carcinoma epatocellulare (HCC) è una delle più frequenti cause di morte correlata a

cancro al mondo. Sebbene ci siano stati progressi significativi nel trattamento del HCC,

rimane un tumore maligno con prognosi infausta e terapie limitate. Palbociclib è un

inibitore della chinasi ciclino-dipendente 4/6 (CDK4/6), che ha mostrato risultati

promettenti nel trattamento di diversi tipi di cancro, in particolare il cancro al seno. In

studi preclinici, palbociclib ha mostrato risultati promettenti nell'inibire la crescita del

HCC prevenendo la fosforilazione mediata da CDK4/6 di RB1, una proteina

oncosoppressoria. Tuttavia, palbociclib attiva anche la via di AKT, che può

potenzialmente limitare la sua attività antitumorale. Nel presente studio, abbiamo

studiato l'effetto di palbociclib come trattamento in combinazione con inibitori

PI3K/AKT/mTOR per migliorare la sua attività antitumorale in modelli di HCC in vitro e in

vivo.

Metodi:

Gli inibitori di AKT, MK-2206 o il microRNA-199a-3p, sono stati studiati in combinazione

con palbociclib nel modello di topo transgenico HCC TG221 e in linee cellulari di HCC.

Negli studi in vitro, sono state svolte analisi di vitalità cellulare ed apoptosi. Vie di

trasduzione del segnale (AKT, RB1, FOXM1) sono state valutate mediante Western

blots. Negli studi in vivo sono stati valutati crescita e numero di tumori epatici e cambi di

peso durante le terapie.

Risultati:

La combinazione palbociclib e MK-2206 si è dimostrata altamente efficace ma tossica

per i topi, come mostrato da una drastica perdita di peso. La combinazione di miR-

199a-3p con palbociclib è stata ben tollerata e altamente efficace nell'inibire la

progressione del HCC nei modelli in vitro e in vivo. A livello molecolare, il trattamento

combinato inibisce la fosforilazione di RB1 e FOXM1 (dovuta a palbociclib) e AKT

(dovuta a miR-199a-3p). Ciò suggerisce che la combinazione di palbociclib e miR-199a-

3p mimics possa superare i limiti di palbociclib come singolo agente e migliorarne la sua

attività antitumorale.
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Conclusioni:

Questo studio fornisce un'evidenza preclinica della combinazione di miR-199a-3p con

palbociclib come trattamento anti-HCC efficace. La combinazione è stata ben tollerata e

ha prodotto una significativa riduzione del numero e delle dimensioni dei tumori rispetto a

palbociclib o miR-199a-3p mimics usati come trattamenti singoli. Studi futuri

dovrebbero valutare la sicurezza e l'efficacia di questa combinazione in studi clinici per il

trattamento del HCC avanzato.

Parole chiave: carcinoma epatocellulare (HCC); Palbociclib; miR-199a-3p; MK-2206;

terapia antitumorale.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common form of liver cancer and the third

most common cause of cancer-related deaths worldwide (Subramaniam, Kelley, and

Venook 2013). HCC is likely found in people with cirrhosis, which is caused by

conditions like chronic hepatitis B or C, alcohol abuse, or nonalcoholic fatty liver disease

(NAFLD) (Global Burden of Disease Liver Cancer Collaboration et al. 2017). Other risk

factors include chronic liver disease, exposure to certain chemicals, such as aflatoxins

(toxins produced by mold), diabetes, obesity, and hereditary hemochromatosis.

Symptoms of HCC include abdominal pain, weight loss, jaundice (yellowing of the skin

and eyes) (Sun and Sarna 2008), weakness, fatigue, and loss of appetite. However,

these symptoms may not appear until the cancer is advanced and may also be caused by

other liver diseases. Hence, HCC can be difficult to diagnose in its early stages, as

symptoms may not appear until the cancer has progressed. Once HCC has developed, it

can grow and spread rapidly, invading nearby blood vessels, and spreading to other

parts of the liver forming intrahepatic metastases or, at some time to other organs. As

HCC progresses, it can cause life-threatening complications such as liver failure or the

spread of cancer to other parts of the body.

PATHOGENESIS AND RISK FACTORS

The cell of origin for HCC is still the subject of debate since there are several

possibilities, including liver stem cells, transit amplifying populations, or mature

hepatocytes (Schneller and Angel 2019) (Sia et al. 2017). The presence of liver stem

cells is still being debated and mature hepatocytes have been shown to retain

significant proliferative potential in response to injury (Holczbauer, Wangensteen, and

Shin 2022). Some studies support the idea that HCC originates from transformed

mature hepatocytes (Mu et al. 2015), while others suggest that liver stem cells could be

the source (Wu and Chen 2006). The mechanism or pathophysiology of HCC involves a

complex interplay of genetic, environmental, and lifestyle factors. Chronic liver damage
8



is a major risk factor for the development of HCC. The accumulation of damage to liver

cells over time can lead to the development of precancerous lesions, which can then

progress to HCC if left untreated.

Gene mutations play an important role in the development and progression of cancer.

They can lead to the activation of oncogenic pathways, altered cell cycle control, and

decreased function of tumor suppressor genes. The identification of cancer-causing

genes in HCC has become possible with high-throughput next-generation sequencing.

The most common driver gene alterations found in HCC include activation of

telomerase through TERT promoter mutations, viral insertions, chromosome

translocation, or gene amplification (Guichard et al. 2012) (Schulze et al. 2015). Some of

the most frequently identified genetic alterations associated with HCC include

mutations in the TP53, CTNNB1, and AKT1 genes and changes in gene expression and

amplification of oncogenes. Other genetic changes that have been linked to HCC

include alterations in the tumor suppressor genes APC, SMAD4, and CDKN2A, as well as

changes in the epigenetic regulation of gene expression.

The pathophysiology of HCC is indeed a complex and multistep process that involves

multiple factors and mechanisms. Chronic liver damage and inflammation, as well as

exposure to environmental factors like toxins, viruses, and chemicals, can all contribute to

the development of HCC. The interaction between viral and non-viral risk factors,

changes in the cellular microenvironment and immune cells, and the severity of

underlying chronic liver disease all play critical roles in the development of HCC, being

involved in every stage of malignant transformation. Various research has analyzed the

primary oncogenic drivers and signaling pathways that lead to the initiation,

development, and progression of HCC (Llovet et al. 2016).

Chronic hepatitis B virus (HBV) infection is a major risk factor for the development of

HCC. Chronic HBV infection can cause genetic alterations in hepatocytes through viral

DNA, leading to cellular proliferation and replication errors that produce premalignant

cells. The viral-induced chronic inflammation and low activity of intrahepatic natural killer

cells also contribute to the development of HCC. HBV infection is also associated with

cirrhosis in many cases. Gender is also a factor, as there is an association between
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high testosterone levels and HCC in early tumors (Yip et al. 2020). HBV vaccination has

been effective in reducing HBV infection, as well as the risk of HCC development.

Therefore, vaccination against HBV is a critical step in reducing the incidence of HCC

associated with chronic HBV infection (Kaplan and Reddy 2003).

Likewise, Hepatitis C virus (HCV) infection has been recognized as a significant risk

factor for the development of HCC. Studies have demonstrated a direct relationship

between HCC incidence and advanced stages of hepatic fibrosis in chronic active

hepatitis caused by HCV (Zein et al. 1996). The HCV-related nonspecific inflammatory

process that induces hepatocyte proliferation, combined with a rise in alanine-

aminotransferase (ALT) levels, can increase a patient's risk of progressing to HCC

(Tarao et al. 2002). The HCV core protein can also inhibit apoptosis, which has a direct

effect on carcinogenesis. Preventing the development of HCC includes anti-viral

therapies for HCV infection.

Co-infection of hepatitis B virus (HBV) and hepatitis C virus (HCV) can increase the risk

of developing hepatocellular carcinoma (HCC). An elevated risk is believed to be due to

several factors, including enhanced fibrosis (a condition in which the liver becomes stiff

and loses its ability to function properly) and increased inflammation (Zampino et al.

2015) (Konstantinou and Deutsch 2015). These factors can result in damage to the liver

cells, leading to the development of HCC.

Aflatoxin is a potent liver carcinogen that is produced by certain strains of Aspergillus

fungi, such as Aspergillus flavus and A. Parasiticus (Magnussen 2013). These fungi

commonly grow on crops like peanuts, and they can contaminate food and seed

products if the crops are not properly stored. Exposure to aflatoxin can result in DNA

damage to liver cells, which can lead to genetic alterations and an increased risk of

HCC. The toxic metabolite of aflatoxin, aflatoxin B1-8,9-epoxide, has been shown to

cause mutations in the p53 gene, (Bressac et al. 1991). This mutation can lead to the up-

regulation of insulin-like growth factor II, a protein that promotes cell growth and

survival, and a reduction of apoptosis (programmed cell death), which can contribute to

HCC formation (Lee et al. 2000).
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Hereditary hemochromatosis (HH) is an inherited disorder that affects the body's ability

to regulate iron metabolism. In individuals with HH, excessive iron accumulates in

various organs, including the liver, leading to organ damage. The accumulation of iron in

the liver can lead to oxidative stress and the formation of free radicals, which can cause

lipid peroxidation and damage to liver cells. This can result in cell death and fibrosis

(the buildup of scar tissue), leading to cirrhosis and an increased risk of HCC. HH is a

significant risk factor for the development of HCC. Studies have shown that patients

with HH have a 200-fold increased risk of developing HCC compared to individuals

without the condition and in addition, a 1.8-fold increased relative risk of HCC in

patients with HH compared to those with non-HH chronic liver disease (Fracanzani

2001).

Alpha-1-antitrypsin (AAT) is a member of the serine proteinase inhibitor (serpin) family,

which plays a critical role in regulating various enzymes involved in inflammation, the

complement system, blood clotting, and fibrinolysis. Alpha-1-antitrypsin deficiency is a

genetic condition that is inherited in an autosomal recessive manner (Potempa, Korzus,

and Travis 1994). In individuals with AAT deficiency, the abnormal accumulation of AAT in

the endoplasmic reticulum of hepatocytes (liver cells) can lead to dysplasia (abnormal

growth) and cirrhosis of the liver. While many variants of AAT deficiency have been

described, only two mutants, AAT Siiyama (53Ser->Phe) and AAT Mmalton (52Phe

deleted), have been associated with plasma deficiency and hepatic inclusions

(abnormal accumulations of AAT in the liver) (Parmar and Lomas 2000) (Mahadeva et al.

1999). These mutations can lead to an increased risk of liver disease, including

cirrhosis and HCC.

Wilson's disease is a genetic disorder caused by mutations in the ATP7B gene, which is

responsible for regulating the absorption, transport, and excretion of copper in the body. In

individuals with Wilson's disease, there is an alteration in the regulation of plasma

copper, leading to an accumulation of excess free copper in the body (Loudianos and

Gitlin 2000) (Xu et al. 2007). The accumulation of excess copper in the liver can cause

cytoplasmic injury and lead to cirrhosis and, in some cases, HCC (Reyes 2008).

Therefore, it is important for individuals with Wilson's disease to undergo regular
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monitoring and treatment to manage their copper levels and minimize the risk of liver

damage and HCC development. This may involve taking medication to reduce the

amount of copper absorbed by the body, and chelating agents to remove excess copper

from the body. In some cases, a liver transplant may also be necessary.

Genetic alterations have been linked to an increased risk of HCC (Niu, Niu, and Wang

2016) (M. Liu, Jiang, and Guan 2014). Some of the genetic alterations that have been

implicated in the development of HCC include mutations in genes involved in regulating

cell division and growth, such as TP53, CTNNB1, and APC, as well as changes in

genes involved in metabolism, such as HMGCR, HNF1A, and PIK3CA (Tornesello et al.

2013) (Friemel et al. 2016) (Willson et al. 2013).

DIAGNOSIS

Hepatic ultrasound is commonly used for the detection of hepatocellular carcinoma

(HCC), but it can be limited in its ability to detect smaller lesions. This is the reason why

computed tomography (CT) scans have become used for HCC detection, as they can

better detect smaller lesions. Magnetic resonance imaging (MRI) is also a useful tool for

HCC imaging diagnostics because it can differentiate between regenerative nodules

and early HCC through T1-sequencing (Nadarevic et al. 2019). This ability to

differentiate between different types of liver lesions makes MRI a valuable tool in the

diagnosis and management of HCC.

Alpha-fetoprotein (AFP) is a protein produced during fetal development and has been

used as a marker for the detection of hepatocellular carcinoma (HCC). Elevated levels of

AFP are commonly found in patients with HCC; however, it can also be elevated in other

gastrointestinal tumors and benign liver diseases like hepatitis and cirrhosis. The

sensitivity and specificity of AFP as a marker for HCC depends on the serum levels of the

protein, with higher levels (greater than 400 ng/mL) being more indicative of HCC

(Masuzaki, Karp, and Omata 2012) (Zhang et al. 2020). However, low levels of AFP do
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not exclude the possibility of HCC recurrence, as low AFP-producing metastasis can

persist even after HCC has been completely resected.

Carcinoembryonic antigen (CEA) is a protein that is sometimes used as a marker for

hepatocellular carcinoma (HCC). CEA testing is not widely used for the diagnosis of

HCC, it is also limited by its poor specificity, as elevated CEA levels can be seen in

many other conditions, including non-cancerous liver disease.

Liver biopsy is an important tool in the diagnosis of hepatocellular carcinoma (HCC).

Liver biopsy can be performed using different methods, including guided or surgical

ultrasound or computed tomography (CT). Percutaneous aspiration biopsy, in which a

needle is inserted through the skin to obtain a tissue sample, is one of the most used

methods for liver biopsy. However, there is a risk of tumor extension in the puncture

zone, which is estimated to occur in approximately 1% of cases (Befeler and di

Bisceglie 2002). The use of liver biopsy is reserved for cases where the diagnosis is

unclear and cannot be definitively established through other means, such as imaging

studies or blood tests.

Staging of HCC is important after a diagnosis is made to determine the most

appropriate treatment approach and predict mortality. There are several staging

systems that have been developed for HCC. The Barcelona Clinic Liver Cancer (BCLC)

system is the most used staging system that divides HCC patients into four stages:

early (A), intermediate (B), advanced (C), and terminal (D). This system considers the

clinical significance of HCC in terms of the patient's ability to carry out normal daily

activities. Various studies proved that BCLC works best among the current staging

systems (PonS, Varela, and Llovet 2005) (Grieco 2005).

TREATMENT

The choice of treatment for HCC depends on several factors, including the stage of the

cancer, the patient's overall health status, and the patient's liver function. Patients with

early-stage HCC tumors are often the preferred candidates for surgical intervention,
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such as resection, transplantation, or local ablation. For intermediate-stage tumors,

trans arterial chemoembolization (TACE) is often the first line of treatment. Patients with

advanced-stage HCC typically receive systemic therapies. The Barcelona Clinic Liver

Cancer (BCLC) staging system is widely used to guide the management of HCC cases.

According to the BCLC system, patients with well-preserved liver function (Child-Pugh

A) and compensated disease have median survival times of 36 months for early-stage

HCC, 16 months for intermediate-stage HCC, and 6 months for advanced-stage HCC

(Llovet et al. 1999) (D’Amico et al. 2018). To minimize the risk of collateral liver

dysfunction, certain therapies (such as resection and systemic therapies) are typically

used only in patients with well-preserved liver function.

Surgical treatment is a type of therapy used for curative management of HCC

(hepatocellular carcinoma). It includes two major procedures: hepatic resection and liver

transplantation.

Hepatic resection is a procedure where a portion of the liver is surgically removed, and

the remaining liver tissue regenerates over time to compensate for the loss. This

procedure is performed in early-stage HCC tumors to achieve complete removal of the

tumor with preservation of healthy liver tissue. It is the preferred treatment for patients

with HCC (hepatocellular carcinoma) without cirrhosis, but it is associated with high

morbidity in patients with non-cirrhotic NAFLD (nonalcoholic fatty liver disease). In

patients with cirrhosis, Western guidelines restrict resection to those with a single tumor,

well-preserved liver function, absence of clinically relevant portal hypertension, and

preserved performance status. The Child-Pugh score, model for end-stage liver

disease, and indocyanine green clearance are commonly used tests to assess liver

function prior to resection. However, the albumin-bilirubin score (ALBI score) is a newer

tool that has been shown to accurately stratify patients for resection with greater

precision than the Child-Pugh score. The outcomes of hepatic resection are generally

good, with a 5-year survival rate of around 70-80% (Marrero et al. 2018) (Galle et al.

2018). In conclusion, despite advances in surgical techniques and adjuvant therapies,

the recurrence of HCC remains a major challenge in the treatment of this disease. The

recurrence rate is as high as 70% at 5 years, and it can be either early or late, resulting
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from micrometastases or de novo tumors (Roayaie et al. 2013). In cases of high risk for

recurrence, pre-emptive liver transplantation may be considered.

Liver transplantation is a procedure where the entire liver is replaced with a healthy liver

from a donor. This procedure is usually performed in advanced-stage HCC tumors or in

patients with liver failure. Liver transplantation is a surgical procedure that involves

removing a damaged or diseased liver and replacing it with a healthy liver from a donor.

Liver transplantation may be considered as a treatment option for patients who meet

certain criteria, such as having early-stage cancer that is limited to a small portion of the

liver and has no evidence of metastasis (spread) to other parts of the body. The

success of liver transplantation for HCC depends on several factors, including the stage of

the cancer, the overall health of the patient, and the availability of a suitable liver donor.

It is important to note that liver transplantation is a complex and major procedure that

carries risks and side effects, including the risk of rejection of the new liver by the body's

immune system, infection, bleeding, and complications from anesthesia. Patients who

undergo liver transplantation also need to take immunosuppressant drugs for the rest of

their lives to help prevent rejection of the new liver.

In summary, liver transplantation is an option for patients with cirrhosis and limited

tumor burden who meet the Milan criteria (single tumor less than 5 cm or 2-3 tumors

less than 3 cm without vascular invasion) (Lingiah et al. 2020). However, the scarcity of

organ availability results in long waiting times and increased dropout from the waiting list

due to tumor progression. Neoadjuvant therapies such as TACE or ablation have been

explored to prevent tumor progression or reduce tumor burden within the Milan criteria.

The response to neoadjuvant therapy has been proposed as a criterion for

transplantation and a predictor of death after transplantation. The use of marginal

donors and living donors has been advocated to expand access to transplantation, but

this has been linked with a higher risk of tumor recurrence. No adjuvant treatment has

been shown to prevent its recurrence after liver transplantation.

Ablation is a medical procedure used to treat small, early-stage hepatocellular

carcinoma (HCC) tumors. Ablation is used in cases where the patient is unsuitable for

resection due to liver dysfunction or multiple tumors and has contraindications for liver
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transplantation. There are several methods of ablation including chemical, thermal, and

electrical. Percutaneous ethanol injection is a seminal technique for local ablation.

Currently, radiofrequency ablation (RFA) and microwave ablation (MWA) are the

established thermal technologies.

Radiofrequency ablation (RFA) is a minimally invasive procedure that uses high-

frequency electrical currents to heat and destroy cancer cells. The procedure is

performed using a needle-like electrode that is inserted into the tumor, and the

radiofrequency energy is delivered through the electrode to heat and destroy the cancer

cells. It has been widely used for the treatment of early-stage hepatocellular carcinoma

(HCC) and has been shown to be superior to percutaneous ethanol injection in terms of

objective response rates and overall survival (Lencioni et al. 2003). The low risk of

complications and a short recovery time, make it a popular treatment option for many

patients with HCC. However, the success of RFA is dependent on the size of the tumor,

with larger tumors being more difficult to treat. In some cases, RFA may be combined

with other treatments, such as surgery or chemotherapy, to achieve the best outcomes

for the patient.

Microwave ablation (MWA) is another minimally invasive technique that uses microwave

energy to destroy cancer cells. The procedure is performed using a needle-like probe

that is inserted into the tumor, and microwave energy is delivered through the probe to

heat and destroy the cancer cells. Unlike RFA, the multiple needles can be used

simultaneously, which allows for a larger ablation zone to be achieved. Several trials

have compared the efficacy of RFA and MWA in treating HCC, and they have reported

no significant differences in the primary endpoint or in local tumor progression at 2

years (Yu et al. 2017). However, there is a trend towards greater efficacy with MWA in

tumors larger than 3 cm, but with higher complication rates compared to RFA (Sutter et

al. 2017).

Trans-arterial chemoembolization (TACE) involves the delivery of chemotherapy directly

to the liver tumor and blocking its blood supply. During TACE, a catheter is inserted into an

artery in the groin and guided to the hepatic artery, which supplies blood to the liver. A

combination of chemotherapy drugs and an embolic agent, such as a gel foam
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particle or a metallic coil, is then delivered to the tumor. The embolic agent blocks the

blood supply to the tumor, effectively cutting off its oxygen and nutrient supply, while the

chemotherapy drugs attack the cancer cells. TACE can be used to treat intermediate-

stage HCC that cannot be removed by surgery, as well as to control the growth and

spread of more advanced HCC. It can also be used to relieve symptoms caused by the

cancer, such as pain or bleeding. The benefits of TACE in HCC include its minimally

invasive nature, its ability to deliver high doses of chemotherapy directly to the tumor,

and its ability to block the blood supply to the tumor, effectively cutting off its oxygen

and nutrient supply.

The potential side effects of TACE include nausea, vomiting, fatigue, abdominal pain,

and liver function problems. In rare cases, TACE can also cause damage to the liver or

other organs.

Systemic therapy refers to treatments that can reach cancer cells throughout the body,

rather than just targeting the local tumor site. In the case of hepatocellular carcinoma

(HCC), systemic therapies are used to treat advanced stages of the disease that have

spread beyond the liver.

First-line systemic therapy refers to the first option treatments in systemic therapy.

Sorafenib has been the only systemic therapy in advanced HCC for more than 10 years. It

is a multi-kinase inhibitor that targets several signaling pathways involved in the

growth and spread of cancer cells. It was the first systemic therapy approved for the

treatment of advanced HCC. SHARP study (Sorafenib Hepatocellular Carcinoma

Assessment Randomized Protocol) has had a significant impact on the design of clinical

trials for the treatment of advanced hepatocellular carcinoma (HCC). This study

demonstrated the efficacy of the tyrosine kinase inhibitor sorafenib in improving overall

survival in patients with HCC, leading to its approval as the first systemic therapy for

advanced HCC (Rimassa and Santoro 2009).

Lenvatinib is a small molecular tyrosine kinase inhibitor with potent activity against

VEGF receptors and the FGFR family. The REFLECT study established the efficacy of

lenvatinib as a first-line systemic therapy for advanced HCC. The study was a

comparative study between Lenvatinib with sorafenib, the previous standard of care for
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HCC. Lenvatinib resulted in a significantly improved median overall survival (13.6

months vs. 12.3 months), progression-free survival (7.4 months vs. 3.7 months), and

objective response rate (24.1% vs. 9.2%) compared to sorafenib (Kudo et al. 2018)

(Yamashita et al. 2020).

Second-line systemic therapy is used after first-line therapy has failed or is no longer

effective. There are several drugs that have been approved by the FDA as second-line

treatments for HCC, including regorafenib, cabozantinib, and ramucirumab.

Regorafenib is a multi-kinase inhibitor that targets multiple proteins involved in cancer

cell growth and survival, including VEGFR1-3 and other kinases. It was the first drug to be

approved in the second line setting for the treatment of advanced HCC after

progression on sorafenib (Bruix et al. 2017). The approval of regorafenib was based on

the results of a phase III clinical trial that demonstrated a significant improvement in

overall survival compared to placebo, with a median survival of 10.6 months in the

regorafenib arm versus 7.8 months in the placebo arm (HR 0.63, 95% CI 0.50-0.79; P <

0.0001) (Bruix et al. 2017). The trial also showed a significant improvement in

progression-free survival (PFS) with regorafenib, with a median PFS of 3.1 months

versus 1.5 months in the placebo arm (HR 0.46, 95% CI 0.37-0.56; P < 0.0001). The

overall response rate (ORR) was also higher with regorafenib, at 11% compared to 4%

with placebo. Side effects include hypertension, hand-foot skin reaction, fatigue, and

diarrhea, which are the most common grade 3-4 events associated with the drug.

Cabozantinib is a multi-kinase inhibitor that targets several proteins involved in cancer

cell growth and survival, including VEGFR2, AXL, and MET. The approval of

cabozantinib for the treatment of advanced HCC after progression on sorafenib was

based on the results of the CELESTIAL trial, which showed an improvement in median

overall survival with cabozantinib compared to placebo. The median overall survival with

cabozantinib was 10.2 months, versus 8 months with placebo (HR 0.76, 95% CI 0.63-

0.92; P = 0.0049). The trial also showed a significant improvement in progression-free

survival (PFS) with cabozantinib, with a median PFS of 5.2 months versus 1.9 months in

the placebo arm (HR 0.44, 95% CI 0.36-0.52; P < 0.001) (Abou-Alfa et al. 2018)

(Kelley et al. 2020) (Freemantle et al. 2022) NCT01908426. The overall response rate
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(ORR) was low in both treatment arms, with single-digit ORRs observed. Like all

treatments, cabozantinib can cause side effects, including palmar-plantar

erythrodysesthesia, hypertension, increased aspartate aminotransferase levels, fatigue,

and diarrhea, which are the most common grade 3-4 events associated with the drug.

Ramucirumab is a monoclonal antibody that targets the VEGFR2 receptor, and it was

the first biomarker-guided therapy to be approved for the treatment of HCC. The

REACH-2 trial showed that ramucirumab improved overall survival compared to placebo

(8.5 months vs. 7.3 months) in patients with a baseline α-fetoprotein level of ≥400 ng/dl

(Zhu et al. 2019). The trial also showed an improvement in progression-free survival

(2.8 months vs. 1.6 months), but no significant difference in objective response rate

between the two treatment arms. The most common grade 3-4 adverse effects were

found to be hypertension, hyponatremia, and increased aspartate aminotransferase

levels.

Immunotherapy is a rapidly evolving field in the treatment of HCC. This type of therapy

has largely replaced the use of TKI in treating HCC, with some studies reporting durable

responses in a significant proportion of patients. Atezolizumab, an anti-PDL1 antibody,

is one of the drugs that has been used in combination with bevacizumab, an anti-VEGF

antibody, to treat advanced HCC. The combination of these two drugs was the first to

show improved overall survival compared to the standard treatment with sorafenib

(Llovet et al. 2016). Additionally, other molecules such as CDK4/6 inhibitors, are in the

early stages of clinical testing for the treatment of HCC. These inhibitors have shown

promising results in other types of cancer, and ongoing research is being conducted to

evaluate their safety and efficacy in treating HCC.

Investigation therapies

Palbociclib is a targeted cancer therapy that works by inhibiting the activity of certain

enzymes called cyclin-dependent kinases (CDKs). These enzymes are involved in

regulating the cell cycle and cell division and are often overactive in cancer cells. By
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blocking the activity of CDKs, Palbociclib can slow down the growth and spread of

cancer cells. Palbociclib is a CDK4/6 inhibitor that was first approved for clinical use in

2015 in combination with letrozole for the treatment of postmenopausal women with

estrogen receptor (ER)-positive, HER2-negative advanced breast cancer (Beaver et al.

2015). In 2016, it was also approved in combination with fulvestrant for the treatment of

women with hormone receptor (HR)-positive, HER2-negative advanced or metastatic

breast cancer with disease progression following endocrine therapy (Cristofanilli et al.

2022) NCT01942135. Palbociclib is a selective CDK4/6 inhibitor that can manipulate the

cell cycle progression by inhibiting the CDK4/6-mediated phosphorylation of

retinoblastoma protein (RB1) (Bollard et al. 2017) (Figure 1). The inhibition of RB1

phosphorylation leads to the accumulation of unphosphorylated RB1, which in turn

results in the repression of E2F transcription factors and the inhibition of cell cycle

progression (Fry et al. 2004).

Figure 1. Mechanism of action of Palbociclib
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MK-2206 is an orally available, small molecule inhibitor of the protein kinase Akt. Akt is

a key player in the PI3K/Akt signaling pathway, which regulates a variety of cellular

processes, including cell growth, survival, and metabolism (Xing et al. 2019). In many

types of cancer, the PI3K/Akt pathway is activated, leading to increased cell survival

and resistance to chemotherapy. MK-2206 is being developed as a potential treatment

for various cancers, including solid tumors and hematologic malignancies (Molife et al.

2014, 1). By inhibiting Akt activity, MK-2206 may help to reduce the survival and

proliferation of cancer cells and enhance the effectiveness of other cancer treatments

(NCT01277757, NCT01307631). Clinical trials are underway to evaluate the safety and

efficacy of MK-2206 as a single agent and in combination with other cancer treatments.

The results of these trials will provide important insights into the potential role of MK-

2206 in the management of cancer and the optimal ways to use it in combination with

other treatments (Figure 2).

Figure 2. Mechanism of action of MK-2206
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microRNA in HCC

MicroRNA (miRNA) are small, non-coding RNA molecules that play a crucial role in

post-transcriptional gene regulation. There are approximately 22 nucleotides in length

and are found in both plants and animals. MiRNAs regulate gene expression by binding to

the 3'-untranslated region (3'-UTR) of target messenger RNA (mRNA) molecules,

causing their degradation or inhibiting their translation into proteins (Xu et al. 2018). By

doing so, miRNAs play important roles in a wide range of biological processes, including

development, cell differentiation, proliferation, and apoptosis. MiRNAs are transcribed

from DNA sequences in the genome and undergo a series of processing steps to

generate the mature miRNA molecule. The mature miRNA then binds to the RISC

(RNA-induced silencing complex) to regulate gene expression. Abnormal expression of

miRNAs has been linked to numerous diseases, including cancer, cardiovascular

disease, and neurological disorders. Dysregulation of miRNAs has been implicated in

the development and progression of HCC.

microRNAs have emerged as promising targets for the development of new cancer

therapies, including for HCC. Here are some potential strategies for using miRNAs in

the treatment of HCC:

 miRNA replacement therapy: In this approach, synthetic miRNAs are delivered to

cancer cells to restore the expression of a tumor-suppressive miRNA that is

downregulated in HCC. This approach has been investigated in preclinical

studies for miR-199a-3p and other miRNAs and has shown promising results in

inhibiting HCC cell growth and inducing apoptosis (Giovannini et al. 2018)

(Kobayashi, Sawada, and Kimura 2018). For example, miR-26a is frequently

downregulated in HCC, and studies have shown that introducing synthetic miR-

26a into HCC cells can inhibit tumor growth and induce apoptosis (Kota et al.

2009).
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 miRNA inhibition therapy: The synthetic oligonucleotides are used to inhibit the

expression of an oncogenic miRNA that is upregulated in HCC. This approach

has been investigated for several oncogenic miRNAs in HCC and has shown

potential as a therapeutic strategy. For example, miR-221 and miR-222 are

frequently upregulated in HCC, and studies have shown that inhibiting these

miRNAs can inhibit tumor growth and induce apoptosis (Rong, Chen, and Dang

2013) (Di Martino et al. 2022).

 Combination therapy: Given the complexity of cancer biology, combination

therapy with miRNAs and other treatments, such as chemotherapy, radiation

therapy, or targeted therapy, may be more effective than using miRNAs alone.

miR-199a-3p has been shown to sensitize HCC cells to chemotherapy and

radiation therapy, suggesting that combining miRNA therapy with conventional

treatments may be a promising strategy for HCC (Fornari et al. 2010). Another

example, combining miR-34a replacement therapy with sorafenib, a targeted

therapy for HCC, which has been shown to enhance the antitumor effects of

sorafenib (Yang et al. 2014).

 Diagnostic and prognostic biomarkers: miRNAs can also be used as diagnostic

or prognostic biomarkers for HCC. For example, miR-199a-3p expression levels

have been shown to correlate with tumor stage and patient survival in HCC,

suggesting that it may be a useful prognostic biomarker (Yin et al. 2015) (Chen et al.

2016).

There are numerous microRNAs (miRNAs) that have been identified as responsible for

tumorigenesis and hence potential targets for HCC therapy (Figure 3).
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Figure 3. Molecular pathway classification of miRNAs involved in HCC tumorigenesis

miR-199a-3p is a microRNA, which is a small non-coding RNA molecule that plays a

role in post-transcriptional regulation of gene expression. Specifically, miR-199a-3p is

the mature form of the miR-199a gene, which is located on human chromosome 19.

Research has shown that mir199a-3p is involved in a variety of biological processes,

including cell proliferation, differentiation, and apoptosis (Callegari et al. 2018) (Ghosh et

al. 2017). In terms of its mechanism of action, miR-199a-3p functions by binding to

target mRNAs, which can lead to degradation of the mRNA or inhibition of translation.

This ultimately results in decreased expression of the target gene. The specific target

genes regulated by miR-199a-3p can vary depending on the cell type and context in

which it is expressed.

miR-199a-3p is frequently downregulated in HCC tissues compared to adjacent non-

cancerous liver tissues, suggesting that it may have a tumor-suppressive role in HCC.

The tumor-suppressive effects of miR-199a-3p in HCC are mediated through its

regulation of multiple target genes. For example, miR-199a-3p has been shown to

target mTOR, a key regulator of cell growth and metabolism as well as the oncogene c-
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Met (Fornari et al. 2010) and PAK4, a crucial component of the PI3K-AKT-PTEN

pathway involved in cell survival and proliferation (Engelman 2009). Moreover, the

ability of miR-199a-3p to suppress tumor growth, migration, invasion and angiogenesis in

HCC by targeting vascular endothelial growth factor A (VEGFA) and its receptors,

hepatocyte growth factor (HGF) and matrix metallopeptidase 2 (MMP2), has been

shown (Ghosh, A., Dasgupta, D., Ghosh, A., Roychoudhury, S., Kumar, D., Gorain, M.,

Butti, R., Datta, S., Agarwal, S., Gupta, S., et al. (2017). MiRNA199a-3p suppresses

tumor growth, migration, invasion, and angiogenesis in hepatocellular carcinoma by

targeting VEGFA, VEGFR1, VEGFR2, HGF and MMP2. Cell Death Dis. 8, e2706).

(Figure 4).

Figure 4. miR-199a-3p targets
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AIMS AND OBJECTIVES

Palbociclib, is a cyclin-dependent kinase (CDK) inhibitor. CDKs play a critical role in

regulating the cell cycle by controlling the progression from one phase to another.

Palbociclib specifically inhibits CDK4 and CDK6, leading to the inhibition of cell cycle

progression at the G1 to S phase transition (Bollard et al. 2017). However, Palbociclib

was shown to induce a dose-dependent up-regulation of the target of rapamycin

(mTOR) and AKT protein phosphorylation, which reduces its anti-tumor efficacy by

activating the PI3K/AKT/mTOR signaling pathway (Cretella et al. 2018), suggesting that

the combination of Palbociclib with inhibitors of the PI3K/AKT/mTOR pathway may

represent a promising strategy for the treatment of certain cancers (Cretella et al. 2018)

(M. A. Bonelli et al. 2017) (M. Bonelli et al. 2020) (Wong et al. 2019).

The present study is indeed aimed at investigating the use of Palbociclib in combination

with AKT inhibitors to improve the efficacy of Palbociclib against HCC. We tested the

combinations of Palbociclib with MK-2206 or with miR-199a-3p. MK-2206 is an allosteric

inhibitor of Akt, a kinase involved in cellular signaling pathways that regulate cell growth,

survival, and metabolism. By inhibiting the PI3K/Akt signaling pathway, MK-2206

reduces the activation of downstream targets that promote cell survival and growth

(Hirai et al. 2010). miR-199a-3p is a small non-coding RNA molecule that can regulate

gene expression by binding to complementary messenger RNA molecules and inhibiting

their translation into protein. It has been shown to play a role in the regulation of cell

proliferation and apoptosis in cancer cells (Callegari et al. 2018) (Ghosh et al. 2017).

The objective is to investigate the potential Akt inhibitors likely to increase the efficacy of

CDK4/6 inhibitor, Palbociclib in HCC (hepatocellular carcinoma) models and the safety of

this combination in treating HCC.

Aims covered in this thesis:
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 Antitumor activity: The study to evaluate the ability of the combination therapy to

inhibit the growth of HCC tumors and/or shrink existing tumors in preclinical

models.

 Mechanism of action: The study explores the underlying mechanisms by which

combination therapy affects HCC cells, such as through inhibition of cell cycle

progression and regulation of gene expression.

 Safety: The study to assess the safety of the combination therapy, including the

risk of side effects or toxicity.

 Efficacy: The study to evaluate the overall efficacy of the combination therapy in

HCC, considering measures such as tumor response.

The goal of this study would be to demonstrate the potential benefits of combination

therapy, which can increase the efficacy of Palbociclib without increasing the toxic

effects and to provide a foundation for future research.
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MATERIALS AND METHODS

Cell culture

The HCC cell lines Hep3B (HB-8064) and HepG2 (HB-8065) were obtained from the

American Type Culture Collection (ATCC, Manassas, VA, USA). Cell lines were

propagated and maintained in Dulbecco’s modified Iscove’s Medium (IMDM)

supplemented with 10% fetal bovine serum (FBS), 0.1% gentamycin, and 1% L-

glutamine (Sigma-Aldrich, St. Louis, MO, USA). In vitro, cell transfections were

performed using Lipofectamine 2000 (Invitrogen).

Determination of IC50, viability, and apoptosis

IC50 refers to the concentration of a substance that is needed to inhibit a particular

biological process by 50% (Sebaugh 2011). The lower the IC50 value, the more potent

the substance is. The Presto Blue Cell Viability Reagent was used (Thermo-Fisher,

A13261). This reagent is a cell-permeable resazurin-based solution that functions as a

cell viability indicator by using the reducing power of living cells to quantitatively

measure the proliferation of cells. Specifically, Presto Blue Reagent uses the reducing

power of living cells to convert resazurin to fluorescent resorufin (Martín-Navarro et al.

2014). The colorimetric analysis was completed with the help of a fluorescence plate

reader.

The Muse® Count & Viability Kit was used to perform quantitative analysis of cell count

and viability (MCH100102, Luminex Corporation, Austin, TX, USA). The Muse Count &

Viability Kit is designed to determine the absolute cell count and viability of cell

suspensions derived from various cultured mammalian cell lines. The kit works by using

different stains on viable and non-viable cells based on their permeability to DNA-

binding dyes in the reagent. The Muse Count & Viability Reagent contains two different

DNA-binding dyes, each serving a specific purpose. One of the dyes is membrane-

permeant and stains the nucleus of all cells with a nucleus. This parameter is known as

NUCLEATED CELLS and is used to differentiate cells with a nucleus from debris and
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non-nucleated cells. The Muse System then uses the size properties of the stained

nucleated events to differentiate between free nuclei, cellular debris, and cells to

provide an accurate total cell count. The other dye is used to stain cells that have lost

their membrane integrity and are able to penetrate the nucleus of dead and dying cells.

This parameter is referred to as VIABILITY and is used to distinguish between viable

(live cells that do not stain) and non-viable (dead or dying cells that do stain).

The Muse™ Annexin V and Dead Cell Assay kit (MCH100105, Luminex Corporation)

was used to measure viable, apoptotic, and dead cells. This assay is based on the use of

Annexin V, which binds to phosphatidylserine (PS) that becomes exposed on the outer

surface of the plasma cell membrane during the early stages of apoptosis, and the dead

cell marker 7-Aminoactinomycin D (7-AAD), which distinguishes late-stage apoptotic

cells that have lost membrane integrity. The procedure involves staining the cells with

fluorescently labeled Annexin V and the 7-AAD viability dye, followed by analysis

using a flow cytometer. Overall, the data obtained by this assay can be used to determine

the percentage of live, apoptotic, and dead cells in the sample.

All assays were performed in triplicate and analyzed in a Muse® Cell Analyzer

instrument (Merck Millipore).

Recombinant AAVV-199

Expressing miR-199a-3p was generated through a three-step process. First, the miR-

199a-3p cassette was obtained from the pIRES-miR-199a plasmid and cloned into the

pAAV-IRES-GFP vector using XbaI restriction sites. This resulted in the creation of a

new vector, pAAV-199, that expressed the miR-199a-3p sequence upstream of the

IRES-GFP sequence. Next, the pAAV-199 vector was transfected into 293FT cells

along with two helper plasmids, pAAV-DJ and pHelper, in a 1:1:1 molar ratio. This step

was done to generate the infectious recombinant AAV virus. Finally, the production of

the recombinant AAV virus and its titration (determination of virus concentration) were

performed. The resulting AAVV-199 expresses miR-199a-3p and can be used for
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further studies of the regulation of gene expression by this microRNA (Callegari et al.

2018).

In vivo mouse studies

The study was performed according to the Guidelines for the Care and Use of

Laboratory Animals of the Italian Ministry of Health. All animals were randomly assigned to

different treatment groups at the start of the studies. The TG221 transgenic mouse used

in the experiments was characterized by the overexpression of miR-221 in the liver and

was predisposed to the development of liver tumors. was already described (Callegari

et al. 2012). All mice were maintained in vented cabinets at 25°C with a 12-h light-dark

cycle, with food and water ad libitum. To facilitate tumor development, 10-day newborn

male mice received one i.p. injection of DEN (#N0756, Sigma-Aldrich) (7.5 mg/kg body

weight). In Figure 5 the layout of the groups is shown. Mice were monitored for the

presence of hepatic lesions using an ultrasound diagnostic device (Philips IU22) as

previously described (Callegari et al. 2019). Mice were randomly enrolled for

treatments at six months of age as shown in (Figure 5). At the end of all the in vivo

experiments, mice were sacrificed, tumor tissues were collected, immediately frozen in

liquid nitrogen, and stored at -80°C or fixed in 10% phosphate-buffered formalin for 12– 24

h and embedded in paraffin for histological analysis.
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Figure 5. In vivo experimental treatment groups

TG221 male mice will be treated intra-peritoneum (i.p.) with the carcinogen diethylnitrosamine (DEN) at 10 days of age to
accelerate the development of liver tumors. Tumor development will be monitored by ultrasonography. When the volume of
tumors will reach about 2-3 mm3 (approximately 6 months of age), mice will be split into the following experimental groups: (1)
CTRL (vehicle); (2) Palbociclib; (3) AKT-inhibitor; (3) Palbociclib + AKT-inhibitor. Drug efficacy will be assessed by measuring
tumor nodule volumes by ultrasonography at the beginning and the end of the treatment.

Anti-tumor drugs

For in vitro experiments, all drugs were solubilized in dimethyl sulfoxide (DMSO). For all in

vivo experiments, drugs were administered daily by oral gavage: sorafenib (S-8599, LC

Laboratories, Woburn, MA, USA) was dissolved in a 50:50 Cremophor EL and ethanol

solution; MK2206 (MK2206 dihydrochloride, Medchem Express., HY-10358-0002, NJ,

USA) was dissolved in 15% Captisol (SBE-b-CD, Medchem Express, HY-17031-0731);

Palbociclib (Palbociclib Isethionate Salt, CAS No.: 827022-33-3, BOC sciences,

Shirley, NY, USA) was dissolved in sodium lactate buffer (50mM, pH 4.0)
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RNA mimics and lipid nanoparticles

RNA mimics are synthetic RNA molecules that mimic the function of endogenous RNA

molecules, such as microRNAs, messenger RNAs, or transfer RNAs. They were used

to study the role of specific RNA molecules in regulating gene expression or protein

synthesis. The miR-199a-3p mimics are designed to mimic the effects of the

endogenous miR-199a-3p. miR-199a-3p mimics and scrambled unmodified single

stranded RNA oligonucleotides were obtained from Axolabs GmbH (Kulmbach,

Germany). The oligonucleotides sequences were as follows: (1) miR-199a-3p mimic

sequence 5’ –ACA GUA GUC UGC ACA UUG GUU A-3’ (unmodified sequence); (2)

scramble sequence 5’-UCA CAA CCU CCU AGA AAG AGU AGA-3’ (unmodified

sequence). For in vivo delivery, lipid nanoparticles were used as vehicles.

Lipid nanoparticles are small particles composed of lipids (fats or oils) that are used as

carriers for the delivery of various substances, including drugs, nucleic acids, and

vaccines. The lipid nanoparticles are a commonly used method for delivering RNA

molecules to cells in vivo, as they can protect the RNA from degradation and help it

reach target cells. They are typically composed of a mixture of lipids, such as

phospholipids, and polyethylene glycol (PEG), which is used to stabilize the particles

and reduce their recognition and clearance by the immune system. The lipid

components of the nanoparticles were 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

(DOPE), 1,2-dimyristoyl-sn-glycerol, methoxy polyethylene glycol (DMGPEG, Mw 2,000;

#15091, Cayman Chemical Company, Ann Arbor, MI, USA), and linoleic acid (#L1376,

Sigma-Aldrich, St. Louis, MO, USA). The preparation of empty nanoparticles was

performed as previously described (Huang et al. 2013).

Reverse transcription and droplet digital polymerase chain reaction (ddPCR)

Total RNA was extracted from cells or from frozen liver tissues using the automated

Maxwell Rapid Sample Concentrator Instrument (Promega Corporation, Madison, WI,

USA) with the purification kit Maxwell® RSC miRNA from Tissue (#AS1460, Promega)

according to the manufacturer’s instructions. Droplet digital polymerase chain reaction

32



(ddPCR) was used to measure the expression level of miRNAs. For quantitative PCR

analysis, 5 ng of purified RNA was retro-transcribed using a TaqMan MicroRNA

Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA) and cDNA was

used for amplification as previously described (Callegari et al. 2018). A TaqMan miRNA

PCR probe set specific for miR-199a-3p (assay ID002304; Applied Biosystems) was

used, while a TaqMan Assays for RNAs U6 (assay ID001973; Applied Biosystems) was

used to normalize the relative abundance of miRNAs

Western blot

Used for detecting specific proteins in a sample of tissue or fluid, to determine the size

and amount of a specific protein in a sample, to confirm the presence or absence of a

protein, and to evaluate the effects of different treatments on protein expression. The

method is based on separating the proteins by size through electrophoresis and then

transferring them onto a solid support, such as a nitrocellulose or polyvinylidene

difluoride (PVDF) membrane (Yang and Mahmood 2012). Before adding the proteins in

an SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) gel,

reducing agents like β-mercapto ethanol or dithiothreitol (DTT) is added, and the

proteins are then mixed with a sample buffer. The sample buffer contains SDS, which is a

detergent that denatures the proteins, unfolds them, and creates a uniform negative

charge on the protein. The buffer also contains other components, such as glycerol,

which increases the viscosity of the sample and helps to keep the protein in the well of the

gel during electrophoresis, and a tracking dye, such as bromophenol blue, which helps

to monitor the progress of the electrophoresis. Additionally, a loading buffer can also

include a pH stabilizer, such as Tris-HCl, and a reducing agent to minimize any

oxidative damage to the proteins during the electrophoresis. The proteins were

denatured at 95 degrees for 5 minutes approx. This process involves breaking the non-

covalent bonds that stabilize the native three-dimensional structure of the proteins,

causing the proteins to unfold and become linear. Denaturation is often achieved by

adding a strong denaturant, such as SDS, to the protein sample. The SDS helps to

create a uniform negative charge on the protein, allowing it to migrate through the gel
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under the influence of an electric field. The resulting separation of the proteins based on

size can be visualized using a stain, such as Coomassie Brilliant Blue, that binds to the

proteins and makes them visible. The membrane is then incubated with a specific

antibody that recognizes the target protein, and the complex is visualized through

detection methods such as chemiluminescence (Pillai-Kastoori, Schutz-Geschwender,

and Harford 2020). Cell cultures were collected at the indicated time point and then

washed with phosphate-buffered saline (PBS). Tissue samples were collected,

immediately frozen in liquid nitrogen, and stored at -80°C until protein extraction.

All samples were dissolved in radioimmune precipitation (RIPA) Buffer (#R0278; Sigma-

Aldrich) containing phosphatase and protease inhibitors (#P2850 and #P8340; Sigma-

Aldrich). Lysates were centrifuged at 8,000x g for 10 min at 4°C to pellet the debris, and

supernatants were collected. The protein concentration was measured using the

Bradford protein assay and equal amounts (30μg) of protein extracts from all samples

were applied to SDS–PAGE electrophoresis (4-15% Tris Glicyne Gel, #4561083, Bio-

Rad) and then transferred to a PVDF membrane (#1704156, Bio-Rad). After blocking

the membrane with 5% Blocking agent, the membrane was incubated overnight at 4°C

with the following antibodies: Rabbit antibodies against p-RB (Ser780, D59B7, #8180), p-

AKT (Ser473, D9E XP, #4060), p-FOXM1 (Thr600, D9M6G, #14655), RB (D20,

#9313), FOXM1 (D12D5, #5436) and PAK4 (#3242) were diluted in 5% w/v BSA

(A4503, Sigma-Aldrich), 1X Tris-buffered saline (TBS, Bio-Rad Laboratories, Hercules,

CA, USA), and 0.1% Tween20 (Bio-Rad) and incubated at 4°C for 16 hr. Rabbit

antibody against AKT (C-20, sc-1618) was diluted in 1% w/v milk, 1X Tris-buffered

saline (TBS), and 0.1% Tween20 (Bio-Rad). The anti-glyceraldehyde-3-phosphate

dehydrogenase 398 (GAPDH) monoclonal antibody (clone 2D9, TA802519; OriGene

Technologies, Rockville, MD, USA) was used as a loading control. For

chemiluminescent detection, horseradish peroxidase-conjugated secondary antibody

(#7074; Cell Signaling Technology) was used in combination with Clarity Western ECL

Blotting Substrate (#170-5060; Bio-Rad), and digital images were acquired using a

Chemidoc (Bio-Rad). The signals were quantified using ImageJ software

(https://imagej.nih.gov) and the protein expression levels were normalized according to

GAPDH expression.
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Immunohistochemical analysis

A technique used to detect specific proteins within tissues by using antibodies that

specifically bind to the target protein. The tissue samples were taken from the liver at

autopsy and fixed in 10% phosphate-buffered formalin for 12 to 24 hours and

embedded in paraffin. These samples, two representative fragments of each lobe of the

liver were taken at autopsy, were embedded in paraffin, and then serial 4 µm thick

sections were processed. The slides are then treated with a blocking solution to reduce

background staining, followed by incubation with the Caspase-3 (Asp175) and the Ki67

antibodies that specifically recognize the target protein. The bound primary antibody is

then visualized using a secondary antibody conjugated to a marker, such as a

fluorescent dye or an enzyme which in our case is a polymer-based HRP-conjugated

detection reagent. Specifically, Cleaved Caspase-3 (Asp175) (D3E9) Rabbit mAb

(#9579, Cell Signaling) and Ki-67 (D2H10) Rabbit mAb (#9027, Cell Signaling) were

diluted in SignalStain® Antibody Diluent (#8112, Cell Signaling) and detected by the

polymer-based, HRP-conjugated Signal Stain Boost IHC Detection Reagent (#8114) in

combination with SignalStain® DAB Diluent (#11724, Cell Signaling) and Chromogen

Concentrate (#11725, Cell Signaling), following the manufacturer instructions. After

rinsing in distilled water, slides were counterstained with Leica Microsystem’s

hematoxylin (Fisher Scientific, Italy) and mounted with Micro mount mounting media

(Diapath, Italy, SKU060500). For apoptosis and proliferation evaluation, separate areas of

cleaved caspase-3- and Ki-67-stained tissues were analyzed. The percentage of

cleaved caspase-3 or Ki-67-positive stained area was calculated per selected region

and the results were quantified by Image J software. This information was used to

assess the levels of apoptosis (cell death) and proliferation (cell growth and division) in

the liver tissues of transgenic mice.
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RESULTS

Combination therapy of Palbociclib and MK-2206 in in vitro HCC models

The effects of Palbociclib and MK-2206 were investigated in vitro either individually or in

combination in the HepG2 and Hep3B cell models. Ic50 was measured in Hep3B and

HepG2 cell lines, treated with Palbociclib, and MK-2206 individually, and in

combination. MK-2206 was kept constant at 5 µM while the concentration of Palbociclib

varied. The investigation showed that MK-2206 led to a reduction of the IC50 of

Palbociclib from 7.0 µM to 2.8 µM in HepG2 cells (Figure 6A) and from 23 µM to 11.15 µM

in Hep3B (Figure 6B).

Figure 6. IC50 of Palbociclib,
MK-2206 and their
combination in HepG2 and
Hep3B model.

The concentration of drugs
used is expressed on a log10
scale, and the results are
normalized to the average
viability of untreated cells. The
points represent the average
percentage of viability at each
drug concentration, and the
error bars represent the
standard deviation (SD). The
combination therapy was able
to      induce      a significant
reduction of Palbociclib’s IC50,
suggesting       an increased
efficacy of the drug when used
in combination with MK-2206.

The reduction in IC50 indicates that the combination is more potent than each of the

drugs individually.
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The biological effects of the drugs were also investigated individually or in combination

by testing the viability and apoptosis after 72 hours from the beginning of the treatment. It

indicates that the combination caused an increased apoptotic effect in both the

HepG2 and Hep3B cell models in comparison with the individual drugs (Figure 7).

Figure 7. Biological effects of Palbociclib and the AKT inhibitor MK-2206 on HepG2 and Hep3B cells

(A) Apoptosis and viability of Palbociclib (10µM), MK-2206 (5µM) and their combination (PB 5µM +MK 5µM) in
HepG2 cells.

(B) Apoptosis and viability of Palbociclib (20µM), MK-2206 (5µM) and their combination (PB 10µM +MK 5µM) in

Hep3B cells. Data were represented as mean + SD. *: p value ≤ 0.05; **: p value ≤ 0.01; ***: p value ≤ 0.001; ****: p

value ≤ 0.0001.

Since we tested Palbociclib, a CDK inhibitor, and MK-2206, an AKT inhibitor, the

expression of RB1, AKT, and their phosphorylated forms were investigated at the
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molecular level in both cell lines. The status of these proteins can in fact provide

evidence of the action at the molecular level of the employed drugs

Firstly, we assessed the basal expression of RB1 and Akt proteins in HCC cell lines.

Analyses of these proteins can provide a better understanding of the molecular

mechanisms involved in the regulation of cell cycle progression and survival in HCC, as

RB1 and Akt proteins are key regulators of these cellular processes. Knowing the basal

expression of RB1 and Akt proteins can also be useful in predicting the response of

HCC cells to specific therapies. For example, RB1 and AKT status can be predictive

biomarkers for the response to the therapeutic agents used in the investigation. In

Figure 8, it is evident that the expressions of the RB1 protein in HepG2 appear

significantly higher than in Hep3B. This was expected since Hep3B cells carry a STOP

codon in the RB1 gene (c.1727C>G, p. Ser576Ter), and so a very low expression of

full-length RB1 protein can be found in these cells.). This finding suggests that inhibition of

RB1 protein phosphorylation is unlikely a major mechanism responsible for the

observed pro-apoptotic effects of Palbociclib on Hep3B cells.

Figure 8. The basal expression of
RB1 and AKT proteins in Hep3B and
HepG2 cells.

The values were normalized on the
GAPDH protein levels.
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The inhibitory effects of Palbociclib and MK-2206 on the expression of RB and p-RB

and AKT and p-AKT proteins were investigated on the HepG2 model, individually as

well as in combination (Figure 9). Palbociclib inhibited the expression of RB1 and p-

RB1, while MK-2206 can inhibit p-AKT. The combination of the two drugs inhibited both p-

RB1 and p-AKT, thus blocking both cell cycle progression and the AKT survival

pathway.

Figure 9. Molecular efficacy of Palbociclib, MK-2206 and their combination in HepG2.

Western blot analysis and quantification of RB1, AKT proteins and their phosphorylated forms in HepG2 treated
cells. The groups NT (no-treatment), PB (treated with Palbociclib), MK (treated with MK-2206), and PB+MK
(combination) each are in pairs as biological replicates. The values are normalized on the GAPDH protein and
compared to the average levels detected in the untreated cells

Likewise, the expression of RB, AKT, and their phosphorylated forms was investigated in

Hep3B cells. The reduction of the expression in combination treatment was significant

enough to confirm the action of MK-2206.

Differently from HepG2, Forkhead box protein M1 (FOXM1) was also investigated in

Hep3B cells, considering that RB1 expression was largely abrogated because of the

presence of a STOP codon, and CDK4/6 can phosphorylate various proteins involved in

cell cycle regulation, including FOXM1. FOXM1 is a transcription factor that plays a
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critical role in regulating cell cycle progression, DNA damage repair, and apoptosis.

CDK4/6 phosphorylates FOXM1 at specific sites, which leads to its activation and

stabilization. This phosphorylation increases the DNA binding and transcriptional activity

of FOXM1. Thus, CDK4/6-mediated activation of FOXM1 results in the expression of

genes that promote cell cycle progression (Anders et al. 2011). In summary, CDK4/6

activation of FOXM1 plays a crucial role in promoting cell cycle progression. Therefore,

measuring FOXM1 expression in Hep3B cells can serve as a biomarker for Palbociclib

action, in the absence of RB1. Here we confirmed that Palbociclib induced an inhibition of

FOXM1 activity mainly by reducing total FOXM1 protein in Hep3B cells (Figure 10). As

FOXM1 activation is AKT-dependent (Yao, Fan, and Lam 2018) (Chesnokov et al.

2021), inhibition of FOXM1 was also sustained by MK-2206.

Figure 10. Molecular efficacy of Palbociclib, MK-2206 and their combination in Hep3B.

Western blot analysis for quantification of RB1, AKT and FOXM1 proteins and their phosphorylated forms. The
values are normalized on the GAPDH protein and compared to the average levels detected in the untreated
cells (NT) Hep3B cells exhibit low level of full length RB1 protein, hence the digital images of RB1 and p-RB1
were acquired with an exposure time of 300 seconds instead of 30 sec.
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Combination therapy of Palbociclib and MK-2206 in in vivo HCC models

The in vivo anti-cancer activity of Palbociclib and MK-2206 was investigated in TG221

male mice with induced liver tumors. The tumors were induced in the pups by

intraperitoneal administration of carcinogen N-diethylnitrosamine (DEN) at day 10. The

early administration can accelerate the tumor development which is then monitored by

ultrasonography. Once the mice reach 6 months of age or have a tumor volume

approximately between 2-3 mm3 they are separated into treatment groups i.e., 1. CTRL

(vehicle) 2. PB (Palbociclib 100mg/kg), 3. MK-2206 (150mg/kg), and 4. Combination

PB+MK-2206 (100mg/kg+150mg/kg) (Figure 11). Treatments were administered daily

through oral route for 3 weeks. The tumor volume in each case was inversely

proportional to the efficacy of the treatment. The tumors were measured with

ultrasonography at the beginning and at the end of the treatment.
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Figure 11. Anti-tumor effects of the therapy of Palbociclib and MK-2206 and combination.

Tumor nodules volumes in DEN-treated TG221 mice of the following groups are reported: (1) vehicle (CTRL)

(n=13); (2) Palbociclib (PB) (n=6); (3) MK-2206 (MK) (n=6); (4) Palbociclib + MK-2206 (PB+MK) (n=5).

Experimental therapies started at 6 months when all mice presented one or more tumor nodules in their livers.

Single tumor nodules were monitored by ultrasound analysis at the beginning (Day 0) and end of treatment (Day

23) and the mean tumor size for the different treated groups was reported in the Table.

The investigation revealed a severe increase in tumor volume in the CTRL control

group, a mixed response of the tumors in the PB group or in the MK-2206 group, and a

highly significant growth inhibitory effect, very often shrinking of tumor, in the

combination group. The combination evidenced a highly significant increased efficacy

when compared to the other treatment groups. To assess the toxicity of treatments and

the wellbeing of the various animal groups under treatment, the animals’ weight was

monitored every 5 days. In the combination treatment group, the drug toxicity resulted in

severe weight loss in all the mice. The weight loss caused by individual drugs was

doubled in the combination group which was too toxic to be continued for further studies

(Figure 12).

Figure 12. Toxicity evaluation of
the combination therapy of
Palbociclib and MK-2206.

Mice weight was monitored
during treatment to check drug
toxicity. Data are represented as
mean +/- SD

42



Combination therapy of Palbociclib and miR-199a-3p in in vitro HCC models

To overcome MK-2206 toxicity, Palbociclib was investigated in combination with miR-

199a-3p (Fornari et al. 2009) (Callegari et al. 2018) both in vitro and in vivo models.

Firstly, the miR-199a-3p basal expression in the in vitro models Hep3B, HepG2 was

tested. Since miR-199a-3p is expected to have a very low expression in liver cancer

cells, HepG2/miR199 cells overexpressing miR-199a-3p were also analyzed as positive

control (Callegari et al. 2013) (Figure 13).

Figure 13. miR-199a-3p
expression     in in vitro
experimental models.

Basal levels of miR-199
expression levels were
assessed in human cell
lines employed.     As a
positive control for miRNA
expression, RNA extracted
from HepG2/miR199 cells,
a stable cell clone over-
expressing miR-199a-3p.
Data are represented as
mean +SD

To evaluate the biological effects of Palbociclib and miR-199a-3p in HepG2 and Hep3B

cells, the cells were transduced with an adeno-associated viral vector expressing miR-

199a-3p (AAVV-199) at MOI (multiplicity of infection) = 100 and treated with Palbociclib

(10uM in HepG2 cells and 20 uM in Hep3B). Specifically, Palbociclib was added to the

cells 72 hours before evaluation. The miR-199a-3p expression was measured 120

hours (5 days) after transduction. The miR-199 expression was measured in the

untreated (NT), PB treated (Palbociclib), AAVV-199, and AAVV-199+PB (). There was a
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sharp increase in the miR-199 expression in HepG2 cells transduced with AAVV-199

(Figure 14A). There were similar increases in the Hep3B model as well (Figure 15A).

Figure 14. Biological effects
of Palbociclib and miR-199a-
3p on HepG2 cells.

miR-199 expression in

HepG2 cells; (B) Evaluation of

cell viability and apoptosis in

HepG2     cells. Data     are

represented as mean +SD *:

p value ≤ 0.05; **: p value ≤

0.01; ***: p value ≤ 0.001;

****: p value ≤ 0.0001

The combination resulted in a significantly decreased cell viability and an increased cell

apoptosis compared to individual treatments or control AAVV (AAVV-CTRL) in both the

cell models (Figure 14B), (Figure 15B).

Figure 15: Biological effects
of Palbociclib and miR-199a-
3p on Hep3B cells.

(A) miR-199 expression in

Hep3B cells; (B) Evaluation of

cell viability and apoptosis in

Hep3B cells Data are

represented as mean + SD.

*: p value ≤ 0.05; **: p value

≤ 0.01; ***: p value ≤ 0.001;

****: p value ≤ 0.0001
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The molecular effects of the combinations were investigated by testing the protein

expression in each treatment group.

While Palbociclib led to a reduction of RB1 and p-RB1, the expression of miR-199a-3p

led to a reduction of phosphorylated AKT (S473), decreasing AKT activation, in HepG2

cells (Figure 16A).

In Hep3B cells, the combined treatment reduced the phosphorylated AKT (S473),

decreasing the activation of AKT as well as phosphorylation and amount of FOXM1

protein, which is also AKT-dependent and inhibited by miR-199a-3p (Figure 16B).

A B

Figure 16. Molecular effects of Palbociclib and miR-199a-3p on HepG2 and Hep3B cells.

(A) RB, AKT protein expressions in HepG2 cells; (B). RB, AKT, FOXM1 protein expressions in Hep3B cells. The
values are normalized on the GAPDH protein and compared to the average levels detected in the untreated cells.

Combination therapy of Palbociclib and miR-199a-3p in in vivo HCC models

The in vivo study of this therapy was very similar to the previous one. Once the tumors

were 2-3mm3 and the mice were 6 months old, they were separated into the treatment

groups 1. CTRL (vehicle), 2. PB (100mg/kg), 3. miR-199a-3p mimics (5mg/kg), 4. PB +

miR-199a-3p (100 mg/kg + 5mg/kg), and 5. Sorafenib treatment. Palbociclib and

Sorafenib were administered through oral route for 3 weeks, every day at their

respective doses. miRNA mimics were administered thrice a week intraperitoneally for 3
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weeks. Tumor volumes were measured using ultrasonography at the beginning and at

the end of the treatments. The animal group in the combination treatment showed a

higher regression of tumor size than the individual treatments Palbociclib or miR-199

(Figure 17A). The Sorafenib-treated group exhibited effects on tumors that were pretty

much like the combination-treated group.

A

B
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Figure 17. miR-199a-3p increased anti-tumoral Palbociclib efficacy in vivo

(A) Tumor nodules volumes in DEN-treated TG221 mice of the following groups: (1) scramble oligonucleotides

(CTRL) (n=9); (2) Palbociclib (PB) (n=11); (3) miR-199a-3p mimics (miR-199) (n=9); (4) Palbociclib + miR-199a-3p

mimics (PB+miR-199) (n=11); (5) sorafenib (SF) (n=9). Experimental therapies started at 6 months, when all mice

presented one or more tumor nodules in their livers. Single tumor nodules were monitored by ultrasound at the

beginning and end of treatment and mean tumor size for the different treated groups was reported in the Table; (B)

Tumor size measurement in each experimental group. *: p value ≤ 0.05; ****: p value ≤ 0.0001

Once the treatment period ended, tumors from each treated mice group were compared

and the lesion size was measured (Figure 17A). The effects of the combination of miR-

199a-3p plus Palbociclib on the development and size of tumors were confirmed by the

reduction in the size of tumor lesions. The weight data suggests that the combination

treatment did not result in severe weight loss as compared to the individual treatments

(Figure 18). indicating that toxicity was tolerable and largely caused by Palbociclib,

with minimal contribution of miR-199a-3p.

Figure 18. Weight measurements of the animal throughout the experiment.

Data are represented as mean +/- SD
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The tumors collected from each experimental group went through immunohistochemical

analysis for the apoptotic marker cleaved caspase-3 (Persad et al. 2004) and the tumor

proliferation marker Ki67 (Wu et al. 2020). An increase in apoptosis and a decrease in

cell proliferation were detected in mice treated with miR-199a-3p and Palbociclib

combination in comparison with single agents or untreated controls. (Figure 19).

Figure 19. Immunohistochemical analysis for testing apoptosis and cell proliferation in TG221-derived HCC

(A) CTRL, (B) Palbociclib, (C) miR-199a-3p, (D) Palbociclib+ miR199a-3p, and (E) Sorafenib; The graphs indicate the

percentage of areas stained for Caspase3 (upper panel) and Ki67 (lower panel). Magnification 200X, scale bar =

50µm. Data are represented as mean +SD. *: p value ≤ 0.05; **: p value ≤ 0.01; ***: p value ≤ 0.001; ****: p value ≤

0.0001.

To assess the molecular effects of treatments in tumors, protein expressions were

tested from the tumor samples obtained from all the treatment groups. The protein

extracted from the HCC samples obtained from the in vivo models was used in pairs as

biological replicates. The combination treatment resulted in a decreased phosphorylated

RB1 and AKT proteins.
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A key target of miR-199a-3b was also downregulated (PAK4) and was the confirmation of

the miRNA mimics in action (Figure 20A). miR-199 levels were evaluated in HCC

samples to confirm miRNA expression (Figure 20B).

Figure 20. Molecular target
expressions of miR-199a-3p and
Palbociclib

(A) Expression of the molecular
targets of the Palbociclib, miR-
199a-3b, and the combination in
in vivo model. The values are
normalized on the GAPDH
protein and compared to the
average levels detected in the
untreated cells; (B) Graphical
representation       of       miR-199
expression in the experimental
groups in in vivo models., *: p
value ≤ 0.05; **: p value ≤ 0.01.

Overall, the reported findings support the notion that the combined treatment of

Palbociclib and miR-199a-3p can exert a biological and molecular synergistic effect

against HCC with tolerable toxic effects. Our investigation shows that miR-199a-3p can

increase the efficacy of Palbociclib in the treatment of HCC and represent a promising

therapeutic option for HCC, not only because it can enhance the antitumor activity of

Palbociclib but also because it does not add significant toxicity.
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DISCUSSION

The present study focuses on the combination of AKT inhibitors with Palbociclib in in

vivo and in vitro models of liver cancer (HCC). In this study, we hypothesized that

miRNA-based therapies could improve the efficacy of drugs already in clinical use either to

increase their efficacy reduce their toxic effects or counteract the emergence of

resistance phenomena. To this end, we investigated miR-199a-3p in combination with

Palbociclib in experimental in vitro and in vivo models of HCC.

Palbociclib is a cyclin-dependent kinase 4/6 (CDK4/6) inhibitor that works by inhibiting

the activity of CDK4 and CDK6, enzymes that are involved in cell cycle progression. By

inhibiting CDK4/6 activity, Palbociclib slows down the cell cycle and prevents the growth

and proliferation of cancer cells. More specifically, CDK4/6 are enzymes that play a

critical role in the G1 phase of the cell cycle. In this stage, the cell prepares for DNA

synthesis and cell division. CDK4/6, together with other proteins, phosphorylate and

inhibit retinoblastoma protein (Rb), which in turn releases the transcription factor E2F;

E2F then promotes the expression of genes required for the cell to progress through the

cell cycle. Palbociclib acts by selectively inhibiting CDK4/6 activity. This causes cancer

cells to remain in the G1 phase, preventing them from progressing through the cell cycle

and dividing. Additionally, Palbociclib may also induce senescence, a state in which

cells no longer divide but remain metabolically active.

Palbociclib is currently being tested in patients who have failed or are intolerant of

standard first-line sorafenib therapy (NCT01356628) (Littman, Brus, and Burkart 2015).

The use of Palbociclib in combination with other drugs has also been tested in models of

HCC: additive effects have been demonstrated by the combination of Palbociclib and

regorafenib (Digiacomo et al. 2020) or Palbociclib with sorafenib in xenograft models of

human HCC (Bollard et al. 2017).

MiRNAs have emerged as promising molecules or targets for cancer therapy due to

their role in the regulation of gene expression and their involvement in various cancer-

related processes. MiRNAs that act as tumor suppressors can be reverted to suppress
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tumor cell growth, while oncogenic miRNAs can be inhibited to reduce tumor cell

proliferation and survival (Gramantieri et al. 2008) (Fornari et al. 2019) (Xu et al. 2018).

miR-199a-3p is a miRNA molecule that regulates gene expression by targeting

messenger RNA (mRNA) molecules for degradation or translational inhibition. miR-

199a-3p is downregulated in various cancer types, including hepatocellular carcinoma,

where it has been found downregulated in virtually all liver cancers (Hou et al. 2011).

The function of miR-199a-3b varies depending on specific target genes and cellular

context. miR-199a-3p can regulate two oncoproteins, MTOR and PAK4, which are

crucial components of the PI3K-AKT-PTEN pathway involved in cell survival and

proliferation (Engelman 2009). miR-199a-3b can also target the expression of cyclin D1

and CDK6, two key proteins involved in the cell cycle G1-S phase transition (Shen et al.

2015). By inhibiting the expression of these proteins, miR-199a-3b can slow or stop cell

proliferation. miR-199a-3b also promotes apoptosis (programmed cell death) in cancer

cells by targeting anti-apoptotic genes, such as BCL-2 and MCL-1 (Duan et al. 2011). It

also targets the expression of matrix metalloproteinase-2 (MMP-2), a protein involved in

the degradation of extracellular matrix components and in the promotion of tumor cell

invasion and migration (Shen et al. 2015).

It has been previously demonstrated that in vivo administration of miR-199a-3p shows

antitumor activity in TG221 mice and is well tolerated by mice (Callegari et al. 2018)

(Callegari et al. 2019). The antitumor activity of miR-199a- 3p has also been

demonstrated in various models of liver cancer, including subcutaneous and orthotopic

models (W. Zhang et al. 2019) (Hou et al. 2011) (Ghosh et al. 2017), as well as models

using patient-derived liver cells tumors (Shao et al. 2020).

Combining miRNA-based therapies with existing drugs is not new, and some studies

have shown that this type of combination therapy can lead to better outcomes than

using single agents alone (Cappuyns and Llovet 2022) (Ray 2020) (T. Zhang et al.

2021). Combining miRNA-based therapies with drugs already in clinical use might

increase the treatment's efficacy by reducing its toxic/side effects and preventing the

development of drug resistant phenomenon.
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Here, we tested miR-199a-3p for its ability to enhance the antitumor activity of

Palbociclib in the TG221 mouse model. The rationale for the use of Palbociclib in

combination with miR-199a-3p is that Palbociclib, while suppressing CDK4/6 kinase

activity, simultaneously increases AKT activity. Thus, we hypothesize that inhibition of

the AKT pathway may synergize with Palbociclib to enhance antitumor activity. Indeed,

we confirmed the suitability of the hypothesis by detecting a strong synergistic effect

between Palbociclib and the pan-AKT inhibitor, MK-2206. However, the strong toxicity

prevented the possibility of using this combination in vivo. Conversely, the combination of

miR-199a-3p with Palbociclib demonstrated good therapeutic efficacy and excellent

tolerability, providing preclinical proof-of-principle of the value of the combination of

miR-199a-3p and Palbociclib in anti-HCC therapy. These results suggest that inhibition of

AKT activity represents a general approach to enhance the antitumor efficacy of

Palbociclib.

The ability of miR-199a-3p to enhance the antitumor activity of Palbociclib was

investigated in the TG221 mouse model of liver cancer (HCC). The TG221 mouse strain is

a transgenic mouse model that overexpresses the miR-221 miRNA in the liver

(Callegari et al. 2012). This overexpression leads to the development of liver cancer,

making it a valuable model for studying the disease. We have previously demonstrated

that this miR-221 transgenic mouse model represents a fairly accurate liver cancer

model for performing preclinical investigations aimed at testing miRNA-based therapies.

Indeed, in addition to the upregulation of miR-221, other miRNAs known to play a key

role in human HCC, such as miR-199a-3p, or miR-122 or miR-21 were deregulated in

tumors arising from the TG221 model in a manner like the human HCC (Callegari et al.

2012). These disruptions in miRNA levels make the TG221 model an ideal preclinical

model for testing miRNA-based therapies in liver cancer (Callegari et al. 2012).

The basis for using CDK4/6 inhibitors, such as Palbociclib, as an anticancer agent is the

presence of cells with functional RB1 since RB1 protein is one of the major targets

phosphorylated by activated CDK4/6.

The RB1 gene (also known as the retinoblastoma gene) plays a crucial role in cell cycle

regulation and is frequently mutated in various cancer types (Mehyar et al. 2020). As
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mentioned earlier, CDK4/6, along with other proteins, phosphorylate and inhibit

retinoblastoma protein (Rb), which in turn releases the transcription factor E2F, which

promotes the expression of genes necessary for the cell to progress through G1-S

phases of the cell cycle. The regulation of RB1 protein levels and its phosphorylation

status is a complex process that is not yet fully understood. The results of various

studies, including ours, are consistent with the observation that CDK4/6 inhibitors, such

as Palbociclib, are responsible not only for a decrease in RB1 phosphorylation, but can

also cause a decrease in protein levels. The downregulation of RB1 protein observed in

response to Palbociclib treatment is a puzzling phenomenon since RB1 is a well-known

tumor suppressor protein. Several hypotheses have been proposed to explain the

decrease in RB1 protein levels in response to CDK4/6 inhibition (Digiacomo et al. 2020)

(Bollard et al. 2017) (Rubio et al. 2019).

Furthermore, our results challenge the idea that inhibition of RB1 phosphorylation is the

only mechanism associated with the antitumor action of Palbociclib, considering that its

growth-inhibiting effect is also observed in Hep3B cells, which carry a STOP codon in

the RB1 gene and have very low intrinsic expression of RB1 protein. The presence of a

stop codon in the RB1 gene in HEP3B cells results in a truncated, non-functional protein

that is unable to perform its normal function. This type of mutation can lead to a loss of

cell cycle regulation and contribute to the development of cancer.

Instead, this study highlights the importance of FOXM1, an oncogenic transcription

factor crucial in cell cycle regulation, DNA damage repair, and cell survival (Laoukili et al.

2005). FOXM1 is aberrantly upregulated in several types of human cancers,

including HCC (Yu et al. 2016) (Laoukili et al. 2005), and correlates with more

aggressive tumor phenotypes, higher resistance to chemotherapy and radiotherapy,

and worse prognosis. The mechanism of action of FOXM1 involves the regulation of the

expression of many target genes involved in a broad range of cellular processes. These

target genes include genes involved in cell cycle regulation (e.g., cyclin B1), DNA

damage response (e.g., Rad51), and apoptosis (e.g., Bcl-2). FOXM1 also plays a

critical role in regulating cell migration and invasion by controlling the expression of

genes involved in epithelial-mesenchymal transition (EMT) and angiogenesis.
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FOXM1 is known as a substrate of CDK4/6 (Anders et al. 2011), by which it is activated.

Its lack of phosphorylation by CDK4/6 favors its degradation and the inhibition of its

oncogenic activity (Anders et al. 2011).

Thus, the anticancer effects of Palbociclib may not only be due to the inhibition of RB1

phosphorylation but may also involve the inhibition of the oncogenic transcription factor

FOXM1. This inhibition may also occur through a potential role of miR-199a-3p, as

FOXM1 is also activated via the AKT pathway (Yao, Fan, and Lam 2018) (Chesnokov et

al. 2021).
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CONCLUSIONS

In general, this study suggests that miRNA-based therapy could find a useful application

through combination with drugs already in clinical use to improve their efficacy without

increasing toxicity. The combination of Palbociclib and miR-199a-3p could overcome

some toxic effects when compared with sorafenib, a standard therapy in advanced

HCC. Sorafenib has reported of toxic effects over time in patients with advanced HCC

(Zhou and Fountzilas 2019) (Li, Gao, and Qu 2015) (Cabral, Tiribelli and Sukowati

2020), which makes the use of sorafenib limited by its toxic side effects during long-term

treatments.

In summary, this study proposes the use of miRNA-based therapy in combination with

existing drugs to enhance their efficacy while not increasing toxicity. The combination of

Palbociclib with miR-199a-3p was indeed effective without increasing toxicity in in vivo

models and may represent a potentially valuable alternative to sorafenib in advanced

HCC. Furthermore, although not tested in this study, the combination of Palbociclib with

miR-199a-3p could not only be effective in sorafenib-naïve conditions, but, considering

the different mechanisms of action, it could find potential application in overcoming

sorafenib resistance mechanisms. While a few clinical trials aimed at evaluating safety

and efficacy of using miRNA modulation as a cancer treatment strategy are currently

underway (ClinicalTrials.gov Identifier: NCT01829971; NCT02369198; NCT02580552;

NCT03713320) (Hong et al. 2020) (van Zandwijk et al. 2017) (Witten and Slack 2020),

the present study provides further progress in this direction.
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