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Abstract 

HCC is the third most lethal cancer and sixth most commonly diagnosed cancer 

worldwide. Emerging trends in immunotherapy, which have shown higher efficiency 

and better patient survival, have revolutionized the clinical management of HCC. 

Despite advances in therapeutic strategies, the low response rate to immune checkpoint 

inhibitors (ICI) remains a major hurdle in HCC treatment. Therefore, there is an urgent 

need to study the mechanisms of cancer–immune evasion.  

 

Kinase inhibitors are a popular treatment option for patients with cancer. The focus of 

kinase inhibitors has recently shifted from targeting pathways related to tumor 

proliferation to pathways related to immune regulation, as an increasing number of 

studies have reported the role of kinases in immune escape and ICI resistance. Therefore, 

we hypothesized that kinase inhibitors would enhance anti-tumor immune responses in 

HCC. Using an in vivo CRISPR knockout screening approach, we injected RIL-175 

cells transduced with a kinome-pooled library into immunocompetent wildtype (WT) 

mice and immunodeficient Rag1-KO mice, and identified protein kinases crucial for 

immune modulation in HCC. Of all the protein kinases identified, MINK1 (Misshapen 

Like Kinase 1) showed the most significant result, with all RIL-175 cells with Mink1 

knockout depleted in immunocompetent mice. The clinical relevance of MINK1 in 

HCC was confirmed by analysis of TCGA-LIHC and GEO cohorts, showing that 

overexpression of MINK1 promotes poor prognosis in HCC patients. Moreover, the 

TIDE web-based tool suggested that MINK1 overexpression was positively correlated 

with T cell dysfunction in patients with HCC. To functionally characterize the role of 

MINK1 in HCC, subcutaneous mouse models with Mink1 knockout have been 

developed. We observed tumor growth in immunocompetent mice, but not in 

immunodeficient mice, in Mink1 knockout mouse models.  
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We further elucidated the mechanisms by which MINK1 affects the immune 

environment in HCC by a Mink1 overexpression mouse model. Using bulk RNA 

sequencing analysis, we observed enrichment in inflammation-related pathways and 

inflammatory factors Il-6 and Csf3, in addition to the downregulation of gene sets 

linked to T cells, suggesting that Mink1 overexpression may induce changes in gene 

networks associated with immune microenvironment remodeling and a robust 

inflammatory response. Mink1 contributes to the immunosuppressive TME, as 

evidenced by a reduction in CD8+ T cells and a substantial increase in neutrophil 

infiltration in our Mink1 overexpression model. We performed single-cell RNA 

sequencing (scRNA-seq) to gain comprehensive insight into the interactions between 

tumors and neutrophils. Neutrophil increases in tumors belong to the Mmp9-expressing 

and Pd-l1-expressing populations. Moreover, we observed increased Pd-1 and Pd-l1 

expression in T cells and neutrophils. GSEA analysis showed the IL6/JAK/STAT3 

pathway was upregulated in the neutrophil population in the Mink1 overexpression 

sample. 

 

In summary, this study identified Mink1 as a novel regulator of HCC immune evasion 

and revealed the mechanism by which Mink1 regulates HCC immune evasion is driven 

by IL-6- and CSF3-induced neutrophil recruitment and suppression of T cell function 

through PD-1 and PD-L1 interactions between neutrophils and T cells. Increased 

MMP9 expression may be regulated by the IL6/JAK/STAT3 pathway in neutrophils.  

 

(492 words) 
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1.1 Hepatocellular carcinoma (HCC) 

1.1.1 Epidemiology and etiology of HCC 

Hepatocellular carcinoma (HCC) is the most frequent primary liver cancer, accounts 

for 85-90% of cases. The incidence of HCC has tripled over the last 30 years. Despite 

being the sixth most commonly diagnosed cancer worldwide, HCC is the third most 

lethal cancer in 2020, which leads to a relatively high mortality rate with a 5-year 

overall survival rate of approximately 20% in HCC patients (Llovet et al., 2021).This 

is due to the poor prognosis resulting from late diagnosis, and the high recurrence rate 

of HCC in men is 34.8/100,000 persons in 2021, which is three times higher than that 

in women (Sung et al., 2021). Such disparity of HCC occurrence in terms of sex could 

be a result of a higher probability of men being exposed to various risk factors and 

differences in sex hormones.  

 

Developing countries, particularly in Asia and Africa, contribute significantly to the 

global burden of HCC, (Zhou et al., 2020). However, in recent years, the incidence of 

HCC in developing countries has significantly decreased due to successful virus 

prevention strategies. Meanwhile in Europe and the United States, efforts in raising 

awareness of HCC continue, and HCC has been reported to be the fastest-growing cause 

of cancer-related deaths in the United States. In Hong Kong, liver cancer is the third 

leading cause of cancer-related deaths with 1530 deaths reported in 2020 (Census and 

Statistics Department, 2022). Furthermore, a similar high mortality rate in males was 

observed when compared to females (31.9 in male vs 9.8 in female per 100,000 

persons/individuals), which is consistent with global trends. 

 

Hepatitis B virus (HBV) and hepatitis C virus (HCV) infections, obesity, alcohol abuse, 

and nonalcoholic steatohepatitis (NASH) are important risk factors for HCC 
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development (Gomes et al., 2013). In addition, aflatoxin exposure, diabetes mellitus, 

and smoking can contribute to the development of HCC (Figure 1.1). These risk factors 

may cause acute or chronic liver disease, which accounts for more than 90% of all HCC 

cases. Chronic liver disease, hepatic inflammation, and dysregulation of liver 

regeneration may lead to cirrhosis, which favors genetic and epigenetic alterations that 

eventually result in the initiation and progression of HCC (Fig. 1) (Weber et al., 2011). 

 

         

Figure 1.1 Illustration of the mechanisms of HCC development 

HBV and HCV infections and other notable risk factors cause genetic and epigenetic aberrations in the 

liver, leading to acute or chronic liver damage by dysregulation of liver regeneration and the hepatocyte 

cell cycle.  

 

HBV and HCV infections are the most common etiologies of HCC in developing 

countries, and are responsible for approximately 60% of HCC cases in Asia (Llovet et 

al., 2021). HBV is a DNA virus that works via oncogenic activation through viral 

genome integration into the host cell genome. However, HCV is unable to integrate into 

the host genome, which poses a risk of HCC that is mainly restricted to individuals with 

cirrhosis or chronic liver damage. The prevalence of chronic viral infections has 

significantly decreased in recent decades owing to the widespread implementation of 

universal HBV vaccination and direct-acting antiviral agents against HCV to increase 

sustained virological response (SVR) in patients with HCC (Villanueva, 2019). 
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However, a recent report indicated a delay in the viral hepatitis elimination plan in both 

developed and developing countries, with a high proportion of patients from the least 

developed countries, which are yet to be tested for viral infection due to the COVID-

19 pandemic (Kondili et al., 2022).   

 

Recently, the attention on viral-induced HCC has shifted towards non-viral-related 

factors, primarily non-alcoholic fatty liver disease (NAFLD), due to an increase in cases 

of NASH in Western countries. Meanwhile, an unhealthy diet and lifestyle leads to an 

increasing prevalence of obesity, knowing that it is the precursor of NAFLD. Unhealthy 

eating habits and lifestyles lead to an increasing prevalence of obesity, which acts as a 

precursor of NAFLD. Approximately 20-30% of patients with NAFLD progress to 

NASH, and approximately 20% of NASH patients would suffer from continuous 

progression towards cirrhosis (Loomba & Adams, 2019). 

 

1.1.2 Molecular profile of HCC 

HCC is a highly heterogeneous malignancy that is believed to stem from a variety of 

factors, including etiological diversity, genetic alterations, microenvironment 

complexity, and dysregulation of signaling pathways (Bruix et al., 2014). Recent 

advances in next-generation sequencing technologies have greatly enhanced our 

understanding of the pathogenesis of HCC. Through an in-depth understanding of the 

genome-wide landscape of HCC, various genetic and epigenetic alterations have been 

reported. Although consensus in terms of predicting or identifying driver genes has not 

been extensive, most studies have asserted that such driver genes undergo regular 

mutations in patients with HCC, which ultimately alters several pathways related to 

HCC (Alqahtani et al., 2019; Rebouissou & Nault, 2020). 
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(1) Telomere maintenance pathway: Increased telomerase expression that allows 

unlimited proliferation of cancer cells is detected in the majority of patients with HCC. 

Key events that lead to telomerase reactivation include telomerase reverse transcriptase 

(TERT) promoter mutations (54-60%), TERT amplification (5-6%), viral insertions in 

the promoter (10-15%), and chromosome translocation (Lee et al., 2016; Nault et al., 

2013; Totoki et al., 2014). (2) The cell cycle pathway: tumor protein 53 (TP53) is 

mainly involved in the initiation of cell cycle arrest, apoptosis, and DNA repair. This 

tumor suppressor gene is ranked as the second most frequently mutated gene in HCC 

(12-48%) and predominantly occurs as a missense mutation within the DNA-binding 

domain (Guichard et al., 2012; Hsu et al., 1991). Apart from TP53, alteration of cyclin-

dependent kinase inhibitor 2A (CDKN2A) was reported in 8% of HCC cases (Guichard 

et al., 2012); (3) WNT/β-catenin pathway: Genes encoding the three key components 

of this pathway, Catenin Beta 1 (CTNNB1), axis inhibition protein 1 (AXIN1), and 

adenomatous polyposis coli protein (APC), were found to be frequently mutated in 

HCC cases (11-35%; 5-15%; and 1.6%, respectively). In particular, CTNNB1 phospho-

site mutants lead to constitutive activation of β-catenin, which contributes the most to 

tumor progression (de La Coste et al., 1998; Satoh et al., 2000). (4) Epigenetic 

dysregulation: Epigenetic changes can lead to aberrant DNA methylation patterns and 

histone modifications that affect chromatin structure, gene accessibility, and 

modulation of non-coding RNAs, all of which have profound effects on the 

development of HCC. For instance, the loss of function of epigenetic drivers, namely 

ARID1A and ARID2, is involved in chromatin remodeling, which was reported in 18% 

of HCC cases (Fujimoto et al., 2015). Interestingly, many epigenetic mutants, including 

ARID1A, are involved in modulating the immune microenvironment of HCC tumors 

(Feng et al., 2022); (5) Ras/MAPK signaling pathway: The MAPK signaling pathway 

is discovered to be activated in over half of the HCC cases. Surprisingly, activating 
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mutations in the major regulators of this pathway, RAS and RAF, are rarely found in 

HCC, which may suggest alternative mechanisms and regulators behind the 

dysregulation of this pathway in HCC (Zucman-Rossi et al., 2015). Other frequent 

mutations also occured in PTEN, NFE2L2, and MYC. Considering the highly 

heterogeneous genomic aberrations in HCC, studies related to the molecular profile of 

HCC may facilitate disease management for HCC patients by grouping patients into 

relatively homogeneous subtypes in addition to using the traditional staging system.  

 

Table 1.1 list of the most frequently mutated genes in HCC identified in genome-

wide studies  

Gene Mutation frequency (%) Function  

TERT 60.0 Telomere maintenance  

TP53 29.2 Tumor suppressor 

CTNNB1 27.4 Transcriptional regulator 

ARID1A 10.0 Chromatin remodeling 

ARID2 9.5 Chromatin remodeling 

JAK1 7.7 Kinase 

AXIN1 7.5 Signal transducer 

NFE2L2 5.1 Transcriptional regulator 

RPS6KA3 4.6 Kinase 

CDKN2A 4.1 Cell cycle regulator 

APC 1.6 Signal transducer 

MYC 11 Oncogenic transcriptional regulator 

Note. The table is modified from [The mutational landscape of hepatocellular carcinoma] (Lee, 2015)  

 

1.1.3 Current treatments for HCC 

The treatment options for HCC are determined based on the stage of cancer diagnosis 

according to the Barcelona Clinic Liver Cancer (BCLC) staging system (Figure 

1.2)(Llovet et al., 2021). This system has been widely adopted and endorsed by both 

the American Association for the Study of Liver Diseases (AASLD) and the European 

Association for the Study of the Liver (EASL), and serves as a guide for selecting 
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appropriate treatment strategies for HCC by classifying HCC patients into 5-stages. 

Patients with early stage HCC (BCLC 0/A) can undergo resection, local ablation, or 

liver transplantation and have an excellent prognosis. However, due to the 

asymptomatic nature of the early stages of HCC, most patients are diagnosed at 

intermediate or advanced stages. In addition, the recurrence rate of HCC in patients has 

been reported to reach 70–80% following resection over a 5-year period (Saito et al., 

2021). Transarterial chemoembolization (TACE) is the standard treatment for 

intermediate-stage HCC (BCLC-B). Systemic therapies comprising oral tyrosine kinase 

inhibitors (TKIs) and immune checkpoint inhibitors (ICIs) have become the treatment 

of choice for patients with advanced-stage HCC (BCLC-C). Sorafenib and lenvatinib 

are widely known as major first-line treatment options for patients with advanced-stage 

HCC (Torimura & Iwamoto, 2022). For patients in the terminal stage (BCLC-D), the 

sole option is best supportive care (Reig et al., 2022). 

 

 

Figure 1.2 BCLC staging system with treatment strategies for HCC patients 

The BCLC staging system categorizes hepatocellular carcinoma (HCC) into five distinct stages based on 

tumor size and patient health status. 

Note. The figure is modified from [Hepatocellular carcinoma] (Llovet et al., 2021) 
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1.1.3.1 Hepatic resection 

Hepatic resection is the preferred treatment for HCC in patients meeting the Milan 

criteria (MC) (HCC tumor up to three lesions < 3 cm or a single lesion < 5 cm, with 

well-preserved liver function without vascular invasion) (Mazzaferro et al., 1996). 

Post-surgerical management with a precise assessment of the hepatic reserve is crucial. 

In patients with concurrent liver cirrhosis, particularly those with portal hypertension, 

liver resection is not recommended as a first-line treatment option because of the high 

risk of postoperative liver failure (Bruix et al., 2021). Liver resection offers patients 

meeting the Milan criteria a significant improvement in the 5-year survival rate of up 

to 70%. Despite these benefits, HCC recurrence remains high following resection; 

therefore, combination therapies are often recommended.  

 

1.1.3.2 Liver transplantation  

Liver transplantation is the only curative therapeutic approach used to treat patients 

with HCC in the early stages of cirrhosis, when patients are not suitable for resection. 

Liver transplantation is usually performed by replacing the entire liver with either a 

deceased or a living donor. While deceased donor liver transplantation (DDLT) has 

significantly alleviated the organ shortage challenge, studies have reported higher 

tumor recurrence rates in HCC patients who underwent DDLT than in those who 

underwent living donor liver transplantation (LDLT) (Kulik et al., 2012). 

 

Liver transplantation decision is made based on MC, with restriction of patients to 

possess a single tumor below 5 cm in diameter or up to three tumors less than 3 cm in 

diameter without vascular invasion (Mazzaferro et al., 1996). Liver transplantation has 

demonstrated high efficacy, with a 5-year survival rate of approximately 70% and tumor 

recurrence rate of approximately 10-15%. years, with a 5-year survival rate of 70% and 
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recurrence rate of 10-15% (Franssen et al., 2014). However, patients who are not 

eligible for LT require bridging therapies such as TACE and radiofrequency ablation 

(RFA) to reduce the HCC burden until they are suitable for transplantation procedures. 

Due to the shortage of donor livers and prolonged waiting time, intrinsic oncogenesis 

allows patients to be at a high risk of developing a range of health problems, including 

metabolic and cardiovascular diseases, as well as other types of cancer. 

 

1.1.3.3 Liver ablation  

Liver ablation is regarded as a non-surgical treatment for early-stage liver cancer in 

patients who have preserved liver function and are unable to meet the criteria for either 

resection or LT (Azab et al., 2011). Two common techniques are percutaneous ethanol 

injection (PEI), which involves ethanol injection that results in cell dehydration and 

protein denaturation, leading to tumor necrosis. RFA utilizes electromagnetic energy to 

heat up and destroy tumor tissue. RFA is generally more effective than PEI and has a 

complete response rate of > 90%, with a 5-year survival rate of 40-70% (Heimbach et 

al., 2018). On the other hand, PEI is better suited for smaller tumors and has a complete 

tumor necrosis rate of 60-100%. Azab and his colleagues (2011) have reported 

combining RFA with PEI to yield better treatment outcomes than single RFA treatment 

(Lin et al., 2005).  

 

1.1.3.4 Transarterial chemoembolization (TACE)  

TACE is a well-established first-line treatment for intermediate-stage HCC patients 

with multiple nodules that have not spread to other parts of the body or those who are 

unable to respond to previous therapeutic modalities. Conventional TACE procedure 

involves drugs carried by Lipiodol (Lencioni et al., 2005). TACE induces ischemic 

necrosis by selectively blocking tumor blood vessels and combines the cytotoxic effects 
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of drugs with tumor starvation. An alternative method to TACE with drug-eluting beads 

(DEBs) involves the ion exchange mechanism. This approach has shown promising 

results with a mean patient survival of > 2 years. However, the 3-year survival rate has 

dropped sharply to approximately 18.1% (Machairas et al., 2021). Recently, the 

combined approach of TACE followed by RFA has been established as one of the most 

commonly used methods in HCC treatment, demonstrating a significant overall 

survival (OS) rate and relapse-free survival rate compared to RFA alone (W. Liu et al., 

2020). 

 

1.1.3.5 Systematic therapy  

HCC patients show resistance to conventional chemotherapy, with response rates of 

less than 20% (Deng et al., 2015). Therefore, systemic therapies that interfere with 

specific signaling pathways involved in HCC regulation, such as Wnt, PI3K-AKT-

mTOR, and Vascular endothelial growth factor (VEGF), by blocking crucial 

components of cellular processes, have become popular and have demonstrated clinical 

efficacy (Llovet et al., 2021). The combined use of systemic therapies comprising oral 

TKIs and immune checkpoint inhibitors (ICIs) is an innovative approach that can be 

applied to HCC patients. 

 

The serine/threonine and tyrosine kinase inhibitor sorafenib was the first FDA-

approved first-line treatment for advanced HCC. Sorafenib targets Raf, B-Raf, vascular 

endothelial growth factor receptors (VEGFRs), and platelet-derived growth factor 

receptor (PDGFR), which are capable of reducing HCC proliferation and angiogenesis 

(Kudo et al., 2018). However, sorafenib only provides modest survival benefits 

compared to placebo in patients with advanced HCC with 3 months prolonged overall 

survival (NCT00105443) (Llovet et al., 2008). In addition, a low response rate of 2% 
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and adverse side effects have been reported in clinical trials. Therefore, apart from 

dosage reduction, treatment strategies that employ combination therapy are suggested 

to improve treatment outcomes. Recent research indicates that combining sorafenib 

with hepatic resection leads to improved overall survival in patients with advanced 

HCC, with a median survival of 15.0 months, compared to 8.0 months in patients who 

received sorafenib alone (Zhu et al., 2019).   

 

In 2018, another FDA-approved TKI, lenvatinib, specifically targeted VEGFR, 

PDGFRα, and FGFR to suppress HCC proliferation and angiogenesis, as an alternative 

to sorafenib as a first-line treatment for unresectable HCC. This drug has a better 

response rate (40.6% vs. 12.4%) and median progression-free survival (7.3 months vs. 

3.6 months) than sorafenib (NCT01761266) (Kudo et al., 2018). A study reported a 

noticeable trend in favor of lenvatinib over sorafenib for HBV-positive patients, with 

59% of HBV cases showing favorable outcomes with lenvatinib (Casadei-Gardini et al., 

2022). 

 

In recent years, other multi-TKIs and ICIs have displayed favorable efficacy in patients 

with advanced-stage HCC, such as regorafenib, which targets VEGFs, c-KIT, and TIE2, 

and Ramucirumab, which targets VEGFR2, providing more treatment options in the 

future. In 2020, a combination of bevacizumab, an anti-VEGF antibody, and 

atezolizumab, an anti-PD-L1 antibody, as first-line treatment for unresectable HCC, 

was approved by the FDA (Finn, Qin, et al., 2020). Treatments combining ICIs with 

other agents have become a promising therapeutic approach for HCC, and a detailed 

discussion of immunotherapy, including ICIs, is included in Section 1.2.3. 
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1.2 Immunology of HCC and immunotherapy 

1.2.1 Mechanism balance tolerance and immunity in normal liver 

The liver is an important metabolic and immunological organ constantly exposed to 

antigen-rich blood from the gastrointestinal tract via the portal vein (Rossetto et al., 

2019). The liver immune microenvironment is maintained by a complex cytokine 

milieu, with both pro-inflammatory and anti-inflammatory cytokines playing a role 

(Fabregat et al., 2016; Sachdeva et al., 2015). Within the liver sinusoids, a diverse array 

of immune cells actively survey and eliminate invading pathogens and endotoxins 

through cytokine- and chemokine-mediated inflammatory activation (Heymann & 

Tacke, 2016). Briefly, hepatic innate lymphocytes recognize ligands on cells with viral 

infections and produce a variety of inflammatory cytokines to regulate immune 

responses. Natural killer T cells (NKTs) can directly kill target cells but have dual 

functions in modulating immune responses, as these cells secrete both pro- and anti-

inflammatory molecules, including IFN-γ, IL-4, and IL-17 (Figure 1.3). In addition to 

lymphocytes, liver sinusoidal endothelial cells (LSECs), hepatic stellate cells (HSCs), 

and hepatocytes express toll-like receptors (TLRs), which are classic pattern 

recognition receptors that activate the immune system (Crispe, 2009; Matsumura et al., 

2000).  

 

To maintain a harmonious intrahepatic immune response, a balance between intrinsic 

liver tolerogenic mechanisms via the innate and adaptive immune responses in the 

uninflamed liver prevents chronic inflammation and organ autoimmune damage 

(Bottcher et al., 2011). Simultaneous preservation of the liver's ability to sustain 

effective responses against pathogens and toxins is required. Facilitated by the cell 

adhesion molecules ICAM-1 and VCAM-1, antigen presenting cells (APC), including 

LSECs, HSCs, and DCs, express a wide range of pattern-recognition receptors as they 
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are able to interact with T cells to promote immune tolerance (Cast et al., 2015; 

Schildberg et al., 2011). Studies have also reported the role of LSECs in inducing 

apoptosis of CD4+ T cells and inhibiting the cytotoxic effect of CD8+ T cells by cross-

tolerance (Carambia et al., 2013; Limmer et al., 2005). Kupffer cells (KCs) are 

predominant macrophages in the liver and play a central role in pathogen clearance. 

Considering their highly plastic phenotype, these cells also employ Tregs to release  

anti-inflammatory cytokines in response to bacterial endotoxins (Ormandy et al., 2005). 

Furthermore, IL-10, TGF-β, and arginase produced by myeloid-derived suppressor 

cells (MDSCs) suppress T-cell activation (Sinha et al., 2007). 

 

 

Figure 1.3 Immune cell composition in liver tolerance and homeostasis 

Note. The figure is adopted from [Immune cell regulation of liver regeneration and repair] (Li & Hua, 

2017) 

 

1.2.2 Hepatocellular Carcinoma Immune Landscape 

Liver tolerogenic responses are protective against harmless antigens and autoimmune 

damage yet detrimental when HCC tumors utilize these innate mechanisms. Mounting 

evidence has shown that dysregulation of immunological mechanisms by changes in 

immune cell composition in the tumor microenvironment (TME), elevated expression 
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of immune checkpoints, and an immunosuppressive tumor microenvironment mediated 

by cytokines contributes greatly to HCC tumorigenesis and progression (Hato et al., 

2014). The TME of HCC consists of hepatocytes, tumor cells, immune cell subsets, 

immune receptors and ligands, and tumor-associated fibroblasts. This complex cellular 

interaction with one another through cell–cell interaction and cytokine and chemokine 

signals, is a critical regulator of tumor immune evasion (Figure 1.4) (Ma et al., 2009; 

Murakami, 2004; Wu et al., 2009). The immune cell landscape in HCC is discussed 

below. 

 

1.2.2.1 Innate immune system 

A lower frequency of DCs has been reported in HCC patient tissue samples than in 

healthy controls. Moreover, the same study indicated that these DCs are incapable of 

infiltrating cancer nodules, thus preventing the priming of CD8+ T cells and anti-tumor 

immune cell recruitment (Gerner et al., 2008). The functional defect in DCs may be due 

to dysregulation of tumor antigens and various mediators (e.g., reduction in IL-12 

production and increased release of VEGF, IL-10, and TGF-β) in the tumor or stromal 

cells in the TME (Kakumu et al., 2000; Matsui et al., 2002; Ninomiya et al., 1999). In 

addition, dysregulation of mature DCs leads to uncontrolled recruitment of Tregs. 

Recently, a new subset of DCs called CD14+ cytotoxic T-lymphocyte-associated protein 

DCs expressing PD-1 was observed in patients with HCC (Han et al., 2014). 

 

Similar to DCs, the functionality of NK cells is compromised in HCC. Studies have 

reported a significant reduction in NK cell subsets in the peripheral blood of HCC 

patients compared to healthy individuals, where these cell subsets exhibit lower levels 

of IFN-γ production and cytotoxic potential compared to non-tumor regions (Cai et al., 

2008; B. Gao et al., 2009). Impaired NK cell function is caused by exhaustion, 
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dysregulation of inhibitory and activating receptors on NK cells, and infiltration of 

immature NK cells (Muhanna et al., 2008; Zecca et al., 2022). Severe hypoxia within 

the TME, in addition to exposure to immunomodulatory molecules, such as 

prostaglandin E2 (PGE2) and indoleamine 2,3-dioxygenase (IDO), contributes to the 

dysfunction of NK cells in the TME of HCC (Hoechst et al., 2009; Li et al., 2012). 

 

An increased number of tumor-associated macrophages (TAMs) in HCC is associated 

with an unfavorable prognosis (Zhang et al., 2016). Macrophages, one of the most 

abundant tumor-infiltrating immune cell types, tend to differentiate into oncogenic M2 

phenotypes upon tumor infiltration. Characterized by the expression of IL-10 and TGF-

β as well as reduced antigen presentation capacity, TAMs promote tumor initiation, 

progression, and metastasis through various pathways involving the TLR4/STAT3, 

TLR4/ NF-κB, Wnt/β-catenin signaling pathways (Z. Li et al., 2019; Wang et al., 2014). 

TAMs enhance the recruitment and generation of Tregs by stimulating the activation of 

the T helper type 2 immune response. Moreover, interactions between TAMs, MDSCs, 

and Tregs lead to changes in chemokine production, expression of major 

histocompatibility complex class (MHC) I and II molecules, subsequent 

immunosuppression, and development of HCC (C. Lu et al., 2019). 

 

MDSCs are a heterogeneous population consisting of early myeloid progenitors and 

immature granulocytes that possess immunosuppressive functions within the cancer 

context. There are two main subtypes of MDSCs, monocytic MDSCs (M-MDSCs) and 

polymorphonuclear MDSCs (PMN-MDSCs). M-MDSCs exhibit morphological 

characteristics similar to those of monocytes, whereas PMN-MDSCs resemble 

neutrophils. In patients with HCC, M-MDSCs accumulate and contribute to the 

establishment of an immunosuppressive TME by recruiting Tregs and suppressing NK 
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cells (Li et al., 2017; L. C. Lu et al., 2019). MDSC-mediated immunosuppression 

involves the production of various factors including iNOS, ROS, TGF-β, IL-10, IDO, 

and arginase (ARG1) (Bronte et al., 2003). Depletion of L-arginine by ARG1 leads to 

cell cycle arrest in tumor-infiltrating T cells. Moreover, the increased production of 

nitric oxide (NO) by iNOS and elevated levels of ROS contribute to the downregulation 

and desensitization of the T-cell receptor. In addition, IL-10 and TGF-β enable MDSCs 

to inhibit T cell proliferation, hinder DCs development, and impair the functionality of 

T and NK cells (Ostrand-Rosenberg et al., 2012). 

 

Tumor-associated neutrophils (TANs) are unfavorable prognostic factors for patients 

with HCC (Arvanitakis et al., 2021). Similar to TAMs, TANs can exhibit either an anti-

tumor N1 phenotype or a pro-tumor N2 phenotype. In HCC, TANs mediate 

immunosuppression and sorafenib resistance by recruiting TAMs and Tregs (Zhou et 

al., 2016). Clinical analysis of HCC samples implied a decrease in the number of T cells 

in samples with TANs infiltration and PD-L1 overexpression (He et al., 2015). The 

activation and modulation of TANs involve various molecules, including IL-17, 

CXCL1, CXCL2, and CXCL5 (McFarlane et al., 2021).  

 

1.2.2.2 Adaptive immune system 

CD4+ and CD8+ T lymphocytes (TILs) are the primary tumor-infiltrating lymphocyte 

subsets that function as anti-tumor elements. The activation of IFN-γ-producing CD8+ 

T cells following the recognition of tumor antigens by APCs via MHC class I molecules 

is crucial for the surveillance of tumor cells in HCC (Sachdeva et al., 2015). A decrease 

in the number and increased exhaustion of these subsets have been observed in patients 

with liver cirrhosis and HCC (Fu et al., 2007). Clinical data has shown improved OS 

and favorable prognosis in human HCC patients with increasing CD8+ TILs (Zhang et 
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al., 2018). Depletion of CD4+ T cells in an HCC mouse model promoted an 

immunosuppressive TME (Ma et al., 2016). Moreover, MDSCs upregulate PD-L1 

expression, causing functional exhaustion of effector T cells and subsequent inhibition 

of B-cell maturation through reduction of IL-21 secretion in HCC (Wu et al., 2009). 

 

Infiltration of Tregs in patients with HCC is associated with poor prognosis (Zhou et 

al., 2009). The activation of Tregs is mediated by T-cell receptor (TCR) interactions, as 

well as signaling pathways involving IL-10 and TGF-β. Tregs, characterized by Foxp3+ 

expression, blocks the release of perforin and granzymes and suppress key cytokines 

required for CD8+ T cell activation (Rudensky, 2011; Sakaguchi et al., 2008). Clinical 

sample analysis further confirmed the reduced infiltration of CD8+ T cells in tumor 

regions due to the accumulation of Tregs (Fu et al., 2007). The imbalance in T cell 

populations, with a decreased ratio of helper T cells to Tregs in the peripheral blood of 

patients with HCC, contributes to immune suppression (Lan et al., 2017). Recent 

studies have also indicated that an imbalance in the proportion of Th17 cells and Tregs 

promotes cancer progression, but further studies are required to gain mechanistic 

insight.  

 

NKT cells, characterized by the expression of both TCR and NK cell receptors, exhibit 

potent cytokine production, including IL-4, IFN-γ, and TNF-α (Sachdeva et al., 2015). 

Their role in cancer is complex, acting as a double-edged sword by promoting anti-

tumor responses through Teffs activation while simultaneously enhancing immune 

suppressor cell populations and inducing immune tolerance (Berzofsky & Terabe, 

2009). In murine HCC models, Sachdeva et al. reported that the interaction between 

CXCR6 on NKT cells and its ligand CXCL16 on LSECs attracted NKT cells to the 

liver to suppress tumor growth (Ma et al., 2018). Although the frequency of NKT cells 
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is increased in patients with HCC, the influence of this subset on patient prognosis 

remains uncertain.  

  

1.2.2.3 Interleukins and Chemokines 

Cytokines play a crucial role in regulating the immune cell microenvironment in HCC 

by exerting both supportive and inhibitory effects through diverse signaling pathways. 

Immune suppression in the liver is primarily mediated by a balance between pro-

inflammatory and anti-inflammatory cytokines  (Sachdeva et al., 2015). 

 

The Th1/Th2 balance is a strong determinant of anti-tumor immunity (Woo et al., 2008). 

Naïve CD4+ cells differentiate into Th1 cells and activate CD8+ cells in the presence of 

IL-12 and IFN-γ, whereas IL-4 drives the differentiation of CD4+ T cells into Th2 cells 

(Akiba et al., 2001; Ikeguchi & Hirooka, 2005). The expression of Th1 cytokines in 

tumor tissues is associated with a favorable prognosis. However, liver cancer cells often 

exhibit a Th2 cytokine profile characterized by increased levels of anti-inflammatory 

cytokines, decreased levels of pro-inflammatory cytokines, and inhibition of tumor-

specific CD8+ T cell responses (Saxena & Kaur, 2015). The anti-inflammatory 

cytokines, IL-6 and IL-10, are often elevated in HCC and have been extensively studied. 

These interleukins inhibit T cell activation by suppressing the production of pro-

inflammatory cytokines, promoting Treg differentiation, and impairing NKs 

(Beckebaum et al., 2004; Giannitrapani et al., 2002; Wong et al., 2009). Elevated serum 

TNF-α levels have also been observed in patients with HCC. TNF-α upregulates the 

expression of PD-L1 in macrophages, which suppresses the anti-tumor immune 

response mediated by CD8+ T cells (Kuang et al., 2009). Additionally, TNF-α is induced 

by NF-κB in a positive feedback loop, which contributes to its immunosuppressive 

effects in HCC. Studies have indicated that both IL-1β and IL37 may stimulate the 
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production of cytokines to initiate immune processes in HCC (Sachdeva et al., 2015).  

 

Chemokines are small soluble proteins that play a critical role in directing the 

recruitment of white blood cells, including lymphocytes, to HCC through their 

chemokine receptors (Yoong et al., 1999). These chemokines are involved in various 

events such as Th1/Th2 development. Several well-studied chemokine ligand-

chemokine receptor axes, including CXCL12-CXCR4 and CCL20-CCR6, are 

associated with tumor progression by promoting tumor growth, invasion, and 

metastasis (Rubie et al., 2006; Sutton et al., 2007). Higher expression levels of CXCR3 

have been reported in tumor-infiltrating cells than in peripheral lymphocytes (Oo et al., 

2012). Additionally, the expression levels of chemokine receptors, such as CCR5 and 

CCR6, in the peripheral lymphocytes of HCC patients were also reduced, while their 

expression in tumor-infiltrating cells was elevated (Liu et al., 2004; Zahran et al., 2020). 

This suggests a role for these chemokine receptors in controlling the trafficking of Teffs 

to tumor regions. Studies have also suggested a role for fractalkine (CX3CL1) and its 

receptor ,CX3CR1, in HCC immune response regulation (Matsubara et al., 2007). 

 

 

Figure 1.4 The landscape of immunosuppressive TME of HCC 

Crosstalk between the TME and HCC cells is critical for cancer immune evasion because it promotes the 
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activation of immunosuppressive cells while inhibiting the regulation of immune surveillance.  

Note. The figure is adopted from [Advances in immunotherapy for hepatocellular carcinoma] (Sangro et 

al., 2021) 

 

1.2.3 Current immunotherapeutic  

A great breakthrough has been made in understanding tumor immune surveillance using 

newly developed immunotherapies, revolutionizing the clinical management of HCC. 

The inhibition of ICIs in cancer therapy has been proven effective in disrupting the 

immune evasion mechanisms employed by HCC (El-Khoueiry et al., 2017; Qin et al., 

2020). Apart from ICIs, different therapeutic strategies targeting impaired presentation 

of antigens, dysfunction of Teffs, promotion of Treg and MDSCs proliferation, and 

dysregulation of cytokine profiles have been investigated. 

 

1.2.3.1. Immune checkpoint inhibitors (ICI)  

Immune checkpoint components play a critical role in regulating the activation and 

tolerance of various immune cells. Well-known immune checkpoints (ICs) include 

CTLA-4, which regulates Teff and Treg, PD1 that regulate T cell exhaustion; T cell 

immunoglobulin and mucin domain containing-3 (TIM3); and lymphocyte-activation 

gene 3 (LAG3). These ICs function as co-inhibitory molecules that prevent the 

hyperactivation of the immune response to maintain immune homeostasis (Agdashian 

et al., 2019; Q. Gao et al., 2009; Liu et al., 2018). However, HCC and other cancers 

exploit this regulatory mechanism by expressing the corresponding ligands on tumor 

and stromal cells, thereby facilitating tumor immune evasion (Rabinovich et al., 2007). 

Immune checkpoint inhibitors (ICIs) have been developed to counteract this immune 

evasion strategy. ICIs are monoclonal antibodies that suppress the immune response 

against tumors by blocking the interaction between immune checkpoint proteins and 

their ligands (Sangro et al., 2021). By inhibiting inhibitory signals, ICIs restore the 
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activation and proliferation of T cells, enhance cytotoxic activity, and promote the 

release of pro-inflammatory mediators (Ribas & Wolchok, 2018). 

 

Accumulating studies and trials have assessed the safety and efficacy of ICIs alone or 

in combination with other therapies to enhance anti-tumor immune responses in HCC 

(Table 1.2). To date, combined treatment with ICIs targeting CTLA-4, PD-1, or its 

ligand PD-L1, as well as other reagents, have been approved by the FDA for HCC 

treatment, resulting in better outcomes than sorafenib treatments (Finn, Qin, et al., 2020; 

Qin et al., 2019; Yau et al., 2022). 

 

Table 1.2 Summary of clinical studies investigating immune checkpoint inhibitor 

in HCC   

Treatment Target Clinical trial phrase 

(Patients number) 

Clinical trial number References 

Monotherapy     

Nivolumab PD-1 I/II (262) NCT01658878 
(El-Khoueiry 

et al., 2017) 

Pembrolizumab PD-1 II (104) NCT02702414 
(Zhu et al., 

2018) 

Camrelizumab PD-1 II (220) NCT02989922 
(Qin et al., 

2020) 

Tislelizumab PD-1 III (674) NCT03412773 
(Qin et al., 

2019) 

Durvulumab PD-L1 I/II (1022) NCT01693562 
(Garon et al., 

2023) 

Tremelimumab CTLA-4 II (21) NCT01008358 
(Sangro et al., 

2013) 

Cabolimab Tim-3 I (369) NCT02817633 
(G. Li et al., 

2019) 

ICI + ICI 

Tremelimumab 

+ Durvalumab 

CTLA-4 

PD-L1 
III (1504) NCT03298451 

(Okusaka & 

Ikeda, 2018) 

Nivolumab + PD-1 I/II (148) NCT01658878 (Yau et al., 
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Ipilimumab CTLA-4 2020) 

Nivolumab + 

Ipilimumab 

PD-1 

CTLA-4 
II (30) NCT03222076 

(Okusaka & 

Ikeda, 2018) 

ICI + angiogenesis inhibitor 

Atezolizumab + 

Bevacizumab 

PD-L1 

VEGF 
III (480) NCT03434379 

(Finn, Qin, et 

al., 2020) 

Lenvatinib + 

Pembrolizumab 

VEGFR 

PD-1 
Ib (104) NCT03006926 

(Finn, Ikeda, et 

al., 2020) 

Levantinib + 

pembrolizumab 

VEGFR 

PD-1 
III (750) NCT03713593 

(Sachdeva et 

al., 2015) 

Camrelizumab 

+ 

Apatinib 

PD-1 

VEGFR2 
I (14) NCT02942329 

(Xu et al., 

2019) 

Avelumab+ 

Axitinib 

PD-L1 

VEGF 
I (22) NCT03289533 

(Leone et al., 

2021) 

 

Early phase clinical trials assessing the efficacy of anti-PD-1/PD-L1 and anti-CTLA-4 

monotherapies have shown encouraging outcomes in terms of survival and safety. The 

CheckMate 040 trial (NCT01658878) reported objective responses for 17 months, a 

median objective response rate of 15%, and a median overall survival of 15.6 months 

with nivolumab (anti-PD-L1 antibody) (El-Khoueiry et al., 2017). In the KENYOTE-

224 trial (NCT02702414), pembrolizumab (anti-PD-1 antibody) demonstrated an 

objective response rate of 17% but had a progression-free survival of only 4.9 months 

(Zhu et al., 2018). These results have led to the accelerated approval by the FDA of 

nivolumab and pembrolizumab for the treatment of hepatocellular carcinoma (HCC) in 

2017 and 2018, respectively. Camrelizumab, evaluated in a phase II trial 

(NCT02989922), exhibited a similar response rate of 14.7% and 6-month overall 

survival probability of 74.4% (Qin et al., 2020). Tremelimumab also led to significant 

tumor reduction in patients with HCC and HCV infection, as suggested by the reduction 

in Tregs within the tumor (Sangro et al., 2013). Ongoing clinical trials are investigating 
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the efficacy of other ICIs, such as tislelizumab and durvulumab, for the treatment of 

HCC (Garon et al., 2023; Qin et al., 2019). Despite promising preliminary results in 

terms of safety, anti-tumor effects, and anti-hepatitis viral effects of ICIs as 

monotherapy, phase III trials have been unable to replicate these findings. The 

CheckMate459 trial compared nivolumab with sorafenib as a first-line treatment but 

did not demonstrate a statistically significant survival advantage (Yau et al., 2022). 

Similarly, as reported by the KEYNOTE-240 trial, pembrolizumab did not improve 

overall survival (OS) or progression-free survival (PFS) when used as a second-line 

treatment following sorafenib therapy (Kudo et al., 2021).  

 

Considering the efficacy of single-agent ICIs, therapeutic strategies have shifted toward 

combining agents to enhance therapeutic outcomes by targeting multiple immune 

pathways simultaneously or by combining ICIs with other treatment methods, such as 

TKIs or radiation therapy. The rationale behind these combinations is to achieve 

synergistic effects, overcome resistance mechanisms, and improve survival.  

 

In 2020, the FDA approved the combination of nivolumab (an anti-PD-1 antibody) and 

ipilimumab (an anti-CTLA-4 antibody) as second-line treatment for HCC 

(NCT02477826) (Iinuma et al., 2022). Preliminary results from such drug combinations 

demonstrated a robust median patient overall survival of 22.8 months. As HCC is 

associated with intense vascularization, the rationale for ICIs with therapies targeting 

vascular endothelial growth factor (VEGF) has been raised. Studies have shown that 

this strategy is successful because VEGF blockade enhances the efficacy of ICIs in 

preclinical HCC models (Finn, Qin, et al., 2020). The combination of bevacizumab 

(anti-VEGF antibody) and atezolizumab (anti-PD-L1 antibody) as a first-line treatment 

for unresectable HCC was approved by the FDA. The combination treatment resulted 
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in durable clinical responses, significant increases in overall survival compared with 

sorafenib (84.8% vs. 72.2% over 6 months), and improved progression-free survival 

(54.5% vs. 37.2%) (NCT03434379) (Fig. 1.5) (Finn, Qin, et al., 2020). These clinical 

results proved that ICI combination therapy may become a new standard of care for 

HCC patients, and future studies and clinical trials should focus on optimizing the 

immunotherapeutic approach by examining the efficacy of different ICI-ICI or ICI-

other therapy combinations. Nevertheless, a low response rate has been reported in 

clinical trials, including a phase 3 trial of bevacizumab plus atezolizumab treatment 

(30% objective response with 8% complete response) (NCT03434379) and a phase 3 

trial of nivolumab (15% objective response with 4% complete response) 

(NCT02576509), resulting in an urgent need to study the detailed mechanisms of 

cancer–immune evasion to improve the response rate and efficacy of immunotherapy 

agents (Finn, Qin, et al., 2020; Yau et al., 2022). 

 

 

Figure 1.5 Kaplan-Meier curves of (A) overall survival and (B) progression-free 

survival of HCC patients treated with atezolizumab/bevacizumab  

Note. The figure is adopted from [Atezolizumab plus Bevacizumab in Unresectable Hepatocellular 

Carcinoma] (Finn, Qin, et al., 2020) 
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1.2.3.2 Other HCC immunotherapies  

Adoptive cell transfer (ACT) therapy involves the expansion and infusion of autologous 

anti-tumor T-cells to enhance the immune response against tumor cells. The effector 

cells used in ACT therapy include CIK cells, TILs, NK cells, and LAK cells (Zhang et 

al., 2019). It was believed that ACT would be challenging to apply to HCC until clinical 

trials have shown positive results in terms of PFS and OS, particularly with CIK-based 

infusions (D. Shi et al., 2020; Zhou et al., 2019). Future investigations should explore 

combination therapies involving ACT to maximize their efficacy in patients with HCC. 

Therapeutic vaccines aim to generate potent tumor-specific immune responses to 

overcome the immunosuppressive TME by introducing tumor-associated antigens 

(TAAs) into patients (Reparaz et al., 2022). Combination therapy with ICIs or ACT is 

recommended. In HCC, vaccines targeting AFP-derived peptides, glypican 3 (GPC3), 

and telomerase peptides have been evaluated because of their high expression in HCC 

(Nakagawa et al., 2017; D. Shi et al., 2020; Tornesello et al., 2022). Another strategy 

that involves the use of neoantigens has been identified by analyzing mutations, gene 

expression, and immune-related factors. However, the limited immunogenicity of the 

existing vaccines has hampered this progress.  
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1.3 Protein Kinase 

1.3.1 Introduction to protein kinase superfamily 

The protein kinase superfamily has been classified into three groups: serine/threonine 

kinases (STKs), tyrosine kinases (TKs), and dual-specificity kinases that act as both 

STKs and TKs based on the phosphorylated hydroxy-amino-acid target (Ardito et al., 

2017). Tyrosine kinases are further categorized into receptor tyrosine kinases (RTKs), 

which are located on the cellular membrane, and non-receptor tyrosine kinases 

(NRTKs), which are found in the cytosol (Siveen et al., 2018). Kinases contain a 

catalytic domain of approximately 250-300 amino acids. Briefly, a typical protein 

kinase consists of a conserved core composed of a smaller N-terminal lobe containing 

mainly β-sheets involved in adenosine triphosphate (ATP) binding and substrate 

orientation and a larger C-terminal lobe containing mainly α-helices for catalytic 

activity and regulation (Figure 1.6A) (McClendon et al., 2014). The sequences and 

structures of protein kinases have been studied extensively, leading to the identification 

of conserved residues and motifs that are important for kinase function. In the early 

1980s, the kinase domain was first sequenced, and subsequent sequencing revealed 

highly conserved residues presumed to be critical for kinase activity (Shoji et al., 1981). 

In 1995, Hanks and Hunter divided the kinase domain into 12 subdomains (I-XII), 

providing a framework for analyzing kinase sequence variations (Hanks & Hunter, 

1995). The N-terminal lobe, comprising subdomains I-IV, contains a glycine-rich loop 

(GxGxΦG) that is important for ATP binding and an αC helix that undergoes 

conformational changes upon kinase activation (Hemmer et al., 1997). The interaction 

between β3-strand lysine and αC helix glutamate plays a crucial role in the formation 

of an activated state (McSkimming et al., 2017). The C-terminal lobe contains 

subdomains VI-XII and includes catalytic and activation segments. Additionally, a 

lysine residue within the catalytic loop forms ionic interactions with the γ-phosphate of 
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ATP, thereby facilitating catalysis (Knighton et al., 1991). The C-terminal region of the 

DFG motif is an activated kinase segment. In inactive kinases, an activation loop 

obstructs the kinase active site, thereby preventing substrate phosphorylation (Nolen et 

al., 2004). Following phosphorylation, the loop binds to the catalytic core, thereby 

exposing the active site for substrate-binding.  

 

In the early 2000s, studies discovered that protein kinases catalyze phosphorylation by 

transferring γ-phosphate from ATP to the hydroxyl group of a serine, threonine, or 

tyrosine residue of substrate proteins (Figure 1.6B) (Matte et al., 1998). Subsequent 

research on mitogen-activated protein kinase (MAPK) cascades has revealed the 

capacity of kinases to function as both catalysts and substrates, suggesting a signal 

amplification function of kinases (Pearson et al., 2001). Sequential phosphorylation 

events in kinases enable efficient and faster transmission of signals to multiple target 

proteins, triggering coordinated cellular responses, and facilitating complex cellular 

processes. Protein phosphorylation can be reversed by phosphatase enzymes, which are 

powerful regulatory mechanisms that enable precise control of protein activity, 

localization, and signaling for dynamic cellular processes (Miller et al., 1996). 

 

     

Figure 1.6 (A) Structure of a typical protein kinase domain, including ATP-binding 

sites and conserved structures. (B) The mechanism of protein phosphorylation 

A                             B            
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regulated by protein kinases and phosphatase. 

Note. The figure is adopted from [Defining a new nomenclature for the structures of active and inactive 

kinases] (Modi & Dunbrack, 2019) 

 

1.3.2 Role of protein kinase in cancer regulation and potential roles of kinase 

inhibitors in immunotherapies 

To date, over one-third of the human proteins have been reported to be modified by 

kinase activity (Ardito et al., 2017). Advancements in proteomic technologies and high-

throughput gene function analysis have facilitated the study of kinome profiles in 

human cancers, offering valuable insights into the dysregulation of protein kinases in 

various types of cancers. The Cancer Gene Census (CGC) revealed that a significant 

proportion of cancer genes encode the protein kinase domain, with approximately 10% 

of cancer genes being protein kinases (Futreal et al., 2004). Furthermore, approximately 

12% of non-kinase cancer driver genes are substrates of kinase cancer driver genes, 

which underscores the significance of kinase-regulated pathways in cancer (Fleuren et 

al., 2016). Kinase drivers are found across various kinase subgroups, with a notable 

prevalence of tyrosine kinases, accounting for approximately 40% of this superfamily 

(Fleuren et al., 2016). Because of the critical role of protein kinases in signaling 

mechanisms that control cell growth, proliferation, and survival, where most oncogenes 

are recognized as kinases, kinases are one of the major therapeutic targets in cancer. 

Moreover, small-molecule kinase inhibitors can target specific protein kinases and 

show mild side effects compared with cytotoxic chemotherapy. However, in addition to 

the well-known role of kinases in cell proliferation, some studies have also reported the 

immunosuppressive properties of oncogenic kinases and proved that kinase inhibition 

elicits anti-tumor immune responses (Bancerek et al., 2013; Palacios et al., 2015; 

Symeonides et al., 2017; Zhang et al., 2012). An increasing number of studies have 

demonstrated that kinase inhibitors can affect the expression of immunosuppressive 
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cytokines, chemokines, and angiogenic factors in the TME through various pathways. 

Considering the advantage of targeting tumor-associated immune cells, as they are more 

genetically stable and less likely to develop resistance mutations against kinase 

inhibitors compared to cancer cells, more studies have focused on the role of these 

therapeutic drugs in cancer immune evasion. Two approaches have been adopted to 

study kinase inhibitors in cancer immunity, either by directly targeting immune system-

associated kinases or by investigating kinase inhibitors that modulate the sensitivity of 

cancer to immunotherapy (Gross et al., 2015). The highlights of some of these studies 

are discussed below: 

 

The TAM family of receptor tyrosine kinases (RTKs), including AXL, TYRO3, and 

MER, play a regulatory role in the inflammation cycle by employing various 

mechanisms, such as inhibiting the JAK-STAT pathway and facilitating the final 

differentiation of NK cells (Caraux et al., 2006; Rankin & Giaccia, 2016). AXL 

inhibition restored TKI sensitivity in in vivo models of erlotinib-resistant non-small cell 

lung cancer (NSCLC) (Zhang et al., 2012). Clinical trials are underway to explore the 

reversal of tumor immunosuppression through TAM kinase blockade, specifically with 

the use of the first AXL-targeted inhibitor, BGB324, in combination with erlotinib, for 

NSCLC treatment (Sang et al., 2022). Colony-stimulating factor 1 (CSF1) expressed 

on the cell surface of macrophages regulates macrophage polarization from pro-

inflammatory M1 to anti-inflammatory M2 states. The CSF1R inhibitor BLZ945 

impedes the tumor-promoting functions of TAM, leading to improved survival rates in 

glioblastoma mouse models (Guo et al., 2020). Another promising target, CDK8, 

enhances NK cell-mediated tumor control by phosphorylating STAT1 at S727 

(Bancerek et al., 2013). In addition, CDK8 inhibitors have been shown to augment the 

secretion of IL-10 from activated DCs, potentially serving as a strategy to reduce tumor 
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microenvironment inflammation (Johannessen et al., 2017). Furthermore, inhibition of 

AKT, the major component of the PI3K-AKT-mTOR pathway, has been shown to limit 

the differentiation of MDSCs in vitro and reduce their infiltration into breast cancer 

tissue in mouse models, while enhancing the infiltration of CD8+ T cells (Tohumeken 

et al., 2020). PI3Kδ signaling promotes B cell proliferation. The PI3Kγ isoform has 

been implicated in the inhibition of Treg activity. Inhibition of PI3Kγ with TG100-115 

has been shown to enhance T-cell activity and improve its efficacy when combined with 

anti-PD1 immunotherapy (Yang et al., 2015). Treatment with another PI3Kγ inhibitor, 

IPI-549, also showed promising results in increasing the sensitivity to immunotherapy 

and remodeling of the TME in breast cancer mouse models (Seton-Rogers, 2017). In 

2018, IPI-549 in combination with the anti-PD1 antibody nivolumab was evaluated for 

advanced solid tumors in phase I clinical trials, which suggested that IPI-549 can 

modulate cancer immunity by upregulating IFNg-responsive factors (Anderson et al., 

2021; Jiang et al., 2020). In squamous cell carcinoma (SCC), oncogenic FAK 

upregulates the transcription of chemokine ligands and receptors. Studies have 

demonstrated that FAK inhibitors restored sensitivity to immunotherapy in pancreatic 

cancer models by reducing Treg levels, thus promoting CD8+ T cell-mediated anti-

tumor immunity (Symeonides et al., 2017). In addition, inhibition of MEK in a colon 

cancer model protected CD8+ T cells from stimulation-induced death (Zheng et al., 

2023). Combining MEK inhibition with anti-PD-L1 treatment has shown significant 

long-term tumor regression and surpasses the effects of single-agent treatment alone 

(Ruggieri et al., 2022). In contrast, mutant EGFR remodels the TME, which promotes 

immune escape and induces PDL1 expression (Li et al., 2018).  

 

Other kinase oncogenes have also been implicated in HCC immune evasion, with 

different studies reporting the use of FDA-approved TKIs for HCC to enhance anti-
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tumor immunity by sensitizing resistant cancers to immunotherapies such as ICIs (Table 

1.3). For instance, in vivo and in vitro studies have demonstrated that sorafenib, the 

first-line treatment for HCC, enhances anti-tumor immunity by promoting the 

infiltration of immature dendritic cells, MDSCs, and Tregs after VEGFR inhibition 

(Cabrera et al., 2013; Cao et al., 2011). Kimura et al. (2018) reported increased number 

of CD8+ T cells in lenvatinib-treated HCC mouse model. In the same study, a higher 

response rate was obtained with a combined treatment of lenvatinib and anti-PD-1 

antibody compared with either treatment alone in immunocompetent mice. However, 

the molecular mechanisms underlying the improved response rate following 

combinatorial treatment with kinase inhibitors remain unclear. A better understanding 

of the role of protein kinases in immune modulation in HCC may provide insights into 

immunotherapy resistance and improve immunotherapy effectiveness. 
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Table 1.3 Summary of kinase inhibitors approved by the FDA for treatment of 

HCC 

Studies demonstrating the regulatory roles of TKIs in tumor immunogenicity and immune responses. 

 

Drugs Kinase targets Studies  Immunomodulation 

Sorafenib VEGFR1-3, 

PDGFR, FGFR, 

RAF, KIT, FLT-3  

(Cao et al., 2011) Reduces Tregs and MDSC in 

HCC mouse model. 

(Cabrera et al., 

2013) 

Restores Teff cell responses in 

peripheral mononuclear cells 

collected from HCC patients 

(Hage et al., 2019) Reduces MHCI expression and 

trigger NK cell response 

Lenvatinib 

 

VEGFR1-3, 

PDGFR, FGFR1-

4, RET, KIT 

(Kimura et al., 

2018) 

Increases CD8+ T cell populations 

in HCC mouse model 

(J. Zhu et al., 

2021) 

Increases CTLs and reduces PD-1 

and TIM-3 level in mononuclear 

cells collected from HCC patients 

(Yi et al., 2021) Reduces PD-L1 level and Treg 

cell differentiation in HCC cells 

Regorafenib VEGFR1-3, 

PDGFR, FGFR, 

RAF RET, KIT 

(Qiu et al., 2018) Reduces PD-L1 level in HCC 

mouse model 

(Shigeta et al., 

2020) 

Activation of CTL in HCC mouse 

model treated with αPD-1 

antibody plus regorafenib 

(Ou et al., 2021) Activation of CD8+ T cells and 

suppression of M2 macrophage 

polarization 

Cabozantinib c-Met, 

VEGFR1/2/3, 

AXL, RET, 

ROS1, KIT 

(Esteban-Fabro et 

al., 2022) 

Decrease Treg and PD-1+ T cell 

population. Increases neutrophil 

infiltration in HCC mouse model 
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1.4 Hypothesis and objectives of the study 

Hypothesis 

We hypothesized that protein kinases contribute to HCC development via immune-

regulatory pathways. In this study, we aimed to identify a subset of kinases involved in 

immune modulation in HCC by employing an in vivo kinome-wide clustered regularly 

interspaced short palindromic repeat (CRISPR) screen and HCC mouse models. 

 

Objectives of the study 

1. To establish a kinome-wide mouse CRISPR knockout library by transduction of 

Cas9 expressing RIL-175 cell were transduced with a lentiviral gRNA expression 

vector. 

2. To identify the protein kinases crucial for immune modulation in HCC by in vivo 

CRISPR screening in an HCC tumor mouse model derived from B and T cell-deficient 

Rag1-KO and immune-competent wild-type mice by deep sequencing. 

3. To functionally characterize the identified protein kinases in immune modulation 

in HCC by knockout or overexpression of kinase genes using the in vivo CRISPR 

knockout and Sleeping Beauty (SB) transposon system. 

4. To elucidate the molecular mechanisms of the candidate protein kinases involved 

in immune evasion using a single-cell RNA sequencing approach. 
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2.1 Materials 

 

Table 2.1. Cell lines used in this study. 

Cell line Growth medium Characteristics Source 

RIL-175 RPMI1640 Gift from Prof. Stephanie 

Ma (HKU, Hong Kong) 

Mouse HCC 

Hep55.1c DMEM Cell Line Service (Eppelheim, 

Germany) 

Mouse HCC 

 

Table 2.2. Primers for qPCR and deep sequencing of sgRNA library. 

 qPCR  

Gene Forward (5’-3’) Reverse (5’-3’) 

Mink1 

(sgRNA1) 

AACCGAAACCGTGTGGGA TGAGCAACACAAAGTCTG 

Mink1 

(sgRNA2) 

AGAGACAGCTGCAGCAGG

A 

CCCCGACCGTAATGATACAG 

Deep sequencing 

P5 primers 

Name Sequence (5’ – 3’) 

P5 0 nt 

stagger 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC

GACGCTCTTCCGATCTTTGTGGAAAGGACGAAACACCG 

P5 1 nt 

stagger 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC

GACGCTCTTCCGATCTCTTGTGGAAAGGACGAAACACCG 

P5 2 nt 

stagger 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC

GACGCTCTTCCGATCTGCTTGTGGAAAGGACGAAACACCG 

P5 3 nt 

stagger 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC

GACGCTCTTCCGATCTAGCTTGTGGAAAGGACGAAACACCG 

P5 4 nt 

stagger 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC

GACGCTCTTCCGATCTCAACTTGTGGAAAGGACGAAACACC

G 

P5 6 nt 

stagger 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC

GACGCTCTTCCGATCTTGCACCTTGTGGAAAGGACGAAACA

CCG 

P5 7 nt 

stagger 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC

GACGCTCTTCCGATCTACGCAACTTGTGGAAAGGACGAAAC

ACCG 

P5 8 nt AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC
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stagger GACGCTCTTCCGATCTGAAGACCCTTGTGGAAAGGACGAAA

CACCG 

P7 primers 

Name Sequence (5’ – 3’) 

P7 index 1 CAAGCAGAAGACGGCATACGAGATGCTGGATTGTGACTGGA

GTTCAGACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTC

AAGACCT 

P7 index 2 CAAGCAGAAGACGGCATACGAGATTAACTCGGGTGACTGGA

GTTCAGACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTC

AAGACCT 

P7 index 3 CAAGCAGAAGACGGCATACGAGATCGGTGACCGTGACTGGA

GTTCAGACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTC

AAGACCT 

P7 index 4 CAAGCAGAAGACGGCATACGAGATTACAGAGGGTGACTGGA

GTTCAGACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTC

AAGACCT 

P7 index 5 CAAGCAGAAGACGGCATACGAGATATTGTCAAGTGACTGGA

GTTCAGACGTGTGCTCTTCCGATCTCCAATTCCCACTCCTTTC

AAGACCT 

 

Table 2.3. sgRNA sequences. 

Name Sequence (5’ – 3’) 

Mink_sgRNA1  GAGCGGAACCGAAACCGTGT  

Mink_sgRNA2 GCCCCGACCGTAATGATACAG  

Non-target control_sgRNA GAATTCTGAGATTCCGCGGCT 

 

 

Table 2.4. Antibodies used for western blot, immune profiling and IHC. 

Western blot 

Antibodies Condition  Catalogue number Vendor 

β-actin 1:5000 #A5316 MilliporeSigma (Massachusetts, 

USA) 

α-Tubulin 1:5000 #T9026 Merck (New Jersey, USA) 

Cas9 1:1000 #14697 Cell Signalling Technology 

(Massachusetts, USA) 

Mink1 1:700 #HPA056296 Human Protein Atlas 

(Stockholm, Sweden) 

Immune profiling  
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CD11b 1:300  BioLegend (California, USA) 

Cd11c 1:200  BioLegend (California, USA) 

Ly6C 1:700  BioLegend (California, USA) 

LY6G 1:300  BioLegend (California, USA) 

CD4 1:300  BioLegend (California, USA) 

CD8 1:100  BioLegend (California, USA) 

Live/dead 1:200  BioLegend (California, USA) 

MHCII 1:500  BioLegend (California, USA) 

CD45 1:500  BioLegend (California, USA) 

CD3 1;100  BioLegend (California, USA) 

CD16/32 1;100  BioLegend (California, USA) 

F4/80 1:50  BioLegend (California, USA) 

CD44 1:200  BioLegend (California, USA) 

FOXP3 1;100  BioLegend (California, USA) 

CDLA4 1:100  BioLegend (California, USA) 

RORgt 1:40  BioLegend (California, USA) 

TCR-beta 1:100  BioLegend (California, USA) 

CD49b 1:100  BioLegend (California, USA) 

CD19 1:100  BioLegend (California, USA) 

IHC 

Mink1 

   

1:50, pH6 #HPA056296 Human Protein Atlas 

(Stockholm, Sweden) 

PCNA 1:50, pH6 #13110 Cell Signaling Technology 

(Massachusetts, USA) 

CD8 1:50, pH6 #CST98941 Cell Signaling Technology 

(Massachusetts, USA) 

 

Table 2.5. Reagents used in this study. 

Reagents  Vendor 

Mouse Kinome CRISPR Knockout 

Library (Brie) #75316 

A gift from John Doench & David Root 

(Addgene) (Massachusetts, USA) 

Matrigel™ Matrix  Corning (New York, USA) 

Roswell Park Memorial Institute (RPMI) 

1640 Medium 

Thermo Fisher Scientific 

(Massachusetts, USA) 

Fetal bovine serum Thermo Fisher Scientific 

(Massachusetts, USA) 

Penicillin – Streptomycin Thermo Fisher Scientific 
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(Massachusetts, USA) 

TRIzol® Reagent Invitrogen™, Thermo Fisher Scientific 

(Massachusetts, USA) 

Polybrene MilliporeSigma (Massachusetts, USA) 

Puromycin MilliporeSigma (Massachusetts, USA) 

Lipofectamine™ 2000 transfection 

reagent 

Invitrogen™, Thermo Fisher Scientific 

(Massachusetts, USA) 

Dimethyl sulfoxide (DMSO) MilliporeSigma (Massachusetts, USA) 

PhosSTOP™ Roche (Basel, Switzerland) 

cOmplete™ EDTA-free protease 

inhibitor cocktail 

Roche (Basel, Switzerland) 

BrightGreen 2X qPCR MasterMix-ROX Applied Biological Materials 

(Vancouver, Canada) 

PrimeScript™ RT Reagent Kit Takara (Shiga, Japan) 

WesternBright ECL HRP substrate Advansta (California, USA) 

PrimeSTAR GXL DNA Polymerase Takara (Shiga, Japan) 

QIAquick PCR Purification Kit Qiagen (Maryland, USA) 

QIAquick Gel Extraction Kit Qiagen (Maryland, USA) 

DNeasy Blood & Tissue Kit Qiagen (Maryland, USA) 

QIAprep Spin Miniprep Kit Qiagen (Maryland, USA) 

Plasmid Midi Kit Qiagen (Maryland, USA) 

Opal 4-Color Manual IHC Kit  Akoya Biosciences (Massachusetts, 

USA) 

AR9 Tris-EDTA buffer  Perkin Elmer (Massachusetts, USA) 
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2.2.1 Cell lines and cell culture 

The cell lines used in this study are listed in Table 2.1. Cells were grown in RPMI or 

DMEM supplemented with 10% fetal bovine serum (Thermo Fisher Scientific) and 1% 

penicillin – streptomycin (Thermo Fisher Scientific), and incubated at 37°C with 5% 

CO2. Cells were sub-cultured by washing with PBS and adding 1-2 mL Trypsin (Sigma-

Aldrich) to de-attach the cells. The cells were centrifuged at 1200rpm for 4 min and 

reseeded in fresh dishes at an appropriate dilution.  

The RIL-175 cell line stably expressing Cas9 was maintained in cell culture medium 

containing 5 μg/mL blasticidin. Lentivirus-infected cells were selected and maintained 

in medium containing 5 μg/mL blasticidin and 2 μg/mL puromycin. Single-cell-derived 

clones were generated by dilution cloning. The cells were limited to growth within 20 

subculture passages.  

 

2.2.2. Molecular cloning and plasmid amplification 

To generate knockout cell lines, sgRNAs were cloned into the target vector plentiGuide-

Puro (Addgene #52963), and lentiviral sgRNAs were generated by WeiZhen 

Biosciences (ShanDong, China) (Fig. 2.1). To generate Mink1 overexpression mouse 

model, four plasmids were prepared. The plasmids encoding mouse C-Myc with 

luciferase expression (pT3-EF1a-MYC-luc), CRISPR/Cas9 vector expressing sgTP53 

(px330-sgp53), and vector expressing SB13 transposase (CMV-SB13) were kindly 

provided by Dr. Scott Lowe (MSKCC, New York, USA). To construct the pT3-EF1a-

Mink1 plasmid, the protein-coding sequence of mMink1 (AAH52474.1) was first 

composed in the donor vector pDONR-221 (Hitrobio Biotechnology, Beijing, China), 

followed by insertion of the Mink1 fragment into the transposon-expressing vector 

pT3-EF1a-GW by Gateway cloning using LR Clonase (Thermo Fisher Scientific, 

Massachusetts, USA) (Fig. 2.2). 
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Cloned plasmid DNA (2-4 µl) was then transformed into E. coli DH5α competent cells, 

incubated on ice for 20 min, followed by heat shock at 42°C for 1.5 min and incubated 

on ice again for 1.5 min. Next, tubes with LB broth were incubated at 37°C for 1 hr and 

cultured in ampicillin-containing agar plates overnight. Single colonies were then 

selected and expanded in 400mL LB broth containing ampicillin overnight at 37°C, and 

plasmid DNA was extracted using a commercial Miniprep or Midiprep kit (Qiagen, 

Maryland, USA). Plasmids were Sanger Sequenced by Techdragon at Hong Kong, 

using primers targeting promoter sites.  

  

Figure 2.1 Map of pLentiGuide-Puro vector 

Generated by SnapGeneâ software (GSL Biotech LLC, California, USA). 

 

 
Figure 2.2 Workflow of cloning the pT3-EF1a-Mink1 plasmid 
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2.2.3 Cell viability assay 

Knockout cell lines were seeded in 96-well plates (500 cells/well) and cultured for 4 or 

6 days before cell counting. CellTiter-Glo® luminescent cell viability assay (Promega, 

Wisconsin, USA) was used in Mink1 knockout cells according to the manufacturer’s 

instruction. Optical density (OD) values were read at 570 nm using a CLARIOstar Plus 

Microplate Reader (BMG LABTECH, Ortenberg, Germany). The experiments were 

performed in triplicate. 

 

2.2.4 RNA extraction 

Total RNA from cells or mouse tumor samples was extracted with TRIzol® reagent 

(Invitrogen, Massachusetts, USA). The cells or tumors were lysed using a homogenizer 

for 40s, followed by a 5 min pause on ice. Chloroform (Merck, New Jersey, USA) was 

added to TRIzol® Reagent at a 1:5 ratio, mixed by inversion, and incubated on ice for 

3 min. After centrifuged at 13000 rpm for 30 min at 4°C, the top aqueous layer 

containing RNA was collected and transferred to a new tube. Isopropanol (Invitrogen, 

Massachusetts, USA) was added at a ratio of 1:1 to the collected aqueous RNA for 

precipitation, followed by centrifugation at 4°C for 10 min to obtain the RNA pellet. 

The pellet was washed with 75% ethanol, air-dried, re-dissolved in UltraPureTM 

distilled water (Invitrogen, Maryland, USA), and stored at -80°C. RNA concentration 

was determined using a NanoDrop™ One/OneC Microvolume UV-Vis 

Spectrophotometer (Thermo Scientific, Massachusetts, USA), and RNA quality was 

confirmed by obtaining an OD260/280 between 1.8-2.0. 

 

2.2.5 cDNA synthesis and qPCR analysis  

The PrimeScript™ RT Reagent Kit (Takara, Shiga, Japan) was used to generate cDNA 

following the manufacturer’s protocol. Briefly, 500μg of RNA was incubated with 5X 
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PrimeScript Buffer containing a dNTP mixture, Oligo dT Primer, random hexamers, 

and PrimeScript RT Enzyme Mix. qPCR analysis was performed using the qPCR SYBR 

Green PCR kit (Applied Biological Materials, Canada). 2μl of cDNA, 6μl of 2X qPCR 

master-mix, 3.4μl of UltraPureTM distilled water, 0.3μl of both forward- and reverse-

specific primers listed Table 2.2 were used per reaction. qPCR was performed in a 96-

well or 384-well QuantStudio 7 Flex Real-time PCR system (Thermo Fisher Scientific, 

Massachusetts, USA). Relative expression differences were calculated using the 

2−ΔΔCT method, with reference to GAPDH. 

 

2.2.6 Western blot analysis 

Proteins were extracted with RIPA lysis buffer mixed with protease and phosphatase 

inhibitors. The lysates were mixed with 6× SDS loading buffer and boiled at 95°C for 

5 min. Gel electrophoresis was performed at 90 volts for 15 min, followed by 120 volts 

after 40-100μg of lysates onto an SDS polyacrylamide gel. Following electrophoresis, 

proteins were transferred from the gel to a methanol-activated polyvinylidene difluoride 

membrane at a constant voltage of 90 volts for 1.5 hours. Primary antibodies were 

applied and incubated overnight at 4°C, followed by the application of secondary 

antibodies (anti-mouse or anti-rabbit). Table 2.3 listed the primary antibodies used 

along with the working dilutions. Protein signals were visualized using an ECL system 

and exposed to an X-ray film. 

 

2.2.7 Illumina sequencing for kinome-wide CRISRP library  

A Mouse Kinome CRISPR knockout library (Brie) of 2852 optimized sgRNAs 

targeting 713 kinase genes and 100 non-targeting sgRNAs were obtained from Addgene. 

Lentiviral sgRNA libraries were synthesized by WZ Biosciences, and the multiplicity 

of infection (MOI) was calculated using serial dilutions of the virus. For pooled library 



43 
 

transduction, a total of 3.75x107 RIL-175-Cas9 cells (>500-fold change library 

coverage) were transduced at a multiplicity of infection (MOI) of ~0.3 to ensure whole 

library representation. Only one sgRNA was transduced into each cell, and 12ug/mL 

polybrene was added to enhance transduction efficiency. After three days of 2 % 

puromycin selection, a pellet of 1.5 x 106 cells was used for evaluating the initial sgRNA 

distribution. 

 

The genomic DNA of the transduced cells and tumors was extracted using DNeasy 

Blood & Tissue Kits (Qiagen), following the manufacturer’s protocol, and quantified 

using a Nanodrop ND-1000 (Thermo Fischer Scientific). PCR was used to amplify the 

sgRNA cassette in 10 reactions per sample to ensure sufficient coverage. A mix of P5 

primers with stagger regions of different lengths and P7 primers with different barcode 

sequences are listed in Table 2.2, followed by PCR thermocycling (Table 2.6). The four 

PCR products were pooled, cleaned using a QIAquick PCR Purification Kit (Qiagen), 

and gel-purified from a 2% agarose gel using a QIAquick Gel Extraction Kit (Qiagen). 

Library quality control and paired-end 150 base sequencing (1G read depth/sample to 

ensure a sequencing depth of >100 reads per sgRNA) were performed using NovaSeq 

(Novogene, Cambridge, UK).  

 

Table 2.6 PCR cycling parameters 

Cycle number Denature Anneal Extend 

1 98°C, 3 min   

2-36 98°C, 10s 63°C, 20s 72°C, 25s 

37   72°C, 4 min 
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2.2.8 Bulk RNA sequencing 

Before sequencing, a quality check was conducted by Agilent Technologies 

(OD260/280 1.8-2.0 and RNA integrity number (RIN)> 6). RNA extracted from the 

tumors of the HTVI models was sequenced to reach 100M reads per sample at the 

Center for PanorOmic Sciences at the University of Hong Kong using an Illumina 

NovaSeq 6000 sequencer. The average throughput is 190M reads and 94% of bases 

achieved a high-quality score (reads < 5% unknown bases and reads <50% of bases 

with a quality value < 11). Mouse Genome GRCm38 was used as reference genome for 

alignment. Expression estimation and tests for differential expression were performed 

using STAR 2.5.2, RSEM 1.2.31, and EBSeq 1.18.0. The results are presented as 

transcripts per million (TPM) and fold-changes in the OE group relative to the GW 

group.  

 

2.2.9 Immune profiling 

HTVI mouse model tumor samples were finely minced into small fragments in a 10 cm 

dish containing T cell medium and transferred to gentleMACS™ C Tubes with 

dissociation buffer containing 0.1 g/ml Collagenase IV and 10 mg/ml DNaseI. Tumor 

samples were dissociated with a gentleMACS™ dissociator using the m-Liver program 

and incubated at 37°C. The cell suspensions were filtered through a 70μm cell strainer 

and centrifuged at 600 × g for 10 min. The supernatant was subjected to Percoll 

purification by resuspending the cell pellet in a 40% Percoll solution. Next, 40% Percoll 

solution containing cells was gently transferred to a tube containing 80% Percoll 

solution and centrifuged at 1200 × g for 25 min with no brake. The middle colorless 

layer containing immune cells was transferred to a new falcon tube, topped with T cell 

medium, and centrifuged at 600 × g for 5 min. The cells were then resuspended in ACK 

lysis buffer for red blood cell lysis. After discarding the supernatant and resuspending 
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the pellet in 1mL mL FACS buffer, cell suspensions were used for immunostaining. 

One million cells were seeded in each well of a V-shaped 96 plates. Surface staining 

was performed by incubating cells for 20 min at 4°C. The cells were then fixed with 

the eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set (Invitrogen) for 30 

min, centrifuged at 1000 × g for 5 min, and stained intracellularly for 20 min at 4°C. 

Finally, the stained cells were washed with FACS buffer, resuspended in FACS buffer, 

and analyzed using a BD LSRFortessa™ Cell Analyzer (BD Biosciences). The 

antibodies used for immune profiling are listed in Table 2.1. Data acquisition and 

quantification were performed using FlowJo software (BD Biosciences). 

 

2.2.10 Single cell analysis 

Figure 2.3 presents the workflow of single-cell RNA seq preparation. Mouse HCC 

tumor samples were dissociated as described previously in sample preparation for 

immune profiling analysis. After dissociation, the cells were counted, stained with 

Live/Dead Fixable Near-IR Dead Cell dye (Invitrogen) for 30 min, and washed with 

FACS buffer. The stained cells were sorted into live cells using a FACSAria III cell 

sorter (BD Sciences) and sent for single-cell RNA sequencing analysis at BGI 

Genomics in Hong Kong. 
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Figure 2.3 Workflow of single cell RNA sequencing analysis  

 

2.2.11 Immunohistochemistry staining and immunofluorescence staining  

Xylene was used for deparaffinizing formalin-fixed and paraffin-embedded (FFPE) 

tissue sections. Next, the sections were rehydrated with graded alcohol and distilled 

water. Antigen retrieval was done by microwave heating. To quench the endogenous 

peroxidase activity, 3% hydrogen peroxide was used. The sections were then treated 

with serum-free protein block solution (DAKO, Agilent Technologies) to prevent non-

specific antibody binding and incubated with primary antibodies, as specified in Table 

2.1, to target specific antigens of interest. After primary antibody incubation, the 

sections were washed with TBST and shaken to remove the unbound antibodies. For 

signal detection, anti-rabbit EnvisionTM HRP-conjugated secondary antibody (DAKO) 

was applied to the sections. Positive signals from the antigen-antibody complexes were 

visualized using Liquid DAB and Substrate-Chromogen System (DAKO), resulting in 

a brown coloration at the site of antigen expression. Mayer's hematoxylin and Scott's 

tap water were used for counterstain. Finally, the immunohistochemical staining 

patterns were examined using a light microscope, and the stained regions were 
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quantified using the ImageJ software. 

 

Multiplexed immunohistochemistry was performed using an Opal 4-Color Manual IHC 

Kit (Akoya Biosciences, Massachusetts, USA). Sections were deparaffinized in xylene 

and rehydrated in decreasing concentrations of alcohol and distilled water. Antigen 

retrieval was performed in 1X AR9 Tris-EDTA buffer (Perkin Elmer, Massachusetts, 

USA) for 15 min. Endogenous peroxidase activity was quenched using 3% hydrogen 

peroxide for 10 min at room temperature. The sections were then immersed in a 

blocking antibody diluent for 30 min at room temperature. The specimens were 

subsequently incubated with the antibodies listed in Table 2.1. The sections were 

washed thoroughly and incubated with Opal Polymer HRP Ms+Rb for 30 min at room 

temperature. Following a brief wash with 1xTBST, fluorophore was added to the tissue 

sections and incubated for 15 min. Staining steps were repeated for the remaining 

antibodies with different fluorophores. Finally, stripping was performed in 1x AR6 

sodium citrate buffer in a microwave oven for 15 min. DAPI staining was performed 

after cooling the sections. Slides were mounted, and stained patterns were examined 

using a Leica TCS SPE confocal microscope and quantified using Nikon NIS-Elements 

Software (New York, USA). 

 

2.2.12 In vivo mouse models  

C57BL/6 wild-type mice and C57BL/6-Rag1-KO immunodeficient mice were obtained 

from The University of Hong Kong and The Chinese University of Hong Kong.  

 

2.2.12.1 In vivo kinome-wide CRISPR screening 

A Mouse Kinome CRISPR knockout library (Brie) of 2852 optimized sgRNAs 

targeting 713 kinase genes and 100 non-targeting sgRNAs were obtained from Addgene. 
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Lentiviral sgRNA libraries were synthesized by WeiZhen Biosciences (ShanDong, 

China), and the multiplicity of infection (MOI) was calculated by serial dilutions of the 

virus. For pooled library transduction, a total of 3.75x107 RIL-175-Cas9 cells (>500-

fold change library coverage) were transduced at a multiplicity of infection (MOI) of 

~0.3 to ensure whole library representation. Only one sgRNA was transduced into one 

cell, and 12ug/mL polybrene was added to enhance transduction efficiency. After 3 days 

of 2 μg/mL puromycin selection, a pellet of 1.5 x 106 cells was used to evaluate the 

initial sgRNA distribution, and the remainder was injected subcutaneously into 8-week-

old male Rag1-KO and WT mice (n=2) with Matrigel (1:1 dilution) (7.5 × 105 

cells/mouse). Tumor volume was measured using the following formula: (L × W2)/2. 

Mice were sacrificed when Rag1-KO tumors grew to 500 mm3, and tumors were 

excised for NGS analysis to evaluate the final library distribution, as described in 

Section 2.2.7. 

 

2.2.12.2 Mink1 knockout subcutaneous mouse model 

KO cells and cells transfected with sgNTC as a control were subcutaneously injected 

into four–five 10-week-old Rag1-KO and WT mice with Matrigel (1:1 dilution) (5000 

or 50000 cells/mouse), and the tumor volume was measured using the formula 

described above. 

 

2.2.12.3 Hydrodynamic tail vein Trp53KO/C-MycOE HCC mouse model 

To deliver the Sleeping Beauty transposon system to the livers of mice, we first 

generated a Sleeping-mediated exogenous expression of murine Mink1, as described in 

section 2.2.2. Afterwards, 15μg of pT3-EF1a-MYC-luc and px330-sgp53 together with 

2.5μg of CMV-SB13 and 12.5μg of pT3-EF1a-Mink1 in a ratio of 1:25 dilutions with 

2 mL 0.9% NaCl saline were filtered through a 0.22μm filter and injected into the lateral 
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tail vein of 8 weeks old C57BL/6 mice for 7s. As a control, 12.5μg of the empty vector 

pT3-EF1a-GW was added instead of Mink1 expressing plasmid. 

 

2.2.13 Bioinformatics and statistical analysis 

2.2.13.1 CRISPR screen data analysis 

CRISPR data were analyzed using MAGeCK and MAGeCK-VISPR, as described by 

Wang et al. (2019). Briefly, raw sequencing data were processed using MAGeCK to 

obtain read counts for each sgRNA, with non-target (control) sgRNAs used to 

normalize the data. The statistical significance of each sgRNA was calculated using the 

learned mean-variance model. Essential genes (both positively and negatively selected) 

were identified by searching for genes whose sgRNAs were ranked consistently higher 

(by fold change and p-value) using robust rank aggregation (RRA). The MAGeCK 

TEST algorithm was used to compare treatments with the control samples to identify 

significantly enriched and depleted sgRNAs and genes. Genes with p-values less than 

0.05 are candidate hits.  

 

2.2.13.2 Survival analyses  

Survival analyses based on the expression status of MINK1 were performed using the 

OSlihc, Cutoff-High (%):25; Cutoff-Low (%):25. Survival analyses for MINK1 

correlation with cytotoxic T lymphocyte (CTL) levels on patient outcomes were 

performed using the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm. 

 

2.2.13.3 Gene set enrichment analysis for gene expression data  

We performed Gene Set Enrichment Analysis (GSEA) by separating samples to low 

and high Mink1 TPM levels in the TCGA-LIHC cohort and used the Molecular 

Signatures Database to rank the pathways enriched in the Mink1-high group. For bulk 
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RNA data analysis, the R package DESeq2 was used, and the top 25% of differentiated 

genes (up or downregulated) with enrichment/depletion scores calculated using the 

formula “-log(P-value) x log2FC” was applied to GSEA “preranked” algorithm.  

 

2.2.13.4 Single cell RNA sequencing data analysis 

Upon confirming cDNA integrity, library quality, number of sequenced cells, and 

average reads per cell as part of quality control, we utilized the Cell Ranger package to 

map the reads and generate gene-cell matrices. Subsequently, quality control was 

conducted by calculating the number of genes, unique molecular identifiers (UMIs), 

and proportion of mitochondrial genes for each cell using the Seurat R package. Cells 

with a low gene count (< 500) and high mitochondrial gene count (> 0.1) were removed 

from the analysis. We then performed comprehensive statistical analysis to calculate 

gene dispersion and cell coverage to construct a gene model for principal component 

analysis (PCA). Uniform Manifold Approximation and Projection (UMAP) was also 

performed using SingleR, and well-established cell type markers were visualized on 

dot plots.  

 

2.2.13.5 Statistical analysis 

The statistical significance of the data in this thesis was determined by Student’s t test. 

The results are shown as means and standard deviations, and those with p values less 

than 0.05 were considered statistically significant (* p<0.05, ** p<0.01, *** p<0.001, 

and **** p<0.0001). Kaplan–Meier survival analysis was used to analyze overall 

survival, and a log-rank test was used to determine statistical significance.  
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Chapter 3 Identification of protein kinases 

critically involved in HCC immune regulation by 

in vivo kinome-wide CRISPR sgRNA knockout 

screen 
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3.1 Introduction 

TKIs, including sorafenib and lenvatinib, are widely used worldwide for the treatment 

of advanced HCC. However, recent developments in immunotherapies, especially ICIs, 

have shown higher survival rates and mild side effects than TKIs, and are therefore 

recognized as the new standard of care for advanced HCC in the future (Finn, Qin, et 

al., 2020; Sangro et al., 2021). Nevertheless, the low objective response to ICIs urges 

researchers to modify treatment strategies to increase their clinical efficacy (Yau et al., 

2020). Considering the difficulty of therapeutically targeting anti-tumor immune-

related pathways compared to inhibiting kinases and the recent reports of kinase 

involvement in cancer immune evasion, a better understanding of the role of protein 

kinases in immune modulation in HCC may potentiate cancer immunotherapy. 

 

CRISPR/Cas9 screening, an adaptive immune regulation mechanism in bacteria, has 

revolutionized our ability to uncover genes involved in cancer regulation (Fig 3.1). 

Significant progress has been made in cancer studies by using pooled in vitro CRISPR 

screening tools to identify and validate novel cancer drug targets. Wu et al. successfully 

identified glutaminyl-peptide cyclotransferase-like protein (QPCTL) as a key regulator 

of CD47 by employing a genome-scale CRISPR screen in human colon cancer cells 

(Wu et al., 2019). However, recent studies have highlighted the importance of the tumor 

microenvironment in cancer immunology studies and indicated the limitations of in 

vitro CRISPR screening in recapitulating the cancer environment (F. Li et al., 2020). 

Therefore, we applied a kinome-wide in vivo CRISPR screen in an HCC mouse model. 

 

Upon the successful establishment of an in vitro kinome-wide mouse CRISPR sgRNA 

knockout (KO) library, CRISPR library-transduced RIL-175-Cas9 cells were 

subcutaneously injected into C57BL/6 wild-type and C57BL/6-Rag1-KO 
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immunodeficient mice. Following tumor dissection and genomic DNA extraction, 

samples were sent for deep sequencing analysis to confirm whether sgRNAs were 

enriched or depleted using the normal immune environment in WT mice as a negative 

selection criterion. 
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Figure 3.1 The principle of CRISPR/Cas9 Knockout pooled screening 

(A) Originally, the CRISPR/Cas system served as a defense mechanism against infecting bacteriophages or viruses 

by selectively targeting specific genetic regions of the invading phages (Jansen et al., 2002). Currently, researchers 

use this technology for various genome-based studies, and one of the most powerful approaches is knockout pool 

screening. The CRISPR/Cas9 knockout system involves two key components: a guide RNA (sgRNA) and Cas9 

endonuclease. sgRNA guides the Cas9 protein to a specific target site in the genome near the PAM sequence (Dang 

et al., 2015; Liu et al., 2019). Upon binding to the target site, Cas9 creates a double-strand break (DSB) in DNA, 

which is then repaired by the non-homologous end-joining pathway, creating indels that introduce loss-of-function 

mutations within the gene. (B) Customized sgRNA pooled libraries targeting different research interests have been 

designed, including epigenetic, kinome, and whole genome libraries. Briefly, sgRNAs with sequences proven to 

effectively knockout genes were integrated into viral vectors and delivered into a large pool of Cas9-expressing cells. 

Low titers and high cell coverage are required to ensure that each cell receives a single sgRNA, while each gRNA is 

represented by statistically sufficient cells (Joung et al., 2017). Upon different selection criteria, such as drug 

treatment or immune cell coculture, the composition of the sgRNAs in the pool changes, so that if cells carry gRNA 

that suppresses viability upon KO, cell populations with that gRNA will be depleted. Conversely, if cells carry gRNA 

that provide a growth advantage, enrichment in the cell populations will be observed. 
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3.2 Experimental outline 

Figure 3.2 A summary of the workflow of in vivo kinome-wide CRISPR screening 

to identify potential kinase targets for immune evasion 

(1) Construction of an in vitro kinome-wide CRISPR gRNA knockout library. (2) 

Establishment of an in vivo kinome-wide mouse CRISPR gRNA-knockout library. (3)  

Tumors of wild-type mice and immunodeficient mice injected with CRISPR library 

were collected for deep sequencing, followed by data analysis using Model-based 

Analysis of Genome-wide CRISPR/Cas9 Knockout (MAGeCK). 
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3.3 Result 

3.3.1 Construction of an in vitro kinome-wide CRISPR sgRNA knockout library 

To identify protein kinases that regulate anti-tumor immunity in the HCC mouse model, 

we first generated a mouse lentiviral CRISPR gRNA knockout library. We utilized the 

RIL-175 mouse HCC cell line, a p53-null/Hras mutant line syngeneic to the C57BL/6 

mouse strain background, which is widely grown as a subcutaneous and orthotopic 

tumor for our screening experiment. The RIL-175 cell line stably transduced with a 

lentivirus encoding Cas9 was kindly provided by Prof. Stephanie Ma’s lab (HKU), and 

Cas9 expression was confirmed by western blotting (Fig. 3.3A). Next, by performing 

the Rule Set 2 score algorithm developed by Doench et al., which prioritizes sgRNAs 

(i) targeting functional domains of protein structures; (ii) with minimal potential off-

target sites; (iii) with target sites of each gene based on protein-coding sites at least 5% 

away from a previously selected sgRNA, we obtained a satisfactory average score of 

0.678 for the mBrie library (Fig. 3.3B) (Doench et al., 2016). As a result, the mBrie 

mouse kinome library of lentiviral vectors encoding 2,852 unique sgRNAs targeting 

713 mouse kinase genes with 100 non-targeting controls constructed by Addgene was 

chosen as our screening library because of the excellent efficiency of sgRNAs. After 

lentiviral packaging, the sgRNA library was transduced into the mouse HCC cell line 

RIL-175 expressing Cas9 in vitro and genomic DNA from the cell pellet was extracted 

to validate the quality of the sgRNA library. Using the MAGeCK algorithm after deep 

sequencing analysis, a 0.05% zero count of sgRNAs and a Gini Index of the read count 

distribution of approximately 0.05 were obtained, indicating a significantly low missed 

number of sgRNAs and high evenness of sgRNA distribution (Fig. 3.3C). Moreover, as 

expected, sgRNAs targeting essential genes to support cellular life and liver 

development were depleted in the initial cell pool after seven days of mBrie library 

transduction (Fig. 3D-E). These results confirmed the efficiency of the mBrie library in 
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addition to bioinformatics sgRNA prediction analysis. 

 

Figure 3.3 Quality controls performed to validate the kinome-wide mouse 

CRISPR gRNA knockout library before in vivo study 

(A) Western blot demonstrating Cas9 expression in the RIL-175 cell line transduced with a lentivirus 

encoding Cas9; mouse β-actin was used as a control. (B) Box plot showing Rule set 2 scores of sgRNAs 

in the mBrie library (average score = 0.678). (C) Box plot showing sgRNA distribution in mBrie-

transduced RIL-175-Cas9 cells by median-normalized log2 read counts of sgRNAs, zero count 

sgRNAs=0.05%, Gini index=0.05. (D-E) Volcano plot illustrating the comparison of kinase genes whose 

knockout can enhance or inhibit tumor cell growth, (D) depletion of essential genes (pink) compared to 

genes included in the initial library cell pool (blue); (E) depletion of liver development essential genes 

(red) compared to genes included in the initial library cell pool (blue). 
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3.3.2 Successful establishment of an in vivo kinome-wide mouse CRISPR sgRNA 

knockout library 

To provide a native tumor microenvironment for cell–cell interactions that cannot be 

mimicked outside the organism for probing kinase-driven pathways involved in HCC 

immune regulation, we performed an in vivo CRISPR screen after the validation of the 

mBrie library. A total of 7.5x105 mBrie-transduced RIL-175-Cas9 cells (over 500x 

library coverage) were subcutaneously injected into four C57BL/6 wild-type mice and 

four C57BL/6-Rag1-KO immunodeficient mice without mature B and T lymphocytes 

(n=2; half library/mice). Two weeks after transplantation, the tumors were dissected 

and genomic DNA was extracted for sequencing analysis. Significant differences in 

tumor growth were observed between immunocompetent wild-type and Rag1-KO 

immunodeficient mice. Larger tumors in Rag1-KO immunodeficient hosts were 

observed because of deficiencies in the immune system (Fig. 3.4 A, B). 

 

Before sending the samples for deep sequencing to measure the sgRNA abundance 

distribution in the eight tumors and pre-transplantation cells, the extracted tumor 

genomic DNA harvested from the screen was amplified by PCR. The correct size of the 

purified PCR products (350 bp) was confirmed using agarose gel electrophoresis (Fig. 

3.4C). After gel extraction, the samples were quantified using Qubit assay kits and 

sequenced by Novogene. Quality control measurements of the raw data confirmed the 

A/T/C/G content distribution for all sequenced samples at the target sgRNA region (25-

50 bp position from read 1 of pair-end sequencing), indicating the successful extraction 

of sgRNA fragments from the tumors (Fig. 3.4D). 
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Figure 3.4. Visualization of tumor trend in in vivo CRISPR gRNA knockout screen 

with QC measurements 

A, B Tumor growth curve (A) and tumor weight (B) of sgRNA library transduced with RIL-175-Cas9 

subcutaneously injected into six WT mice and Rag1-KO mice; data are shown as mean ± SEM; n = 2 

mice per group; scale bar = 1 cm. (C) Gel electrophoresis of the purified PCR products (left). Lane 1: 

Marker; lane 2: DNA extracted from RIL-175-Cas9 cells transduced with sgRNA library; lane 3-6: DNA 

samples from tumors of mice with library transplantation (1st) Rag1-KO mice1, (2nd) Rag1-KO mice2, 

(3rd) WT mice1, (4th) WT mice2, and lane 7: negative control. (D) Distribution of A/T/G/C base in raw 

data of sequenced sample sgRNA region ranged between position 25-50bp from read 1 of pair-end 

sequencing. 
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3.3.3 Kinome-wide in vivo CRISPR screen identifies MINK1 and other protein 

kinases as potential regulators of immune evasion in HCC 

Inspection of sgRNAs enriched or depleted from tumors in WT immunocompetent 

hosts compared to Rag1-KO immunodeficient mice identified protein kinase targets 

that modulate the anti-tumor immune response in immunocompetent mice (Fig. 3.5 A). 

The most enriched sgRNAs included the key components of the interferon (IFN) γ 

pathway, Jak1, and Jak2, whereas sgRNAs targeting Pak3, Sik2, Mink1, Raf1, and 

Pip5k1c were significantly depleted in WT hosts (Fig. 3.5 B). Importantly, among the 

groups of sgRNAs that were significantly depleted in WT mice, only Mink1 

(Misshapen-Like Kinase 1) sgRNAs were completely depleted in immunocompetent 

WT mice (Fig. 3.5 C-D). Therefore, we hypothesized that depletion of Mink1 promotes 

the suppression of tumor immunity, which will be investigated in the following sections. 
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Figure 3.5 In vivo kinome-wide CRISPR screen identifies Mink1 as a regulator of 

immune evasion 

(A) Volcano plot illustrating the comparison of kinase genes whose knockout can enhance (blue) or 

inhibit (red) tumor cell growth in immunocompetent WT mice compared to Rag1-KO mice. (B) 

Illustration of the top 10 depleted genes and enriched genes in immunocompetent versus 

immunodeficient mice on the screen; genes ranked by Robust Rank Aggregation (RRA). (C) Plot 

showing the distribution of sgRNA read counts (normalized) in Mink1 Rag1-KO and WT samples. (D) 

Detailed information on the performance of the four Mink1 sgRNAs in comparing Rag1-KO and WT 

samples. 
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3.4 Discussion 

Many clinical trials of HCC have evaluated immunotherapeutic efficacy in patients with 

HCC, showing some promising results (Finn, Qin, et al., 2020; Sangro et al., 2021). 

However, HCC develops in a highly immunosuppressive environment, which prevents 

an effective response to ICI therapy. Therefore, there is an urgent need to elucidate the 

immune environment and molecular mechanisms of immune evasion in HCC to 

improve the efficacy of immunotherapy. 

 

In recent years, the use of in vivo CRISPR screens with small, focused libraries has 

become a popular strategy for studying the regulators of cancer immunology (F. Li et 

al., 2020). Several studies have successfully identified potential targets for cancer 

immunotherapy using in vivo CRISPR screens (F. Li et al., 2020; Manguso et al., 2017; 

Wang et al., 2021). In addition, to determine whether a tumor with specific knockout 

genes can be recognized by the immune system, a comparison of tumor growth in 

immunocompetent and immunodeficient mice is a widely adopted approach. In this 

study, we adopted a library screening strategy using the mBrie kinome-wide library to 

identify protein kinases that sensitize HCC to anti-tumor immunity in wild-type and 

immunodeficient mice that differ in microenvironmental competency. We first 

confirmed the efficiency of sgRNAs from the mBrie library using Rule 2 set score, 

which removes sgRNAs with high off-target scores. RIL-175 cells were then infected 

with the mBrie CRISPR library at an MOI of 0.3 and selected with puromycin. 

Satisfactory sgRNA read counts (> 500 counts per sgRNA) and even distribution of 

sgRNAs were confirmed. Moreover, we found significant depletion of kinases (Wee1, 

Cdc7, and Pkcι), which have been reported to be developmentally lethal (Forteza et al., 

2016; Kim et al., 2002; Mahajan & Mahajan, 2013). These results indicated that our 

CRISPR library can be used for in vivo CRISPR screening of WT immunocompetent 
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hosts and Rag1-KO immunodeficient mice. mBrie-transduced RIL-175-Cas9 cells 

were subcutaneously injected into wild type mice and Rag1-KO immunodeficient mice. 

As expected, tumors developed more rapidly in immunodeficient mice than in WT mice 

due to the presence of T and B cells. Thereafter, the tumors were dissected and genomic 

DNA was extracted for sequencing analysis. Our knockout library screening results are 

consistent with those of previous screening studies. For instance, Pip5k1c KO tumor 

cells in WT mice, compared to immunodeficient mice, are consistent with their role in 

enhancing tumor-associated macrophage recruitment (Xue et al., 2019). ATR kinase 

inhibitor has been proven to reverse T cell exhaustion, and this property was also 

confirmed in our screening results with depletion of Atr in WT mice (Vendetti et al., 

2018). Moreover, tumor cells with knockout of Jak1 and Jak2 were significantly 

enriched in WT mice, consistent with findings showing that inhibition of JAK1/STAT1 

signaling suppressed anti-tumor immunity (Owen et al., 2019). Similar Jak-null cell 

enrichment findings have been reported in previous in vivo CRISPR screening studies 

in melanoma models (Manguso et al., 2017). These results indicate that our in vivo 

screening was successful. 

 

Functionally, our in vivo kinome CRISPR screen identified Mink1 and other protein 

kinases as potential regulators of immune evasion in HCC. However, only HCC cells 

with Mink1 knockout were completely eliminated in WT mice, suggesting a strong 

correlation between this gene with HCC immune regulation. In addition, Zhu and Lu 

(2020) stated that Mink1 deficiency improved anti-tumor immunity and suppressed 

tumor growth in mice, which is consistent with our in vivo screening analysis (Zhu, 

2020). Therefore, Mink1 was chosen as the prime target for further experiments. 

 

The studies in this chapter served as original evidence for our hypothesis that 
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modulation of tumor cell-intrinsic protein kinase activity may regulate HCC immune 

evasion pathways. Aberrant protein kinase pathways are important for shaping the 

immune TME, encouraging escape from anti-tumor immune responses to promote 

tumor progression (Spranger & Gajewski, 2018). Therefore, elucidating the molecular 

mechanisms by which tumor cell intrinsic kinase signaling drives immune evasion is 

critical to improve the design of rational immunotherapies with increased patient 

response rates. However, before we attempted to elucidate the novel effects of MINK1 

on the tumor immune microenvironment, we first explored the role of Mink1 in HCC 

development and immune evasion with a Mink1 deficient mouse model and clinical 

sample analysis in the next chapter. 
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Chapter 4 Functional characterization and 

clinical relevance of MINK1 in HCC 
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4.1 Introduction 

In vivo CRISPR screens are powerful tools for studying complex processes in cancer 

cell-intrinsic immune evasion. Considering the potential of targeting protein kinases 

involved in cancer immune surveillance to improve ICI efficiency, we constructed a 

kinome-wide mouse CRISPR knockout library and employed this library for in vivo 

CRISPR screening of WT and Rag1-KO mice (Chapter 3). We successfully identified 

kinases that were critically involved in HCC immunity. Importantly, one of the kinases 

in the library, Mink1, stands out from the library group, as deep sequencing analysis 

confirmed complete depletion of HCC cells infected with either of the four sgRNAs 

targeting Mink1 in WT mice, but not in immunodeficient Rag1KO mice. As a result, 

we hypothesized that Mink1 promotes cancer immune evasion and selected MINK1 as 

the focus of our study. 

 

Misshapen-like kinase 1 (MINK1), also known as mitogen-activated protein kinase 

kinase kinase kinase 6 (MAP4K6), is a serine–threonine kinase belonging to the Ste20 

family and the germinal center kinase (GCK) IV subfamily (Dan et al., 2000). It consists 

of 1312 amino acids and has a predicted mass of 149.8 kDa (Fig. 4.1) (Qu et al., 2004). 

However, the crystal structure of MINK1 is still unknown. MINK1 has three homologs: 

TRAF2 and NCK-interacting protein kinase (TNIK/MAP4K7), HPK/GCK-like kinase 

(HGK/MAP4K4), and Nik-related protein kinase (NRK), with TNIK being the most 

closely related (Dan et al., 2001; Larhammar et al., 2017; Mikryukov & Moss, 2012). 

The regulation of MINK1 involves self-interactions, which can occur through the 

formation of intermolecular dimers or intramolecular folding (Qu et al., 2004). This 

interaction allows the kinase domain to interact with the CNH domain, leading to 

activation of MINK1 kinase activity (Hu et al., 2004). Additionally, phosphorylation of 

the linker domain induces a conformational change that disrupts the interaction between 
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the kinase and CNH domains, resulting in activation of the MINK1 kinase (Qu et al., 

2004).  

 

 

Figure 4.1 MINK1 domain structure 

Structural studies have confirmed the conserved structural composition of GCK-IV family protein 

kinases, including an N-terminal protein kinase domain, a large intermediate linker domain, a citron 

homology domain (CNH), and a conserved C-terminal extension. The N-terminal protein kinase domain 

of MINK1 stretches from aa to 25-289 and is responsible for kinase activity, while the citron homology 

(CNH)-domain from aa 1014-1306 is predicted to interact with GTP-bound forms of Rac and Rho or to 

bind to docking proteins and lipids (Qu et al., 2004). 

 

MINK1 is involved in various signaling pathways and cellular processes, including 

cytokinesis, neurodegeneration, and Ras-induced senescence. Several groups have 

described the function of MINK1 in upregulating kinase p38 through the 

Raf/MEK/ERK pathway upon activation by RAS (Wong et al., 2014; Yue et al., 2016). 

In colorectal cancer, it is negatively regulated by Adenomatous Polyposis Coli (Popow 

et al., 2019). MINK1 also activates the JNK pathway by phosphorylating JNK1 or 

JNK2 (Zhang et al., 2021). Moreover, MINK1 interacts with the core planar cell 

polarity (PCP) protein Prickle1, contributing to dendritic branching (Daulat et al., 2012). 

However, only a few studies have reported its function in cancer and immune regulation. 

 

Recent studies have reported the functional role of MINK1 in the regulation of 

macrophage and Th17 cell differentiation. Mink1 suppresses the induction of Th17 cells 

and inhibits SMAD2 activation through direct phosphorylation (Fu et al., 2017). Further 
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research on the immune regulatory role of MINK1 suggests the promotion of MDSC 

migration and T cell suppression through MINK1 interaction with the NLRP3 LRR 

domain, in which blockage of the NLRP3 inflammasome improves anti-tumor immune 

responses (K. Zhu et al., 2021). MINK1 has also been reported to be a regulator of the 

Hippo pathway, activating LATS1/2 in parallel with MST1/2 by direct phosphorylation 

of the LATS-HM motif (Meng et al., 2015). LATS is a well-known tumor suppressor 

gene, but different studies have shown that LATS is a negative regulator of cancer 

immunity. Moroishi et al. (2016) demonstrated that LATS1/2 deletion in melanoma and 

breast cancer cells induced IFN response and stimulate cellular immune response 

(Moroishi et al., 2016). Thus, MINK1-meidated LATS phosphorylation may contribute 

to anti-tumor immune regulation. Studies have also shown that MINK1 facilitates 

binding of the glucocorticoid receptor (GR) to 14-3-3, whereas GR and 14-3-3 

downregulate IFNγ production, leading to impairment of the immune response and 

promotion of immunotherapy resistance in different cancer types (Aida et al., 2014; 

Han et al., 2015; Munier et al., 2021). In 2020, Zhu and Lu reported that MINK1 

deficiency improved anti-tumor immunity and suppressed tumor growth. Importantly, 

this is the first report demonstrating the efficacy of MINK1 in a murine cancer model 

(Zhu, 2020). However, instead of focusing on tumor cell-intrinsic immune regulation, 

they hypothesized that MINK1, expressed in CD8+ T cells, regulates tumor growth. 

Overall, these publications provide a hint of MINK1’s involvement in immune 

regulation (Fig 4.2). 
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Figure 4.2 Summary of reported role of MINK1 

 

Since the clinical relevance and significance of MINK1 in HCC have yet to be 

determined and the role of MINK1 in HCC immune regulation has not been reported, 

prior to conducting mouse experiments, we performed MINK1 gene expression 

analyses using a dataset available from the Gene Expression Omnibus (GEO) database 

and The Cancer Genome Atlas (TCGA) dataset. We also performed 

immunohistochemical (IHC) staining of HCC samples with paired non-tumor liver 

tissue samples. Furthermore, to assess the clinical relevance of MINK1 in cancer 

immunity, we used Tumor Immune Dysfunction and Exclusion (TIDE) analysis to 

examine whether the interaction between MINK1 and T cells is linked to HCC cancer 

outcomes. 

 

Based on previous screening results, we hypothesized that MINK1 depletion could 

reverse the immune evasion mechanisms in an HCC mouse model. To functionally 

characterize the role of MINK1 in HCC regulation, we generated MINK1 KO 

derivatives of RIL-175 and Hep55.1c cell lines using CRISPR-Cas9 technology. We 

designed two different guide RNAs (sgRNAs) targeting Mink1 and cloned the sgRNAs 
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separately into a mammalian vector. After confirming the knockout efficiency of the 

Mink1 knockout clones, KO cells were subcutaneously injected into both 

immunocompetent WT mice and immunodeficient Rag1-KO mice. 
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4.2 Experimental outline 

Figure 4.3 A summary of the workflow to examine the clinical relevance and 

functional role of MINK1 in HCC regulation 

(1) Gene and protein expression analyses using IHC staining validation. (2) T cell 

dysfunction analysis of MINK1 in patients with HCC. (3) Design of Mink1 knockout 

RIL-175 cell lines. (4) Comparison of tumor growth in WT and Rag1-KO mice 

subcutaneously injected with Mink1 knockout cells.  
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4.3 Results 

4.3.1 Overexpression of MINK1 promotes poor prognosis in HCC patients 

Our in vivo kinome-wide CRISPR knockout screen suggests the potential role of 

MINK1 in promoting HCC immune evasion. Next, we performed MINK1 gene 

expression analyses using two online available databases, the Gene Expression 

Omnibus (GEO) database and The Cancer Genome Atlas (TCGA) dataset, and 

measured MINK1 protein expression using IHC in an in-house clinical patient sample 

to examine its clinical relevance. Based on the gene expression profile GSE25097, 

which contained 268 primary HCC tumors and 243 adjacent non-tumor samples, 

MINK1 mRNA expression was significantly upregulated in primary HCC tumors 

compared to non-tumor samples (Fig. 4.4A). Kaplan–Meier survival plot to study the 

correlation between MINK1 expression and survival in HCC patients was generated 

using OSlihc, an analysis tool collecting data from TCGA-LIHC and GEO datasets 

(GSE76427, GSE20140, and GSE27150). The analysis showed that overall survival 

rates of HCC patients with high MINK1 expression were significantly lower than those 

of patients with low MINK1 expression (p=0.045; log-rank test) (Fig. 4.4B). Moreover, 

representative IHC staining images of paired sample case 53 showed that MINK1 

protein expression was strongly upregulated in liver cancer tissues compared to paired 

normal tissues, exhibiting minimal MINK1 expression in the non-tumor sample but 

strong cytoplasmic staining in the corresponding tumor slide (Fig. 4.4C). These results 

suggest that MINK1 expression is enhanced in HCC and is correlated with poor 

prognosis and survival. 
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Figure 4.4 MINK1 overexpression was upregulated in HCC samples and 

correlated with poor prognosis. 

(A) Analysis of the dataset GSE25097 showed upregulation of MINK1 mRNA in a cohort of 268 primary 

HCC tumors and 243 adjacent non-tumor samples (**p < 0.01, t-test). (B) Kaplan-Meier plots of the 

overall survival rates of HCC patients with high MINK1 overexpression are significantly lower than 

those of patients with low MINK1 expression (p= 0.045; log-rank test). (C) Immunohistochemical 

staining analysis comparing MINK1 protein expression in HCC tumor patient samples and paired normal 

tissues; upper scale bar = 20μm; Lower scale bar = 10μm. 
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4.3.2 MINK1 overexpression is positively correlated with T-cell dysfunction in 

HCC patients 

To assess the clinical relevance of MINK1 in cancer immunity, we used Tumor Immune 

Dysfunction and Exclusion (TIDE) analysis to examine whether the interaction 

between MINK1 and T cells is linked to HCC cancer outcomes. Including gene 

expression profiles from over 189 human cancer studies, the TIDE algorithm is a 

computational method that employs Cox proportional hazards models to provide gene 

signatures of T cell dysfunction and predict how genes interact with cytotoxic T 

lymphocyte (CTL) function to influence survival (Jiang et al., 2018). Several recent 

studies have demonstrated the accuracy and utility of TIDE in predicting or evaluating 

the function of genes involved in immune evasion in various cancer types (Song et al., 

2022). Briefly, we used this algorithm to estimate CTL levels in each sample within the 

TCGA-LIHC cohort using the average expression of CTL-specific genes, followed by 

separating samples into high and low CTL groups based on the mean CTL level to 

evaluate whether MINK1 influences the beneficial effect of CTL levels on patient 

prognosis. The MINK1-low patient group demonstrated increased CTL-associated 

overall survival benefit, whereas high levels of MINK1 weakened the overall survival 

benefit of CTL-high patients (Fig. 4.5A). Moreover, although the results were not 

significant, the survival risk score calculated by TIDE suggested that MINK1 was 

associated with HCC death risk owing to high correlations with CTL infiltration based 

on the TCGA-LIHC and GSE1898 cohorts (Fig. 4.5B-C). As high CTL levels are 

associated with an overall survival benefit and the T-cell dysfunction score of MINK1 

is significantly high, these results suggest that MINK1 expression in HCC patients is 

positively correlated with T-cell dysfunction, and HCC patients with MINK1 deficiency 

may have a higher chance of anti-tumor immune escape. 
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Figure 4.5 MINK1 overexpression was positively correlated with T-cell 

dysfunction in HCC patients 

(A) Kaplan-Meier plots showing the association between the CTL level and overall patient survival for 

HCC patients from TCGA-LIHC with high (left) and low (right) MINK1 levels; z score= T-cell 

dysfunction score; CTL infiltration level was estimated as the average expression level of CD8A, CD8B, 

GZMA, GZMB, and PRF1; B, C Kaplan-Meier plots of the death risk of HCC patients from (B) TCGA-

LIHC and (C) GSE1898 with different MINK1 levels; z score= survival risk score correlated with CTL 

infiltration; association between the CTL level and overall survival or survival risk factor was computed 

using the two-sided Wald test in the Cox-PH regression. 
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4.3.3 Successful generation of the Mink1 knockout HCC cell line with no effect on 

HCC cell proliferation 

After determining the clinical relevance of MINK1 in HCC development, we evaluated 

its functional role of MINK1 in immune modulation in a mouse model of HCC by 

generating Mink1 KO HCC cell lines using CRISPR-Cas9 technology. In the previous 

chapters, we utilized the RIL-175 cell line for our CRISPR screening study. To confirm 

that the tumor-suppressing role of Mink1 in WT mice is not a cell type-specific 

observation, we included an additional HCC cell line, Hep55.1c, which is syngeneic to 

the C57BL/6 mouse strain background in the following studies. Two Mink1 sgRNA 

sequences were selected based on the MAGeCK analysis. After mouse Mink1 was 

cloned into pLentiGuide-Puro and lentiviral packaging, we transfected cells that stably 

expressed Cas9 with the sgRNA-containing vector. Following single-cell clone 

generation, the knockout efficiency of Mink1 was confirmed by DNA sequencing of 

the growing clones, and western blotting was performed with protein extracted from 

clones. DNA sequencing confirmed that the indels were identified by KO sequencing. 

On the other hand, western blotting confirmed that Mink1 protein was absent in a subset 

of clones. Although Mink1 was depleted in Hep55.1c clones H1 and H2, only clones 

developed from one of the two sgRNA sequences in the RIL-175 cell line showed 

satisfactory results. Therefore, we selected clones 15 and 16 for the RIL-175 cell line, 

which showed the highest KO efficiency (Fig. 4.6 A-B). These cell lines can be used as 

models of HCC in vivo. 

 

We used these cell lines to study the immune regulatory role of Mink1 in HCC. 

However, considering that sustained proliferation is a hallmark of cancer and MINK1 

kinase activity has been linked to cell proliferation in other studies (Hu et al., 2004), we 

first confirmed that the tumor suppression effect of Mink1 KO cells is not mediated by 
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the regulation of cancer proliferation. We performed an in vitro cell proliferation assay 

in RIL-175 cells, which showed no significant effect of the Mink1 KO cell line on 

tumor cell proliferation compared with the parental cell line (Fig. 4.6 C). In addition, 

we evaluated HCC proliferation properties in vivo by IHC staining of tumor samples 

collected after subcutaneous injection of the parental cells and Mink1 KO cells into WT 

mice. IHC staining further confirmed that the tumor-suppressive effect of Mink1 in 

CRISPR screening was not due to cell proliferation, as the PCNA expression levels 

were similar in both samples (Fig 4.6 D-E).  
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Figure 4.6 Mink1 knockout HCC cell lines are not involved in HCC cell 

proliferation  

Knockout efficiency of Mink1 (sgMink1) in RIL-175-Cas9 validated by (A) Sanger sequencing, red 

squares indicate indels in each clone; (B) western blot demonstrating Mink1 expression in RIL-175 cell 

line and Hep55.1c cell line transduced with a lentivirus encoding sgMink1, mouse Tubulin, and β-actin 

were used as controls.( (C) MTT assay results for cell proliferation in sgNTC, sgMink1#15, and 

sgMink1#16 after 96 and 144 h. (D) Immunohistochemical staining analysis of PCNA protein expression 

in sgNTC tumor samples and sgMink1#16 tumor samples from WT mice; upper scale bar = 20μm; Lower 

scale bar = 10μm; (E) Bar chart showing the percentage of areas stained with PCNA. (p>0.05 indicating 

no statistically significant differences between groups); Data are presented as mean ± standard error of 

the mean (SEM).  
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4.3.4 Mink1 knockout impairs tumor growth in immunocompetent mice, but not 

in immunodeficient mice 

To confirm the successful generation of the Mink1 KO HCC cell lines by western 

blotting, we performed an in vivo study by subcutaneously injecting the two Mink1 KO 

cell lines into immunocompetent and immunodeficient mice to examine the role of 

Mink1 in HCC immunity. The cell injection number suggested by other HCC immune 

studies was used as the reference for our experimental design. In addition, we chose the 

minimal accepted cell number to be injected because a high cancer cell density may 

mask the tumor-suppressive role of Mink1 KO. As a result, 5000 cells per site (for RIL-

175) or 50000 cells per site (for Hep55.1c) were injected into the flanks of mice at a 

cell: Matrigel ratio of 1:1. As shown in Fig. 4.7A-B, tumor growth was only observed 

in WT mice injected with control cells, but not in Mink1 KO cells, confirming the strong 

suppressive ability of the Mink1 KO cell lines. More importantly, tumors were observed 

in all control and KO cell lines injected into T- and B-cell-deficient mice, and the tumor 

weights were similar, confirming that the tumor suppression property of Mink1 KO 

cells was attained by the regulation of HCC immunity instead of HCC proliferation. 

This result further strengthens our hypothesis that Mink1 promotes HCC development 

via immune evasion-related pathways. 
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Figure 4.7 Mink1 KO model confirmed Mink1 promote HCC growth through 

HCC immune regulation 

A-B Photograph of tumors and tumor weight of sgNTC, sgMink1(s) transduced (A) RIL-175-Cas9 or 

(B) Hep55.1-Cas9 was subcutaneously injected into WT and Rag1-KO mice. Representative images of 

tumor with injection of 5000 cells and 50000 cells for RIL-175 and Hep55.1c cell lines, respectively, 

scale bar = 1 cm. (***p < 0.001, ****p<0.0001 t test) 

  



81 
 

4.4 Discussion 

In Chapter 3, our deep sequencing results of CRISPR KO screening suggested that 

Mink1 plays a role in HCC immune regulation, as evidenced by the significant 

depletion of tumor cells with Mink1 KO in immunocompetent WT mice but not in 

Rag1-KO mice. We further confirmed the potential role of MINK1 in modulating 

cancer immunity. For this purpose, we first determined the clinical relevance of MINK1 

in HCC and T cell function in this chapter, followed by the generation of Mink1 KO 

HCC cell lines for in vivo studies. 

 

By accessing HCC patient data retrieved from GEO25097 and TCGA-LIHC, our 

analysis indicated that MINK1 expression was enhanced in HCC and correlated with 

poor prognosis. Survival analyses of MINK1 correlation with cytotoxic T lymphocyte 

(CTL) levels on patient outcomes performed using the Tumor Immune Dysfunction and 

Exclusion (TIDE) algorithm further supported our hypothesis that MINK1 is negatively 

correlated with HCC immunity. To effectively assess whether Mink1 deletion improves 

anti-tumor immunity, we generated Mink1 KO clones in two different HCC cell lines, 

RIL-175 and Hep55.1c, and examined the effects of Mink1 deletion on HCC 

proliferation and immune regulation. After confirming the KO efficiency of the Mink1 

KO clones, we subcutaneously injected the cells into Rag1-KO and WT mice. We 

predicted that the differences in the immune background of the two groups of mice 

would contribute to the variation in tumor growth rates, with tumors developing more 

rapidly under immunodeficient conditions. As expected, the tumor growth rate was 

similar in Rag1-KO mice injected with the control or KO clones. In WT mice, tumors 

were observed only in control cell lines, with no tumor growth occurring after KO cell 

injections, in line with our previous CRISPR screening findings that HCC cells with 

Mink1 KO were completely depleted in WT mice. This result further confirmed that 
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the tumor-promoting role of Mink1 may be through the regulation of T and B cells. 

Furthermore, by generating KO mouse models using two HCC cell lines, we confirmed 

that Mink1 is not cell line-specific. In conclusion, the latest publications demonstrating 

the role of MINK1 in various diseases and immune regulation, in addition to clinical 

sample analysis, support our findings that MINK1 modulates immune evasion in HCC 

and indicates MINK1 as a possible intervention target in tumor immunotherapy (Zhu, 

2020). Inhibition of MINK improved the anti-tumor response in tumor mouse models, 

further supporting our findings.  

 

To identify and characterize additional tumor cell-intrinsic mechanisms by which 

MINK1 affects the immune environment in HCC, it is critical to develop a new mouse 

model that resembles a human-like heterogeneous tumor microenvironment. As a result, 

we established a hydrodynamic tail vein injection (HTVI) delivery immunocompetent 

HCC mouse model to examine the effect of Mink1 overexpression in the immune 

microenvironment in the next chapter. Immune profiling and single-cell RNA 

sequencing were conducted to provide a detailed view of the changes in immune cell 

composition and gene expression in OE and GW models. 
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Chapter 5 Elucidation of molecular mechanisms 

by which MINK1 promotes tumor growth in 

Trp53KO/C-MycOE /Mink1 HCC mouse model 
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5.1 Introduction 

In the previous chapters, we confirmed the role of Mink1 in the modulation of HCC 

anti-tumor immune responses, as evidenced by HCC clinical data analysis and 

functional analysis of Mink1 KO mouse models. We utilized a subcutaneous tumor 

model that is easy to trace for tumor growth, which is widely used in cancer studies in 

Chapter 3. However, this tumor model has great limitations for further exploration of 

the molecular mechanisms involving Mink1 in shaping the HCC immune 

microenvironment. The subcutaneous tumor model cannot fully capture the intricate 

dynamics and characteristics of cancer because it does not provide the conditions to 

replicate the complex tissue structure and malignant phenotype found in HCC tumors. 

Compared with spontaneously developed tumors, rapid tumor growth, which was 

originally considered an advantage of the subcutaneous model, further hinders immune 

selection and tumor heterogeneity (Olson et al., 2018). Moreover, although the 

observation of complete suppression of tumor growth in the in vivo Mink1 KO 

experiment is encouraging, this makes the next steps of the study to collect tumors for 

downstream analysis impossible. Therefore, in this chapter, we describe the 

development of an overexpression model using the hydrodynamic tail vein injection 

(HTVI) method. 

 

HTVI is a well-established method in liver cancer research that generates an HCC 

model by the rapid injection of a large volume of DNA plasmids encoding the gene of 

interest into the mouse tail vein, leading to direct gene delivery to the liver (Fig. 5.1) 

(Bonamassa et al., 2011). To maintain long-term gene expression in hepatocytes, the 

sleeping beauty (SB) transposon system and CRISPR-Cas9 system were employed to 

perform gene knock-in and knockout, respectively (Bell et al., 2010). Different 

combinations of HTVI models have been proven to pathologically resemble human 
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HCC (DuPage et al., 2009). Therefore, we adopted a combination of the HTVI 

technique with the SB transposon system and the CRISPR Cas9 KO system that 

efficiently targets multiple genes in one injection to generate a liver-specific 

overexpression (OE) model. 

 

 
Figure 5.1 Schematic presentation of hydrodynamic tail vein injection with 

construction of plasmid DNAs  

Note. The figure is modified from [Preclinical mouse models of hepatocellular carcinoma: An overview 

and update] (Gu & Lee, 2022) 

HTVI involves rapid delivery of a large volume of DNA plasmids encoding the gene of interest into the 

mouse lateral tail vein within 7s. Following transient heart dysfunction and retrograde flow, pressurized 

injection enhances the permeability of the capillary endothelium, facilitating the entry of DNA plasmids 

into hepatocytes (Ju et al., 2016). The structure and delivery logistics of the SB transposon system and 

the CRISPR Cas9 system employed in the HTVI model are well established. The SB transposon system 

utilizes two plasmids, one harboring the SB transposase gene and the other serving as the transposon, 

which contains the target gene flanked by inverted/direct repeat sequences (IR/DRs) (Hackett et al., 

2005). As for the CRISPR system, in contrast to the CRISPR vector construction introduced in Chapter 

4.1, gRNA and Cas9 endonuclease were included in the same vector in the HTVI model. 

The models developed in our laboratory are driven by oncogenic c-Myc, 

overexpression of Mink1 (or control vector), and deletion of p53. To elucidate the 

molecular mechanisms by which MINK1 evades immune responses in HCC, tumors 
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harvested from the HTVI models were collected for multiple experiments. First, we 

identified which gene expression pathways were upregulated or downregulated in the 

OE model by bulk RNA sequencing of Mink1 OE tumors and control tumors, followed 

by GSEA, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and 

Gene Ontology (GO) enrichment analysis. Next, we compared the immune landscape 

of the Mink1 OE tumor and control groups. Tumors were dissociated and HCC immune 

cells were isolated for immunophenotyping using different flow cytometry panels. 

Finally, we performed single-cell RNA analysis of the TME established by tumors to 

study the interaction between Mink1 overexpressed HCC cells and immune cells. By 

combining the analyses of these approaches, we were able to offer a preliminary 

interpretation of the mechanisms by which Mink1 is involved in HCC immune evasion. 
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5.2 Experimental outline 

Figure 5.2 A summary of the workflow to study the molecular mechanisms by 

which MINK1 promotes tumor growth in Trp53KO/C-MycOE /Mink1 HCC mouse 

model (1) Establishment of a Trp53KO/C-MycOE /Mink1 HTVI HCC mouse model. 

Tumors of Mink1 OE and GW mice after HTVI were collected for (2) bulk RNA 

sequencing, followed by data analysis using GSEA, KEGG, and GO enrichment 

analysis; (3) immune profile after tumor infiltration of immune cells to compare the 

immune cell composition between Mink1 OE and GW mice; and (4) single-cell RNA 

sequencing after dissociation of tumor samples, followed by data analysis using Rstudio 

and SingleR.  
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5.3 Result  

5.3.1 Successful establishment of a Trp53KO/C-MycOE /Mink1 HCC mouse model 

In Chapter 4, the subcutaneous Mink1 KO model has proven the role of Mink1 in 

evading the actions of HCC anti-tumor immunity. Unfortunately, the strong tumor 

suppression effect of the KO model makes further tumor analysis difficult. In order to 

validate the MINK1-dependent pathways and MINK1 altered TME and immune cell 

composition that has not yet been revealed in the previous chapter by subcutaneous 

model, it is important to shift to a suitable Mink1 overexpression mouse model where 

we could examine the interplay between HCC tumor cells and the immune system in 

vivo. 

 

We utilized the widely employed HTVI technique, which allows customizable genetic 

alterations to be introduced into the model to create an autochthonous mouse model for 

HCC. We selected genetic modifications in this model to replicate the HCC background, 

based on gene relevance and mutation occurrence frequency in human HCC cases. 

Given the high prevalence of MYC amplification (17%) and TP53 mutation or deletion 

(33%) in HCC patients, we induced HCC tumors in our model by knocking out Tp53 

and overexpressing Myc (Llovet et al., 2021). Either Mink1 overexpression or GW 

control was also delivered to the mouse models. Another reason for selecting the HTVI 

model with Tp53 KO and Myc overexpression modification is that we have confirmed 

that this model has a functional immune response and is sensitive to immune therapies 

based on our in-house unpublished data, and another study reported by Chiu et al. 

showed tumor resistance to PD1 inhibitors. In their study, PD1 treatment boosted the 

anti-tumor immune responses in this HTVI model.  

 

As described in Chapter 5.1, we constructed plasmids for the Sb transposon system and 
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CRISPR system prior to HTVI. The detailed flow for generating the four plasmids, SB 

13 transposase expressing vector (CMV-SB13), transposon-expressing MINK1/ GW 

control, and MYC (pT3-EF1a-Mink1/ pT3-EF1a-GW and pT3-EF1a-MYC-luc) and 

CRISPR/Cas9 vector expressing sgTP53 (px330-sgp53) for HTVI is explained in 

section 2.2. Briefly, the protein-coding sequence of mMink (AAH52474.1) was cloned 

into donor vector pDONR-221. Subsequently, the Mink1 coding region was inserted 

into the transposon-expressing vector pT3-EF1a-GW using the GatewayTM cloning 

method facilitated by the LR Clonase. Before sending the plasmid for sequencing to 

check whether this sleeping beauty system indeed mediated the exogenous expression 

of mMink1, the correct size of the extracted plasmid DNA was confirmed by agarose 

gel electrophoresis. As shown in Fig. 5.3 A, a clear band was observed at the calculated 

size of pT3-EF1a-Mink1 (8kb). We then confirmed the insertion of the Mink1 fragment 

by sequencing using both the EF1a forward primer and the BGH reverse primer (Fig. 

5.3 B).  

 

Since pT3-EF1a-MYC-luc is a luciferase-containing plasmid, in vivo tracking of 

transfection and injection efficiency, in addition to tumor growth, can be performed by 

bioluminescence imaging. Tumor growth was monitored weekly using 

bioluminescence imaging (BLI). As shown in Fig. 5.3 C, on day 14 after HTVI, 

luciferase signals were detected in the livers of both the control Trp53KO/CMycOE/GW 

(GW) and Trp53KO/C-MycOE/Mink1 (Mink1) groups, confirming c-Myc oncogene 

transfection efficiency and successful delivery of plasmids. Subsequent tumor growth 

until day 28 showed that Mink1 mice had faster tumor development than GW mice, 

supported by significantly increased luciferase expression and larger liver tumors in 

Mink1 mice, with higher tumor weights and liver-to-tumor ratios compared to GW mice 

(Fig 5.3 D). Upon liver harvesting from both GW and Mink1 OE groups, tumor tissues 
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were collected to evaluate Mink1 expression in the tumors. Western blot analysis 

demonstrated an increase in Mink1 protein expression in Mink1 OE mice compared to 

GW tumors (Fig.e 5.3 E). qPCR analysis further confirmed the upregulation of Mink1 

mRNA (Fig. 5.3 F). Moreover, immunohistochemical staining (IHC) revealed higher 

Mink1 expression in Mink1 OE tumor tissues than in GW (Fig. 5.3 G). These results 

not only confirmed the successful generation of the Mink1 OE model, but also 

substantiated the role of Mink1 in promoting HCC development in this study. 

Throughout this chapter, we used the same model to further explore the potential 

mechanism of Mink1-regulated HCC immunity. 
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Figure 5.3 Visualization of tumor trend in Trp53KO/C-MycOE /Mink1 HCC mouse 

model with QC measurements 

(A) Gel electrophoresis of pT3-EF1a-Mink1 plasmid. Lane 1: Marker; Lane 2-3: Plasmid DNA extracted 

from the pT3-EF1a-Mink1 plasmid (400ng, 200ng). (B) Representative sequencing alignment result of 

the pT3-EF1a-Mink1 plasmid with Mink1 cds using EF1a and BGH primers. (C) Bioluminescence 

images of Trp53KO/C-MycOE /Mink1 and Trp53KO/C-MycOE /GW mice at days 14, 21, and 28 subjected 

to HTVI; n=6 per group. (D) Tumor weight of Mink1 OE and GW mice; data are shown as mean ± SEM; 

n=6 per group; scale bar = 1 cm. (E) Western blot demonstrating Mink1 expression in the tumors of 

Mink1 OE and GW mice; mouse tubulin was used as a control. (F) qPCR analysis comparing Mink1 

mRNA expression in Mink1 OE and GW mice. (G) Immunohistochemical staining analysis comparing 

MINK1 protein expression in Mink1 OE and GW tumors; scale bar = 10μm. (***p < 0.001, t test).  
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5.3.2 Bulk RNA sequencing data reveals significantly enrichment of 

inflammatory-related pathways and suppression of immune-related pathways in 

Mink1 OE mice  

To elucidate the molecular mechanism by which Mink1 drives immunosuppression in 

HCC, bulk RNA sequencing was performed. Tumor samples were prepared for 

sequencing after confirming higher Mink1 protein expression in Mink1 OE tumors than 

in GW tumors and verifying the RNA quality. DEG analysis was performed to 

normalize raw RNA expression and to identify differentially expressed genes in the 

Mink1 OE and GW groups. GSEA using 50 mouse hallmark gene sets from the 

Molecular Signatures Database revealed upregulation of 64% of gene sets in Mink1 OE, 

in which 11 gene sets, including pathways related to inflammatory response and TNFα 

signaling via NFκB, were significant at a false discovery rate (FDR) < 25% (Fig 5.4 A). 

In parallel, we compared MINK1-low HCC samples with MINK1-high HCC samples 

using TCGA-LIHC and found significant enrichment of these two pathways in Mink1-

high HCC samples. Notably, the inflammatory cytokine Il6, which is involved in both 

gene sets mentioned above, and the granulocyte colony stimulating factor Csf3 were 

highly expressed in Mink1 OE samples (Fig. 5.4 B). Heatmaps demonstrated the top-

ranked upregulated genes in both Mink1 OE and GW groups (Fig. 5.4 C). To explore 

the potential downstream pathways related to T cell activation in Mink1 OE, we 

performed KEGG and GO analyses. KEGG analysis revealed upregulation of the 

inflammatory mediator regulation pathway and downregulation of the antigen 

processing and presentation and cytokine-cytokine interaction pathways (Fig. 5.4 D). 

GO analysis showed downregulated genes related to immune cell function, such as 

regulation of T cell proliferation, NK cell chemotaxis, and Th1 cell cytokine production 

(Fig. 5.4 E). These findings suggest that Mink1 overexpression may induce changes in 

gene networks associated with immune microenvironment remodeling and a robust 
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inflammatory response. Further exploration of the immune profile is important for 

understanding the effects of Mink1 OE on the immune microenvironment.  
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Figure 5.4 Bulk RNA sequencing data reveals significant enrichment of 

inflammatory-related pathways and suppression of immune-related pathways in 

Mink1 OE mice 

(A) Scatter plot illustrating significantly enriched pathways in the Mink1 OE group (left) and TCGA-

LIHG Mink1 high or low groups (right). The vertical axis represents enriched pathways, and the 

horizontal axis represents the normalized enrichment score. The area of the circle in the graph shows the 

gene set size, and the depth of color represents log10 of the p value. (B) GSEA-based hallmark 

enrichment plot of representative gene sets from enriched pathway Inflammatory response (left) and 

TNFA signaling via NFκB (right), red stars mark the Il6 and Csf3 genes. (normalized enrichment score: 

1.59, FDR q-value: 0.203; normalized enrichment score: 1.54, FDR q-value: 0.102 

respectively). (C) Heatmap showing the top enriched and downregulated genes in the GW and OE groups; 

upregulated genes are in red and downregulated genes are in blue. D-E Bar charts represent the 

classification of significantly differentially expressed genes in (D) KEGG analysis with downregulation 

and (E) gene ontology (GO) biological processes (BP) with downregulation. The vertical axis represents 

the enriched pathways, the horizontal axis represents the number of genes present in each category, and 

the depth of color represents the log10 of the p value. 
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5.3.3 Tumor cell–intrinsic Mink1 overexpression promotes neutrophil recruitment 

and suppresses CD8+ T cell infiltration  

To determine which immune cell population is affected by Mink1-drived HCC immune 

regulation, we performed immune profiling using our HTVI models. This analysis 

allowed us to immunophenotype and compare the immune infiltration of Mink1 OE 

and GW tumors to assess the contribution of tumor-intrinsic Mink1 in shaping the TME 

of HCC tumors. Tumor-infiltrating CD45+ immune cells from the Mink1 and GW 

groups were first isolated, followed by flow cytometric analysis using the two different 

antibody panels with antibodies listed in the Methods Chapter 2.1 which covers the 

major immune cell populations commonly present in the TME. Previous studies have 

emphasized the role of Mink1 in suppressing Th17 differentiation (Fu et al., 2017). 

Therefore, we designed a panel including Treg and Th17 cells to confirm whether 

Mink1 disrupts Th17/Treg balance in HCC. Moreover, two antibody panels were used 

to prevent spectral overlap between the fluorochromes. The myeloid cell panel includes 

B cells, monocytes, macrophages, natural killer (NK) cells, dendritic cells (DCs), and 

neutrophils. The Treg panel includes CD4+ T helper cells, CD8+ cytotoxic T cells, Th17 

cells, and Tregs. A gating strategy for identifying different populations is shown in Fig. 

5.5 A-B. The frequency of all the immune cell populations was determined as the 

percentage of CD45+ immune cells. 

 

Our analysis showed that while the overall T cell composition decreased in Mink1 OE 

samples, most T cell subsets did not change significantly compared to GW samples, 

except for the CD8+ subset, which decreased from 25% in GW to 18% in Mink1 OE 

samples (Fig. 5.5 C). To confirm the suppressive effect of Mink1 on CD8+ T cells, we 

conducted multiplex fluorescent immunohistochemical staining using CD8 and Mink1 

antibodies in paraffin-embedded tissue sections. The fluorescent signal of Mink1 
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expression (red) was specifically detected within the tumor nodule of the Mink1 OE 

model but was absent in the nearby tumor microenvironment and the majority region 

in the GW sample (Fig. 5.5 D). Additionally, a significantly higher percentage of tumor-

infiltrating CD8+ T cells (green) was observed in GW tumor tissue slides than in Mink1 

OE. Whereas GW tumors were heavily infiltrated by CD8+ T cells, even in the tumor 

core, Mink1 OE tumors showed much lower CD8 expression in the tumor nodules, and 

a proportion of CD8+ cells accumulated in the tumor rim of Mink1 OE tumors, 

suggesting that Mink1 overexpression possibly suppressed CD8+ T cell infiltration 

rather than cell proliferation (Fig. 5.5 D). Immune profile analysis showed that the DC 

subset that has been reported to activate CD8+ T cells also decreased slightly in Mink1 

OE mice (Fig 5.5. B). Interestingly, there was a slight decrease in Foxp3+ Treg cells in 

Mink1 OE tumors and the increase in RORgt+ Th17 cells was not significant, which 

contradicts to previous reports that suggested Mink1 suppresses Th17 cells (Fig. 5.5 B). 

In the myeloid panel, there was a mild increase in LY6C+CD11b+CD3-CD19- 

monocytes upon Mink1 overexpression. Conversely, we observed a significant increase 

in neutrophil infiltration, as demonstrated by Ly6G immunohistochemical staining (Fig. 

5.5 B). 

 

The upregulation of Mink1 leads to notable alterations in the TME, including a 

reduction in CD8+ T cells and a substantial increase in neutrophil infiltration. Given the 

drastic increase in the neutrophil population in our Mink1 OE model and the well-

known immunosuppressive role of TANs in cancer, we would like to investigate the 

specific mechanisms by which Mink1 overexpressed HCC cells contribute to neutrophil 

recruitment. However, immune profiling provides only a general overview of immune 

cell composition in the TME, prompting us to conduct single-cell RNA sequencing 

(scRNA-seq) analysis to gain comprehensive molecular insights into the intricate 
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interactions between tumors and neutrophils at the single-cell level. 
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Figure 5.5 Immune profile reveals neutrophil recruitment and suppression of 

CD8+ T cell infiltration in Mink1 OE mice 

A-B Flow cytometry immunophenotyping gating strategy of (A) Myeloid panel, (B) Treg 

panel. (C) Representative flow cytometry plots of immune cells characterized by the immune profile; 

DC, dendritic cells, CD4=CD4+ T cells, CD8=CD8+ T cells; Treg, regulatory T cells, Th17=T helper 17 

cells. (D) Representative images of CD8 (green) and Mink1 (red) co-immunofluorescence staining in 

GW and Mink1 OE, with arrows indicating CD8+ T cells. Scale bar=100μm (left and middle). 

Quantification of tumor-infiltrating CD8+ T cells in GW and Mink1 OE in 20 pairs of multiplex IHC 

images, regions for images taken are near tumor nodules but randomly selected (right). (****p < 0.0001, 

t test) 
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5.3.4 Single cell sequencing analysis revealed increased populations of 

immunosuppressive cells and suggested the pivotal role of PD-L1+ neutrophils to 

promote tumor development in Mink1 OE model 

Immune profiling of our HTVI model revealed the overall immune milieu, highlighting 

the differences between GW and Mink1 OE immune cell compositions, further 

confirming the immunosuppressive role of Mink1 in HCC and its impact on the anti-

tumor immune response. However, it is important to consider the limitations of 

fluorescent channels in this analysis, as this may lead to potential steric effects during 

cell staining, and subsequently, erroneous data interpretation (Gomes de Castro et al., 

2017). To ensure the validity of our immune profiling findings, we conducted single-

cell RNA sequencing analysis that not only assessed surface protein expression but also 

provided insights into the underlying genetic and transcriptional states of tumor cells 

and tumor-infiltrating immune cells. Single-cell RNA-seq analysis has emerged as a 

prominent tool for cancer immune studies because of its ability to dissect intricate TME 

at the cellular level. By characterizing individual cells, this technique surpasses the 

limitations of bulk RNA sequencing and reveals heterogeneity within samples by 

identifying distinct cell populations including rare immune subsets. It also provides 

insights into gene expression patterns and provides a comprehensive study of immune 

responses, cellular communication, and immune-related gene regulation (Chen et al., 

2019). In this study, scRNA-seq analysis allowed us to explore the interplay between 

neutrophils and Mink1 in our HTVI model. These findings could offer clues to 

modulate the immune response and enhance outcomes in patients with HCCs. 

 

Tumor cells were prepared for scRNA analysis by dissociating the tumor tissue into a 

single-cell suspension using dissociation buffer and sorting the cells with live/dead 

staining. After receiving normalized sequencing data, we followed a bioinformatics 
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pipeline, which is explained in Chapter 2.2, to classify the variation and genetic context 

of the TME components. Briefly, we removed cells with low sequencing depth, low 

gene counts, or high mitochondrial gene expression and excluded genes that were not 

expressed in a sufficient number of cells to reduce noise and computational burden 

through quality control and filtering steps (Fig. 5.6 A). Next, we employed SingleR to 

classify cells into phenotypic subpopulations. By comparing cell gene expression to a 

reference dataset, this computational method assigns cells to the most similar reference 

cell type, aiding the identification of distinct cell populations within the dataset (Fig. 

5.6 B). Clusters that could not be defined by SingleR were separated based on widely 

adopted biomarkers that were not included in the SingleR database (Fig. 5.6 C). Since 

T cells are the focus of this study, we extracted the T cell cluster from the heterogeneous 

cell population and proceeded to further subcluster it into distinct T cell subsets, such 

as CD8+ T cells and Tregs (Fig. 5.6 D). We also confirmed Mink1 overexpression in 

the HCC cell cluster in Mink1 OE samples. After splitting the defined cell type clusters 

into GW and Mink1 OE groups, we found that changes in immune cell composition 

corroborated our immunophenotyping data. The overall T-cell compartment, CD8+ cells, 

and CD4+ cells were slightly decreased in Mink1 OE tumors compared to GW tumors 

(Fig. 5.6 F). No changes in Th17 cell and Treg numbers confirmed that the ability of 

Mink1 to suppress Th17 differentiation was not applicable to our model. Using T cell 

exhaustion markers, including Lag3, Pdcd1, and Havcr2, which were not used in the 

immune profile, we found an increase in exhausted T cells in Mink1 OE tumors (Fig. 

5.6. F). Moreover, consistent with the immune profile analysis, an increase in the 

neutrophil population and a decrease in the DC population were observed in Mink1 OE 

tumors (Fig. 5.6 F).  

 

Using gene expression data, we were able to observe immunological features that could 
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not be obtained from the FACS data, such as additional markers of T cell exhaustion. 

We narrowed our immune cell population of interest to neutrophils, which were further 

clustered into four subtypes: Neu01_CCL5, Neu02_PD-L1, Neu03_MMP9, and 

Neu04_Cd170. Owing to the absence of definitive markers distinguishing N1 and N2 

neutrophils, it remains uncertain whether the increased population of neutrophils in the 

OE sample is N2 pro-tumor neutrophils. Nevertheless, as the major neutrophil increase 

in the OE sample belongs to two specific populations, Neu03, which expressed high 

levels of the protumor marker matrix metalloproteinase-9 (Mmp9), and Pd-l1-

expressing Neu04, we suggest that the increased neutrophil population observed in our 

scRNA-seq analysis is protumorigenic. We also found that the Pd-l1+ neutrophil 

population in OE sample is absent in the GW sample (Fig. 5.6 G). Moreover, in addition 

to the increased expression of Pd-l1 (Cd274) in neutrophils, sequencing analysis 

showed increased Pd-1 (Pdcd1) expression in T cells in the OE samples (Fig. 5.6 H). 

To further validate our pathway analysis results from bulk RNA sequencing, pathway 

enrichment in the neutrophil cluster was analyzed using GSEA. The GSEA results 

suggested that apart from the inflammatory and TNFα pathways indicated in bulk RNA-

seq analysis, the IL6/JAK/STAT3 pathway was strongly upregulated in the neutrophil 

population in the Mink1 OE sample. The expression of Il-6r was upregulated in 

neutrophils, whereas that of Il-6 was upregulated in HCC cells (Fig. 5.6 I).  

 

In summary, our scRNA-seq analysis of Mink1 OE and GW tumors revealed significant 

remodelling in the TME, characterized by a drastic increase in neutrophil population, 

which aligns with the findings of our immune profiling. We inferred that these 

alterations collectively contribute to an immunosuppressive TME and robust 

inflammatory response, possibly due to the recruitment of neutrophils and subsequent 

immunosuppressive cell populations upon Mink1 overexpression. Moreover, we 
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established a connection between Mink1 and HCC immune evasion, suggesting the 

potential involvement of Mmp9+ and Pd-l1+ neutrophils in this process. 
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Figure 5.6 Single-cell sequencing analysis revealed increased populations of 

immunosuppressive cells and suggested the pivotal role of PD-L1+ neutrophils to 

promote tumor development in Mink1 OE model 

(A) Single-cell violin plots generated by an R package, Seurat, to present quality control (QC) and 

filtering of scRNA-seq data before QC (left), cut-off during QC (middle), and after QC (right); 

nFeature_RNA= the number of genes, nCount_RNA= the number of reads, percent.mt=percent of 

mitochondrial gene reads, percent.rb=percent of ribosomal genes reads, percent.Hb=percent of 

hemoglobin gene reads. (B)  UMAP-presenting cell type identification generated by SingleR. (C) Dot 

plot showing regions of well-published gene markers for different cell types located on UMAP (right) 

and defined cell-type clusters (left). (D) Dot plot showing regions of well-published gene markers for 

different T cell types located on UMAP (right) and defined T cell-type clusters (left). (E) Dot plot (left) 

and bar chart (right) showing Mink1 expression in different cell clusters in GW and OE 

groups. (F) UMAP and bar charts presenting the landscape of the tumor microenvironment (upper) and 

tumor immunity (lower) in the GW and OE groups. (G)  UMAP presenting the neutrophil landscape in 

the GW and OE groups. (H) Bar chart showing Pdcd1 expression in T cells and Cd274 expression in 

neutrophils. (I) GSEA-based hallmark enrichment plot of representative gene set from enriched pathway 

IL6/JAK/STAT3 (left) and bar chart showing Il-6 expression in HCC cells (middle) and Il-6ra expression 

(right) in neutrophils. (*p<0.05, **p < 0.01, ****p<0.0001 t test) 
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5.4 Discussion 

In Chapter 4, we demonstrate the role of MINK1 in immune evasion in HCC using a 

subcutaneous Mink1 knockout model. To deepen our understanding of Mink1's impact 

on intratumoral immune composition and its therapeutic implications, it is crucial to 

establish a mouse model that better recapitulates the immune profiles of HCC patients. 

Thus, the primary objectives of this chapter encompass the development of clinically 

relevant mouse models exhibiting immune heterogeneity and the investigation of 

alterations in the TME following Mink1 overexpression. We used HTVI to induce HCC 

tumors in immunocompetent C57BL/6J mice with Trp53 knockout and C-Myc 

overexpression background, together with Mink1 overexpression plasmids or control 

GW plasmid delivery. After confirming the successful establishment of the mouse 

model, we conducted bulk RNA sequencing, immune profiling, and single-cell RNA 

sequencing to identify Mink1-regulated genes and pathways that may influence the 

interplay between tumor cells and the immune system. 

 

Our mouse model took advantage of the pT3-EF1a-MYC-luc plasmid expressing 

luciferase, which allowed us to monitor liver tumor growth in vivo per week. The 

growth of tumors in the Mink1 OE group continued until day 28, when the tumors were 

harvested. Moreover, a significantly higher tumor-to-liver ratio was observed in the 

Mink1 OE group than that in the GW group. Therefore, our Mink1 OE model served to 

validate the Mink1-mediated HCC development described in the previous chapter using 

an independent model. Next, we performed bulk RNA sequencing to identify the 

Mink1-regulated genes and pathways that play a role in immune evasion in HCC. 

Enrichment of inflammatory response and TNFA signaling via NFκB pathways in both 

the Mink1 OE model and Mink1-high group of TCGA-LIHC sequencing data based on 

GSEA analysis suggested that Mink1 promotes inflammation-driven HCC immune 
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evasion. This is consistent with a previous study that reported that Mink1 activates the 

NLRP3 inflammasome (K. Zhu et al., 2021). Another study also indicated that Mink1 

contributes to proinflammatory cytokine production in rheumatoid arthritis by 

inhibiting the interaction of Mink1 with miR-17-5p via miRNA sponges (Zhang et al., 

2021).  

 

Tumor-elicited inflammation contributes to the establishment of an immunosuppressive 

TME. Research has indicated that the cytokine milieu environment within the TME not 

only initiates a tumor-promoting inflammatory response but also influences the 

formation of an immunosuppressive phenotype (L. Li et al., 2020; Zhao et al., 2021). 

Furthermore, TNFα-induced epithelial-mesenchymal transition (EMT) was previously 

reported to lead to the upregulation of immune suppressors, including PD-L1 and CD73, 

in HCC models (Ju et al., 2020; Watanabe et al., 2022). Additionally, increased TNF-α 

expression has been linked to unfavorable overall survival outcomes in patients with 

HCC (Tan et al., 2019). We also observed an increase in Il-6 expression in Mink1 OE 

samples. Il-6 was the top-ranked gene in both enriched pathways in our GSEA analysis 

and is known to act as a major factor in inhibiting the anti-cancer immune response by 

stimulating the production of immunosuppressive cells, such as MDSCs and tumor-

associated neutrophils (Shang et al., 2019; Weber et al., 2021). In addition, we observed 

a significant increase in Csf3 expression in OE samples. CSF3, also recognized as a 

granulocyte colony-stimulating factor, was found to play a pivotal role in fostering the 

proliferation and development of neutrophils by interacting with its receptor present on 

neutrophil precursor cells to trigger the downstream JAK-STAT3 pathway (Tian et al., 

1996). Mice deficient in Csf3 have been reported to exhibit chronic neutropenia, a 

symptom associated with deficiencies in neutrophil production (Lieschke et al., 1994). 

Therefore, CSF3 therapy is used to treat severe congenital neutropenia. In contrast, anti-
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Csf3 treatment repressed neutrophil populations while concurrently augmenting the 

responses of NK cells, macrophages, and T cells in cancer models (Morris et al., 2015). 

In addition to Csf3, upregulation of immunosuppressive genes, such as Tgfb, was also 

observed in bulk RNA sequencing. Dysregulated TGF-β signaling is known to induce 

cancer-associated fibroblasts, which mediate immune evasion of tumor cells 

(Chakravarthy et al., 2018). Moreover, TGF-β has been found to promote tumor 

progression by polarizing neutrophils to the pro-tumor N2 phenotype (Fridlender et al., 

2009). Therefore, we hypothesized that Mink1-elicited inflammation in HCC would 

promote immune evasion.  

 

Next, we assessed the effects of Mink1 OE on the remodeling of the tumor-infiltrating 

immune composition. To this end, we performed an immune profile analysis using two 

antibody panels. In general, we observed profound changes in the TME of Mink1 OE 

tumors, suggesting an important role for Mink1 in shaping the HCC TME. We showed 

that Mink1 overexpression has distinct effects on neutrophil recruitment and DC 

suppression. This may reflect the promotion of inflammation-related pathways in 

previous bulk RNA-sequencing sessions. In an inflamed tumor microenvironment, pro-

inflammatory cytokines and chemokines secreted by cancer cells and stromal cells can 

act as potent chemoattractants for neutrophils and facilitate their migration from the 

bloodstream into the tumor tissue (Dumitru et al., 2013; Shaul & Fridlender, 2017). 

Subsequently, tumor-infiltrating neutrophils release additional inflammatory factors 

that favor tumor growth. We hypothesized that this crosstalk between neutrophils and 

cancer cells creates a positive feedback loop that sustains the pro-inflammatory TME 

in Mink1 OE models. Moreover, the quantification of tumor-infiltrating CD8+ T cells 

showed a significant decrease in CD8+ cells in Mink1 OE tumor nodules compared to 

GW tumors. In addition, Mink1 OE tumors showed a small presence of CD8+ T cells, 
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albeit mostly found at the edges of the tumor, suggesting that intrinsic Mink1 suppresses 

CD8+ T cell infiltration. 

 

We were highly intrigued by the significant increase in the neutrophil population. 

Neutrophils are the most abundant leukocytes and play a crucial role in the initial 

defense of the host against invading microorganisms (Kobayashi & DeLeo, 2009). 

While less characterized than other immune cell types in the TME, tumor-infiltrating 

neutrophils (TAN) are now recognized as important players in the pathophysiology of 

cancer. Recent research has shed light on the role of neutrophils in cancer pathogenesis, 

leading to their emergence as key mediators of tumor progression and potential targets 

for cancer therapies (Deng et al., 2021; Xiao et al., 2021). A consensus has been reached 

to include increased levels of neutrophils in the peripheral blood and the neutrophil-to-

lymphocyte ratio (NLR) as prognostic factors in cancer patients (Cupp et al., 2020). 

Studies have revealed that neutrophils in HCC promote disease progression via MMP9, 

which contributes to tissue remodeling (Geh et al., 2022). Moreover, neutrophil 

accumulation in HCC has been associated with an immunosuppressive 

microenvironment. Elevated expression of certain chemokines (CXCL1-5, CXCL12, 

CXCL16, and CCL5) in HCC tumor cells promotes the recruitment of neutrophils into 

the TME (Korbecki et al., 2020). Once recruited into the TME, neutrophils can polarize 

into a pro-tumor phenotype. They suppress anti-tumor immune responses by inhibiting 

the functions of both CD4+ and CD8+ T cells (Germann et al., 2020; Nielsen et al., 

2021). Neutrophils express PD-L1 to inhibit T cell proliferation while also promoting 

the expansion of Tregs (Y. Shi et al., 2020; Wang et al., 2017). Furthermore, neutrophils 

employ arginase 1 to suppress T cells (Vonwirth et al., 2020). IL-10 and TGF-β 

production by CD4+ is also encouraged by TAN (Geh et al., 2022). These actions of 

TANs contribute to an immunosuppressive TME and evasion of anti-tumor immune 
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responses. 

 

The role of TANs in cancer has been previously underestimated, partly because of the 

perception that their short lifespan may limit their impact on tumor development. 

However, as research progresses, the significance of neutrophils in cancer pathogenesis 

and immune regulation has become increasingly apparent (Cupp et al., 2020; Geh et al., 

2022). These findings have led to the exploration of neutrophil-directed therapies as 

potential strategies to modulate immune response and improve outcomes in patients 

with HCC and other cancers. Therefore, we aimed to understand the complex 

interactions between tumor-intrinsic Mink1, neutrophils, and other components in the 

HCC immune environment using scRNA-seq analysis. 

 

Our findings not only validate the previously reported FACS data regarding alterations 

in the immune cell landscape in Mink1 OE tumors, but also reveal an increased 

population of exhausted T cells with high Pd1, Tim-3, and Lag3 expression. Using the 

Mink1 OE model, we uncovered a potential mechanism for HCC immune evasion, 

involving the recruitment and development of PDL1+ neutrophils and MMP9+ 

neutrophils. The majority of studies have confirmed the pro-tumor effect of MMP9 and 

further suggest its role in supporting the pro-tumor TME by preventing T cell trafficking 

into tumor cells via inactivation of chemoattractants (Que et al., 2022). The induction 

of PD-L1 expression on immune cells is primarily driven by inflammation and the pro-

tumor TME (Han et al., 2020). Our scRNA-seq results showed increased Pd-1 

expression in T cells and amplified expression of its ligand in neutrophils. This 

observation aligns with previous research indicating that increased PD-L1 levels in 

neutrophils possess notable suppressive effects on T-cell proliferation through the PD-

1/PD-L1 pathway (Zhang & Xu, 2017). A noteworthy study by Wang et al. revealed a 
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novel role of GM-CSF in upregulating PD-L1 expression on neutrophils to suppress T-

cell immunity through interaction with PD-1 in T cells (Wang et al., 2017). As our bulk 

RNA analysis showed increased expression of CSF3, another member of the CSF 

family, in the inflammatory pathway, we further examined whether this inflammatory 

factor also induces the expression of PD-L1 on neutrophils. Our GSEA analysis of the 

neutrophil population implicated the involvement of the IL6/JAK/STAT3 pathway in 

Mink1 overexpression samples. Notably, phosphorylation of STAT3 is responsible for 

MMP9 production, suggesting a potential mechanism of enriched Mmp9 expression in 

the neutrophil population in our model (Jia et al., 2017). As IL6 has been associated 

with upregulation of PD-L1 expression in neutrophils, we conducted gene expression 

analysis and confirmed the upregulation of Il-6r in neutrophils and Il-6 in HCC cells of 

the Mink1 OE sample. This is consistent with the study by Wang et al. which proposed 

IL6 to induce the activation of PDL1+ neutrophils within the TME through the IL6-

STAT3 pathway, thereby fostering immune suppression in HCC (Cheng et al., 2018). 

The recruitment of neutrophils to the TME may involve the production of chemokines 

and cytokines by cancer cells, creating a chemotactic gradient that attracts neutrophils 

to the tumor site. Further identification of the key receptor-ligand interactions between 

neutrophils and HCC cells is imperative to explore the mechanism of neutrophil 

recruitment in our model. Nonetheless, our findings shed light on the potential 

modulation of the HCC immune microenvironment by Mink1 via Mmp9+ and Pd-l1+ 

neutrophils. The recruitment of TANs may contribute to establishing an 

immunosuppressive niche in HCC. This discovery holds significant therapeutic 

potential given the strong correlation between TANs and HCC. 
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Chapter 6 Conclusion and future perspective 
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6.1 Conclusion 

HCC is the third most lethal cancer worldwide with an increasing incidence. Despite 

advances in therapeutic strategies, including first-line treatment with lenvatinib and a 

variety of ICIs, drug resistance in systematic therapy and the low response rate to ICIs 

remain major hurdles in HCC treatment. Tumor cells employ diverse immune evasion 

mechanisms to reduce the efficacy of immunotherapy. Therefore, there is an urgent 

need to study the detailed mechanisms of cancer–immune evasion.  

 

Kinase inhibitors play a prominent role in cancer treatment by targeting pathways 

related to tumor growth and proliferation. Recent studies have shown that kinase 

oncogenes also contribute to immune escape and ICI resistance, suggesting the 

potential of kinase inhibitors to enhance anti-tumor immune responses. Therefore, the 

present study aimed to identify a subset of kinases that play critical roles in HCC 

immune regulation using an in vivo kinome-wide CRISPR screen and HCC mouse 

models. We further built upon our understanding of intercellular communication of the 

candidate kinases in the TME and elucidated the mechanisms of immune evasion 

triggered by the selected kinases, with the hope that such an understanding may 

contribute to improving the efficiency and response rate of immune therapies. We 

successfully established that a novel kinase, Mink1, is involved in HCC immune 

evasion through recruitment of pro-tumor neutrophils.  

 

We constructed an in vitro kinome-wide CRISPR gRNA knockout library to identify 

potential kinase targets for immune evasion in HCC. The efficiency of the mBrie kinase 

library sgRNAs was validated using the Rule 2 set score, and the distribution of 

sgRNAs after RIL-175 cell transduction was confirmed by sequencing. An in vivo 

kinome-wide mouse CRISPR gRNA-knockout library was established by 
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subcutaneously injecting RIL-175 cells containing sgRNA pool. To confirm whether 

kinase-knockout HCC cells can be recognized by the immune system, we assessed the 

depletion of HCC cells with different gRNA knockouts in immunocompetent and B 

and T cell-deficient mice using the CRISPR screening approach. We focused on kinase 

gene-knockout HCC cells that were suppressed in immunocompetent mice compared 

with immunodeficient mice, indicating that the presence of an immune 

microenvironment can inhibit the growth of tumor cells upon inactivation of the kinase 

gene. In addition to the observation of rapid tumor growth in immunodeficient mice, 

depletion of HCC cells with immunosuppressive kinases were knocked out in WT mice, 

and enrichment of immune-supporting kinases provided strong evidence for the 

successful generation of our in vivo CRISPR screening model. Our screening results 

identified Mink1 as a possible candidate since Mink1 KO HCC cells were the only type 

of kinase-knockout cells within the sgRNA library that were completely eliminated in 

WT mice. TCGA-LIHC and GEO cohort analyses and IHC staining analysis 

demonstrated the clinical relevance of MINK1 by suggesting that MINK1 

overexpression promotes poor prognosis in HCC patients. Web-based TIDE analysis 

also provided evidence of a correlation between MINK1 overexpression and T-cell 

dysfunction in patients with HCC. The role of Mink1 was further validated using Mink1 

KO HCC mouse models after confirming the KO efficiency of Mink1 in RIL-175 and 

Hep55.1c cell lines. Tumor growth was only observed in WT mice injected with control 

cells, but not in Mink1 KO cells, whereas tumors were observed in all control and KO 

cell lines injected into immunodeficient mice, indicating that MINK inhibition 

improved the anti-tumor response. To our knowledge, this is the first study to reveal a 

significant role of MINK1 in modulating immune evasion in HCC. 

 

Our next goal was to identify and characterize the intrinsic mechanisms through which 
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MINK1 affects the immune environment in HCC. For this purpose, we established a 

hydrodynamic tail vein injection (HTVI) delivery immunocompetent HCC mouse 

model that resembles a human-like heterogeneous TME to examine the effect of Mink1 

overexpression in the HCC immune microenvironment. We conducted bulk RNA 

sequencing of Trp53KO/C-MycOE /Mink1 and Trp53KO/C-MycOE /GW HCC mouse 

models, with GSEA analysis found significant enrichment of pathways related to 

inflammatory response and TNFα signaling via NFκB in Mink1 OE samples. A number 

of inflammatory factors such as Il-6 and Csf3, which are well known for neutrophil 

development and function, have been upregulated in OE model. The release of IL-6 and 

CSF3 may be regulated by inflammasomes such as NLRP3, which has been reported 

to be activated by MINK1 (K. Zhu et al., 2021). Furthermore, GO analysis showed that 

genes related to T cell function were downregulated in OE tumors. These results 

suggest some limited ideas that Mink1 may induce HCC immune evasion through a 

robust inflammatory response. To further explore the changes in gene networks 

associated with immune microenvironment remodeling by Mink1, we conducted 

immune profiling and scRNA-seq analyses. By assessing the effects of Mink1 OE on 

the immune microenvironment, we have demonstrated that overexpression of Mink1 

results in dynamic changes in TME components, leading to a significant increase in 

neutrophil population and decrease in CD4+ and CD8+ T cell populations. Consistent 

with previous results, we showed that Mink1 overexpression contributed to an 

inflammatory and immunosuppressive TME in an HCC mouse model. Concurrently, 

scRNA-seq analysis confirmed that changes in the immune cell composition 

corroborated our immunophenotyping data. Mink1 OE enhances neutrophil recruitment 

and proliferation of exhausted T cells. We found that the increase in the neutrophil 

population belonged to clusters specifically expressing Mmp9 and Pd-l1. PD-L1 

expression on neutrophils has been reported to contributes to an impaired immune 
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response. Therefore, we hypothesized that the suppressive effects on T-cell in our 

Mink1 OE model may be mediated through the PD-1/PD-L1 pathway. Single-cell 

analysis confirmed increased Pd-1 and Pd-l1 expression in T cells and neutrophils, 

respectively. It has been proposed that the induction of PD-L1 expression on 

neutrophils is driven by inflammation and the pro-tumor TME. In a study performed 

using a gastric cancer model, Wang et al. demonstrated that members of the CSF family 

promote neutrophil activation by upregulating PD-L1 expression in neutrophils to 

suppress T-cell immunity through the IL6/STAT3 pathway. Considering that we 

observed upregulation of Il-6 and Csf3 in our bulk RNA-seq results, we suggest that 

upregulation of Pd-l1 expressing neutrophils may be regulated by Il6 and Csf3. In line 

with this hypothesis, our gene expression analysis indicated the enrichment of the 

IL6/STAT3 pathway together with the upregulation of Il-6r in neutrophils and Il-6 in 

HCC cells of the Mink1 OE sample. 

 

In summary, using different Mink1 HCC mouse models in this thesis, we have shown 

that Mink1 plays an important role in shaping the TME and evading anti-tumor immune 

responses in HCC by recruiting neutrophils that mostly express Pd-l1 and Mmp9 to the 

TME. We hypothesized that this immunosuppressive pro-tumor neutrophil activation 

is regulated by IL-6 and CSF3 and that neutrophils suppress T cell immunity by binding 

PD-L1 to PD-1 on exhausted T cells (Fig. 6). Such knowledge can be used to design 

rational treatment combinations of ICIs with inhibition of Mink1 to improve the 

response rate and effectiveness of immunotherapies for patients with HCC. Nonetheless, 

further experiments are required to understand the mechanism of neutrophil recruitment 

by Mink1 and delineate the immunosuppressive effects of neutrophils. 
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Figure 6 Summary of the study 

The mechanism of tumor cell-intrinsic Mink1 regulated HCC immune evasion is driven by IL-6- and 

CSF3-induced neutrophil recruitment and suppression of T-cell function through PD-1 and PD-L1 

interactions between neutrophils and T cells. MINK1 may activate inflammasomes including NLRP3 to 

release IL-6 and CSF3. Increased MMP9 expression may be regulated by the IL6/JAK/STAT3 pathway 

in neutrophils. MMP9 released by neutrophils may facilitate tumor cell proliferation, forming a positive 

loop between cancer cells and neutrophils. The dotted arrows and boxes indicate the mechanism with 

published research support. However, this remains to be confirmed in our model.  
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6.2 Future perspective 

6.2.1 Inhibition of hepatic neutrophils in Mink1 OE-induced mouse HCC model  

We observed an increase in neutrophil population upon Mink1 overexpression in our 

previous mouse model, suggesting that Mink1 facilitates neutrophil recruitment to 

promote HCC progression and immune evasion. Follow-up experiments will be 

performed to confirm whether Mink1 OE-induced mouse HCC is attenuated by 

antibody-mediated depletion of hepatic neutrophils. If neutrophil suppression reversed 

the tumor-promoting effect of Mink1, neutrophil recruitment would be the main factor 

leading to HCC development upon Mink1 overexpression. To further confirm that this 

effect is immune-specific and that neutrophil recruitment promotes HCC progression 

through an immune evasion mechanism, we performed antibody-mediated depletion of 

hepatic neutrophils in Rag1-KO mice.  

 

6.2.2 Verification of neutrophil activation and migration by Mink1 OE HCC cells 

conditioned medium (CM) 

Our previous results suggest an effect of Mink1 on pro-tumor neutrophil recruitment. 

However, we have not directly proven that recruitment is stimulated by inflammatory 

mediators in the TME of Mink OE tumors. Therefore, it is imperative to validate the 

activation and migration of neutrophils under the influence of Mink1 overexpressing 

HCC cell conditioned medium (CM) by (1) flow cytometry to measure CD11b 

upregulation and ROS production as an assessment of neutrophil activity and (2) 

chemotaxis assay to evaluate the migration of neutrophils. For this purpose, Mink1 OE 

HCC CM was collected by incubating Mink1 OE HCC cells in a medium supplemented 

with 10% FBS to facilitate cell migration, followed by co-culture with neutrophils.  
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6.2.3 Exploring the neutrophil recruitment mechanism  

Although we and other researchers have proposed Il-6 and Csf3 as chemoattractants 

that regulate Pd-l1 expressing neutrophil recruitment in tumor models, to confirm this 

result and to identify other potential key neutrophil attractants not explored in our 

previous study, we should conduct a comprehensive profiling of cytokines and 

chemokines in Mink1 OE HCC cells CM (Cheng et al., 2018). This helps to elucidate 

the interplay between tumor cells, neutrophils, and the Mink1 OE TME. Moreover, this 

enriches our understanding of the tumor cell-intrinsic molecular mechanism that 

remains unexplored regarding how Mink1 orchestrates neutrophil behavior. The levels 

of cytokines and chemokines secreted in response to Mink1 overexpressing HCC CM 

can be measured using flow cytometry and Luminex. After narrowing down the 

candidate cytokines or chemokines, cytokine production in the plasma was measured 

by ELISA. 

 

6.2.4 Validation of neutrophil extracellular traps formation  

In addition to chemokine and cytokine regulation, neutrophil extracellular trap (NETs)-

related processes may also contribute to HCC progression and immune evasion. NET 

ejected by activated neutrophils exert immunosuppressive effects via PD-1/PD-L1 

(Kaltenmeier et al., 2021). Moreover, CSF3 promotes NET formation by recruiting 

neutrophils (L. Liu et al., 2020; Park et al., 2016). Evaluating NET formation by 

NETosis quantification assays and visualization of NETs by fluorescence staining of 

H3cit can help determine whether the interaction of recruited neutrophils with cancer 

cells and other immune cells is accompanied by NET release. 
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6.2.5 Potential therapy of Mink1 inhibitor combined with immune checkpoint 

inhibitors 

In recent years, the FDA has approved several ICI combination therapies with durable 

clinical responses and satisfied overall survival for HCC patients. However, the low 

response rate remains a major challenge. Therefore, future studies should focus on 

optimizing the immunotherapeutic approaches. Our results have proved Mink1 plays a 

critical role in HCC immune evasion by recruiting pro-tumor neutrophils. Moreover, 

we identified a Pd-l1 expressing neutrophil population in tumor with Mink1 

overexpression, suggesting Mink1 evades HCC immune by suppressing T cell through 

PD-1/PD-L1 pathway. Therefore, we believe Mink1 inhibition may improve 

immunotherapy response rate and efficiency. A combination of Mink1 inhibitors with 

other immune checkpoint inhibitors will be a rational design worth investigating. As 

virtual screening for Mink1 potential inhibitors using the Glide score (Schroedinger) 

was utilized, we will procced to in vivo approach to examine the efficiency of Mink1 

inhibitors. 
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