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Abstract 

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer and accounts 

for the 5th most common cancer and the 3rd leading cause of cancer mortalities worldwide. HCC 

occurs most commonly in patients with underlying liver diseases such as cirrhosis caused by 

hepatitis B and C virus infections. Since patients with early-stage HCC do not present overt 

symptoms, this disease is often detected in very late stages. Curable treatment options are 

currently very limited and include surgery and liver transplantation, which is why it is of utmost 

importance to find suitable biomarkers for early detection. Phosphoglucomutase 5 (PGM5) 

belongs to the Ŭ-D-phosphohexomutase (PHM) family comprised of five members in humans 

and mice. Members of this family play roles in catalyzing essential metabolic reactions with 

PGM1 representing the most widely expressed and fully characterized in terms of structure and 

function. In contrast to the other family members, PGM5 is predominantly expressed in muscle 

tissues and localizes to the adherens junctions of smooth muscle cells (SMCs). Also, in contrast 

to the other PHM proteins that exhibit enzyme activity, data suggest that PGM5 may play a 

structural function within cells. This is supported by studies finding interactions between PGM5 

and cytoskeletal proteins in a manner that enhances cell-cell adhesion and contractility. For 

reasons that have not been determined, decreased levels of PGM5 mRNA have been shown to be 

a common characteristic in various cancers, including HCC. However, little is known regarding 

the role that PGM5 or its decreased levels play in tumor development and progression. This 

thesis dissertation presents the results of our investigation of the role that PGM5 may play in 

HCC progression with the following specific objectives: (i), determine whether PGM5 protein 

levels change in HCC in both human and mice, (ii) evaluate whether the localization of PGM5 is 

altered during HCC progression in the liver, and (iii) determine the in vivo effects of PGM5 

overexpression and KO on HCC progression using mouse models. The data presented herein 

show that, in human patient biopsies of HCC and other types of cancer, PGM5 protein levels are 

decreased. By using a mouse model of HCC, we show that PGM5 protein levels decrease over 

time as the tumor progresses. In the healthy liver, PGM5 is located in the smooth muscle cells 

surrounding arteries and veins of healthy blood vessels, most notably at the portal triads of the 

classic hepatic lobule. When HCC forms and progresses, this organized structure completely 

changes, causing a decrease in PGM5 protein levels. At late-stage HCC, abnormal masses 
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enriched in PGM5 form. Interestingly, these structures are not characterized by smooth muscle 

surrounding blood vessels and instead are clusters of bile ducts. Our findings revealed that low 

PGM5 protein levels decreased with HCC progression and tissue localization was altered from 

vascular smooth muscle in healthy livers to bile duct enriched clusters found in larger tumor 

mass. Overexpressing PGM5 in a transgenic mouse model was found to coincide with decreased 

tumor progression in female mice, but issues were found in this experimental model that limited 

any conclusive interpretation regarding the direct effects of increasing PGM5 on HCC outcome.  



 

ƛƛƛ 
 

Table of contents 

Abstract ............................................................................................................................................ i 

List of figures .................................................................................................................................. v 

List of tables .................................................................................................................................. vii 

List of abbreviations .................................................................................................................... viii 

Chapter 1: Phosphoglucomutase 5 and its potential involvement in hepatocellular carcinoma ..... 1 

1.1 Introduction ........................................................................................................................... 1 

1.2 Background ........................................................................................................................... 2 

1.2.1 PHM family .................................................................................................................... 2 

1.2.2 Properties of Phosphoglucomutase 5 protein ................................................................. 5 

1.2.3 Liver structure and physiology ..................................................................................... 10 

1.2.4 Liver cancer .................................................................................................................. 14 

1.2.5 Hepatocellular carcinoma ............................................................................................. 16 

1.2.6 Treatment options of hepatocellular carcinoma ............................................................ 24 

1.3 Figures ................................................................................................................................. 26 

Chapter 2: PGM5 is a potential prognostic biomarker for hepatocellular carcinoma .................. 33 

2.1 Introduction ......................................................................................................................... 33 

2.2 Results ................................................................................................................................. 34 

2.3 Discussion ........................................................................................................................... 39 

2.4 Material and methods .......................................................................................................... 41 

2.5 Figures ................................................................................................................................. 48 

Chapter 3: In vivo overexpression/deletion of PGM5 related to tumor size ................................. 62 

3.1 Introduction ......................................................................................................................... 62 

3.2 Results ................................................................................................................................. 64 



 

ƛǾ 
 

3.2.1 Generation of a novel transgenic iPGM5 mouse line ................................................... 64 

3.2.2 In vitro and in vivo overexpression of PGM5 .............................................................. 70 

3.2.3 In vivo deletion of PGM5 ............................................................................................. 71 

3.3 Discussion ........................................................................................................................... 72 

3.4 Material and methods .......................................................................................................... 74 

3.5 Figures ................................................................................................................................. 86 

Chapter 4: Overall discussion ..................................................................................................... 103 

4.1 Research findings .............................................................................................................. 103 

4.2 Experimental limitations ................................................................................................... 105 

4.3 Future directions ................................................................................................................ 107 

References ................................................................................................................................... 108 



 

Ǿ 
 

List of figures 

Chapter 1  

Figure 1. 1: Phylogenetic tree of PHM members ......................................................................... 26 

Figure 1. 2: Protein distribution of the PHM family members in the human body ...................... 27 

Figure 1. 3: Classic hepatic lobule ................................................................................................ 28 

Figure 1. 4: Portal lobule .............................................................................................................. 29 

Figure 1. 5: Liver acinus and functional zonation ........................................................................ 30 

Figure 1. 6: Parenchymal and nonparenchymal cells of the liver ................................................. 31 

Figure 1. 7: Progression of HCC in a cirrhotic liver ..................................................................... 32 

 

Chapter 2 

Figure 2.1. Bioinformatic analysis of TCGA database shows a decrease of PGM5 mRNA levels in 

HCC compared to normal adjacent tissue ..................................................................................... 48 

Figure 2.2. Bioinformatic analyses of different types of tumors .................................................. 49 

Figure 2.3. Immunohistochemistry analysis of human HCC patient samples shows reduction of 

PGM5 protein................................................................................................................................ 50 

Figure 2. 4: Western blot analysis of human HCC patient samples shows decreased levels of PGM5 

and PGM1 ..................................................................................................................................... 51 

Figure 2. 5: Western blot analysis of human HCC patient biopsies shows HSP70 is not significantly 

changed from healthy adjacent tissue ........................................................................................... 52 

Figure 2. 6: Immunohistochemistry analysis of different types of cancer .................................... 53 

Figure 2. 7: PGM5 protein levels are decreased in two different HCC mouse models ................ 54 

Figure 2. 8: Sleeping Beauty-mediated somatic integration for long-term gene expression of 

AKT/N-Ras induces HCC in female C57BL/6 mice .................................................................... 55 

Figure 2. 9: Sleeping Beauty-mediated somatic integration for long-term gene expression of 

AKT/N-Ras induces HCC in male C57BL/6 mice ....................................................................... 56 

Figure 2. 10: PGM5 protein levels are decreased in a time-dependent manner following HCC 

induction in C57BL/6 male and female mice ............................................................................... 57 

Figure 2. 11: Correlation of PGM5 protein levels with HCC progression ................................... 58 



 

Ǿƛ 
 

Figure 2. 12: PGM1 protein levels are decreased in a time-dependent manner as HCC progresses 

in C57BL/6 mice ........................................................................................................................... 59 

Figure 2. 13: The liver architecture completely changes during HCC development and shows 

relocalization of PGM5 during this process.................................................................................. 60 

Figure 2. 14: PGM5 relocates to bile duct-enriched clusters ........................................................ 61 

 

Chapter 3  

Figure 3. 1: Preparation of PGM5 gene and expression vector backbone .................................... 86 

Figure 3. 2: Transformation of intermediate plasmid and restriction enzyme digest ................... 87 

Figure 3. 3: Changing the promoter of the intermediate plasmid ................................................. 88 

Figure 3. 4: Transformation and restriction enzyme digest of pENTR PGM5 plasmid ............... 89 

Figure 3. 5: RNA sequencing results of pENTR PGM5 plasmid ................................................. 90 

Figure 3. 6: LR Clonase reaction of pENTR PGM5 and pmhyGENIE-3 .................................... 91 

Figure 3. 7: Restriction enzyme digestion of GENIE3 PGM5 plasmid ........................................ 92 

Figure 3. 8: Transfection of HEK293 cells with pENTR PGM5 .................................................. 93 

Figure 3. 9: Transfection of SNU449 cells with GENIE3 PGM5................................................. 94 

Figure 3. 10: Generation of iPGM5 mice ..................................................................................... 95 

Figure 3. 11: PGM5 overexpression in SNU449 cells does not decrease proliferation in vitro ... 96 

Figure 3. 12: In vivo PGM5 overexpression reduces tumor mass in females .............................. 97 

Figure 3. 13: Western blot analysis did not confirm increased levels of PGM5 in iPGM5 mice . 98 

Figure 3. 14: In vivo PGM5 overexpression does not reduce HCC tumor mass in males ........... 98 

Figure 3. 15: In females, the degree of tumor vascularization correlates with the tumor size ..... 99 

Figure 3. 16: In males, the degree of tumor vascularization correlates with the tumor size ...... 100 

Figure 3. 17: Strategy for generating and screening mice with PGM5 KO in all tissues ........... 101 

Figure 3. 18: In vivo deletion of PGM5 has no effect on tumor mass ........................................ 102 

 



 

Ǿƛƛ 
 

List of tables 

Chapter 1 

Table 1. 1: Members of the PHM family and their specific characteristics .................................... 4 

Table 1. 2: Publications on PGM5 in different types of cancer ...................................................... 9 

 

Chapter 2 

Table 2. 1: Human tissue samples for Western blot ...................................................................... 41 

Table 2. 2: Human tissue samples for immunohistochemistry ..................................................... 42 

Table 2. 3: R2 data sets analyzed in this project ........................................................................... 46 

Table 2. 4: Copy number assay probes and primers ..................................................................... 80 

 

Chapter 3 

Table 3. 1: Restriction enzymes .................................................................................................... 74 

Table 3. 2: First ligation reaction .................................................................................................. 75 

Table 3. 3: Second ligation reaction .............................................................................................. 75 

Table 3. 4: LR Clonase reaction .................................................................................................... 75 

Table 3. 5: PGM5 amplification PCR primers .............................................................................. 76 

Table 3. 6: PCR conditions ........................................................................................................... 77 

Table 3. 7: Colony PCR primers ................................................................................................... 77 

Table 3. 8: PCR conditions for colony PCR ................................................................................. 78 

Table 3. 9: pENTR PGM5 sequencing primers ............................................................................ 78 

Table 3. 10: PCR conditions for genotyping CMV-cre ................................................................. 81 

Table 3. 11: PCR conditions for genotyping PGM5 fl/fl .............................................................. 81 

 

 

 

 



 

Ǿƛƛƛ 
 

List of abbreviations 

7-AAD: 7-Aminoactinomycin D 

AG: anaplastic glioma 

AGM1: N-acetylglucosamine-phosphate mutase 

Ang: angiopoetin 

AVD: arterial vessel density 

BEC: biliary epithelial cell 

BM: basement membrane 

bp: base pair 

CCA: cholangiocarcinoma 

CDG: congenital disorder of glycosylation 

cHCC-CCA: combined hepatocellular-cholangiocarcinoma  

CK7: cytokeratin 7 

COAD: colon adenocarcinoma 

CRC: colorectal cancer 

CV: central vein 

eCCA: extrahepatic cholangiocarcinoma 

eCG: equine chorionic gonadotropin 

E. coli: Escherichia coli 

em: emission  

EPS: electrical pulse stimulation 

ex: excitation 



 

ƛȄ 
 

FBS: fetal bovine serum 

FGF: fibroblast growth factor 

FL-HCC: fibrolamellar HCC 

FLNc: Filamin C 

G1P: Glucose-1-phosohate 

G16BP: Glucose-1,6-bisphosphate 

G6P: Glucose-6-phosohate 

GC: gastric cancer 

GlcNAc: N-acetyl-glucosamine 

GlcNac-1-P: GlnNAc-a-phosphate 

GlcNac-6-P: GlcNAc-6-phosphate 

HB: hepatoblastoma 

HBx: HBV X protein 

HCC: hepatocellular carcinoma 

hCG: human chorionic gonadotropin 

HCV: hepatitis C virus 

HGDN: high-grade dysplastic nodules 

HNSCC: head and neck squamous cell cancer 

HPC: hepatic progenitor cells 

HSC: hepatic stellate cell 

HSP70: Heat schock protein 70 

iCCA: intrahepatic cholangiocarcinoma 

IL6: interleukin 6 



 

Ȅ 
 

IU: international unit 

KC: Kupffer cell 

kDa: kilo daltons 

KO: knock out 

LGDN: low-grade dysplastic nodules 

LUAD: lung adenocarcinoma 

lncRNA: long non-coding RNA 

LSEC: liver sinusoidal endothelial cell 

Lvd, d: longitudinal ventricular dimension in diastole 

Lvd, s: longitudinal ventricular dimension in systole 

Mg: magnesium 

miR: microRNAs 

MTJ: myotendinous junction 

Õg: microgram 

ÕL: microliter 

NAFLD: nonalcoholic fatty liver disease 

NASH: nonalcoholic steatohepatitis 

NCHCC: non-cirrhotic HCC 

NGS: normal goat serum 

O.C.T.: optimal cutting temperature 

PCa: prostate cancer 

PDGF: platelet derived growth factor 

PGM1: Phosphoglucomutase 1 



 

Ȅƛ 
 

PGM2: Phosphoglucomutase 2 

PGM2L1: Phosphoglucomutase 2 Like 1 

PGM3: Phosphoglucomutase 3 

PGM5: Phosphoglucomutase 5 

PGM-RP: Phosphoglucomutase-related protein 

phCCA: perihilar cholangiocarcinoma 

PHM: phosphohexomutase 

PLC: Primary liver cancer 

P-Ser: phosphoserine 

PNI: pronuclear injection 

R1P: Ribose-1-phosphate 

R5P: Ribose-5-phosphate 

RES: reticuloendothelial system 

RTK: receptor tyrosine kinase 

Ser: serine 

SMC: smooth muscle cell 

TCGA: The Cancer Genome Atlas 

Te-PNI: transposon-enhanced pronuclear microinjection 

TFRC: transferrin receptor 

TKI: tyrosine kinase inhibitor 

TRE: terminal repeat elements 

TNFŬ: tumor necrosis factor alpha 

VEGF: vascular endothelial growth factor 



 

Ȅƛƛ 
 

VSMC: vascular smooth muscle cell 

WGCNA: weighted gene co-expression network analysis 

ZP: zona pellucida 



 

м 
 

Chapter 1: Phosphoglucomutase 5 and its potential involvement in hepatocellular 

carcinoma 

1.1 Introduction 

Hepatocellular carcinoma (HCC) is the most common type of primary liver cancer that occurs 

primarily in patients with underlying health conditions such as cirrhosis, hepatitis B or C 

infections, or fatty liver disease [50, 58]. In 2023, the estimated number of new cases of HCC 

and intrahepatic bile duct cancer in the U.S. was estimated to be 40,000 with an estimated 

number of deaths of ~30,000 [190]. In the last decade, incidence and mortality rates for HCC 

have been increasing. Treatment options for HCC are limited and are highly dependent on the 

stage of the cancer for the patient. Potentially curative therapies for early-stage HCC include 

surgical resection, liver transplantation and local tumor destruction methods. Anti-angiogenic 

therapies are the only treatment used for the treatment of advanced stage HCC due to the radio- 

and chemo-resistant properties of HCC [77, 148, 215]. To develop new biomarkers and 

therapies, a better understanding is needed for how proteins expressed in the liver change during 

the formation and progression of HCC. 

The Ŭ-D-phosphohexomutase (PHM) family consists of five members: Phosphoglucomutase 1 

(PGM1), Phosphoglucomutase 2 (PGM2), Phosphoglucomutase 2 Like 1 (PGM2L1), 

Phosphoglucomutase 3 (PGM3), and Phosphoglucomutase 5 (PGM5). PHM family members 

have been demonstrated to function as enzymes, playing roles in catalyzing important metabolic 

reactions [146]. PGM5  is the only family member that appears to lack catalytic activity with 

expression mainly found in muscle tissues where it is localized to the adherens junctions [15]. 

These limited data suggest a structural role for PGM5 through its interaction with cytoskeletal 

proteins to promote cell-cell adhesion and contractility [16, 140, 142]. Accumulating evidence 

suggest that downregulation of PGM5 mRNA is a common feature of a variety of cancers, 

including HCC [30, 96, 168, 198, 199]. This chapter provides a literature review pertaining to 

PGM5 and its involvement in different types of cancer, with focus specifically on HCC.   
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1.2 Background 

1.2.1 PHM family 

The Ŭ-D-phosphohexomutase (PHM) superfamily consists of five members: 

Phosphoglucomutase 1 (PGM1), Phosphoglucomutase 2 (PGM2), Phosphoglucomutase 2 Like 1 

(PGM2L1), Phosphoglucomutase 3 (PGM3), and Phosphoglucomutase 5 (PGM5). Experimental 

evidence has demonstrated roles as enzymes that catalyze important metabolic reactions for 

members of this family with the exception of PGM5, which has been found to lack catalytic 

activity  [146].  

All PHM family members share conserved active predicted structures consisting of four specific 

domains: a conserved phosphoserine (P-Ser) residue, a metal binding loop, a sugar binding loop, 

and a phosphate binding site required for substrate binding. Different substrate specificities result 

from differences in the sugar-binding loop [146]. PGM1 is the best functionally characterized 

family member shown to catalyze the reversible transfer of a phosphoryl group from the 1- to the 

6-position of alpha-D-glucose, which is aided by the P-Ser residue in the active site of this 

enzyme. Other PHM family members exhibit similar catalytic mechanisms but target different 

substrates. For example, PGM3 converts N-acetyl-glucosamine (GlcNAc)-6-phosphate into 

GlcNAc-1-phosphate.  The first step of the general mechanism for PHM catalysis involves the P-

Ser residue donating its phosphoryl group to the sugar substrate resulting in a sugar intermediate 

containing two phosphoryl groups. The next step involves serine (Ser) binding of the alternate 

phosphoryl group from the bisphosphorylated sugar intermediate, which results in the final 

product and recovery of the P-Ser [150]. Some of the family members exhibit wide tissue 

distribution (e.g. PGM1), while the expression of others exhibits a more restricted pattern to 

specific tissues (see Figure 1.2). The PHM family members have been linked to a variety of 

tumors and their expression levels in tumor patients was investigated in a meta-analysis study 

and showed that high expression levels of PGM1, PGM2 and PGM5 was correlated with better 

overall survival [241]. A phylogenetic analysis of PHM family members is shown in Figure 1.1.  

Regarding its biological role, PGM1 regulates glucose homeostasis by catalyzing the 

interconversion of glucose-1-phosphate (G1P) and glucose-6-phosphate (G6P) [13] and is 

expressed in a variety of tissues, mostly in the liver and skeletal muscle [164]. In humans, PGM1 
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deficiency is linked to a rare congenital disorder of glycosylation (CDG) ï PGM1-CDG, which 

is an autosomal recessive disorder characterized by biallelic pathogenic variants of PGM1. 

PGM1-CDG is a multisystem disease, and most infants are born with a cleft palate, and are 

characterized by liver function abnormalities and hypoglycemia. Cardiomyopathy has also been 

observed in some patients [4] and PGM1-CDG can be treated by D-galactose supplementation to 

restore glycosylation [202]. In mice, knocking out the mouse ortholog of PGM1 resulted in 

embryonic lethality in homozygotes, and showed aberrant glycosylation in heterozygotes [9].  

PGM2 is a phosphopentomutase that can catalyze the interconversion of ribose-1-phosphate 

(R1P) and ribose-5-phosphate (R5P) and protein levels are highly expressed in lymph nodes, 

retina and spleen [131]. Thus, the substrate specificity for this family member is different from 

PGM1 and reflects a divergent evolution of family members.  

The varied tissue distribution of family members is exemplified by PGM2L1, which catalyzes 

the interconversion of glucose-6-phosphate  (G6P) and glucose-1,6-bisphosphate (G16BP) and is 

mainly expressed in the brain [131]. PGM2L1 deficiency is linked to impaired G16BP 

production which causing neurodevelopmental disorder [143].  

PGM3 has been defined as an N-acetylglucosamine-phosphate mutase (AGM1) and, as described 

above, is a phosphoacetylglucosamine mutase [137, 155] that catalyzes the interconversion of 

GlnNAc-6-P to GlnNAc-a-phosphate (GlcNac-1-P) [166]. It is mainly expressed in organs with 

secretory functions such as testis, salivary gland, thyroid and placenta [146]. In humans, 

deleterious mutations in PGM3 result in a congenital disorder in glycosylation ï PGM3-CDG. 

Three patients with PGM3-CDG have been identified with recurred infections, a decreased 

number of white blood cells including B cells, T cells and neutrophils, and progression to bone 

marrow failure. Two PGM3-CDG patients also harbored skeletal anomalies. Hematopoietic stem 

cell transplantation has been shown to successfully restore immune cell count. [197]. 

Furthermore, heterozygous PGM3 variants have been linked to epilepsy [120]. In mice, PGM3 

deletion resulted in embryonic lethality, whereas hypomorphic alleles resulting in partial loss-of-

function of PGM3 caused cell type specific defects, such as in red blood cells, lymphocytes, and 

platelets. Pathological changes have been found in the testis, salivary gland, pancreas and kidney 

of males, resulting in sterility [74]. 
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PGM5 is unique as the only member of the PHM family that lacks enzymatic activity [140]. The 

evidence for the nonenzymatic function of PGM5 is largely based on enzyme activity assays 

using substrates and reaction conditions related to PGM1. The rationale for this approach is that 

PGM5 is most closely related to PGM1 in amino acid sequence, and the predicted enzymatic 

domain of PGM5 appears to be similar to PGM1. More information regarding PGM5 tissue 

distribution, structure and function is detailed below. 

 

Table 1. 1: Members of the PHM family and their specific characteristics 

Member Subgroup Substrate Expression 

PGM1 
Phosphoglucomutase 

(PGM) 

glucose 1-phosphate, glucose 

6-phosphate 
Liver, muscles 

PGM2 Phosphopentomutase pentose phosphosugars Spleen, lung, thymus 

PGM2L1 

Glucose 1,6-bisphosphate 

synthase 

1,3-bisphoglycerate and 

glucose 1- or 6-phosphate 

Brain 

PGM3 
Phosphoacetylglucosamine 

mutase (PAGM) 

N-acetylglucosamine 

phosphosugars 

Pancreas, heart, liver, 

and placenta 

PGM5 undefined undefined 
Cardiac, smooth, and 

skeletal muscle 

  



 

р 
 

1.2.2 Properties of Phosphoglucomutase 5 protein 

Tissue distribution 

PGM5, also known as Aciculin or phosphoglucomutase-related protein (PGM-RP), was first 

described in 1994 in human uterine smooth muscle as a novel cytoskeletal 60/63 kDa protein 

doublet found to be highly expressed in adherens junctions of different cell types and tissues 

[18]. Staining of PGM5 in different tissues revealed the highest expression of the protein doublet 

in muscle tissues and cells, specifically in smooth muscle [15]. These data were confirmed by 

tissue-specific expression analysis using different public data bases showing highest protein 

expression of PGM5 in tissues that contain high amounts of smooth muscle, such as prostate, 

bladder and uterus [99, 210, 211]. Other tissues that express lower levels of PGM5 include 

pancreas, spleen, rectum, and stomach. High PGM5 mRNA levels were also found in spleen, gall 

bladder, as well as adrenal gland [146]. In vascular smooth muscle cells (VSMCs), the 

expression pattern of PGM5 is highly dependent on the developmental stage of the cells [18]. 

PGM5 was found to be located mainly in the AJs of muscle cells, such as dense plaques in 

smooth muscles, intercalated discs in cardiac muscle, and in myotendinous junctions (MTJs), 

costameres and mature Z-discs of skeletal muscle, and was found to be associated with the 

cytoskeleton [15]. 

Interestingly, in smooth muscle, the 60 kDa protein isoform is restricted to differentiated smooth 

muscle cells (SMCs), whereas the 63 kDa isoform can be found also in fetal and phenotypically 

modulated, de-differentiated SMCs [15]. Moreover, it was discovered that only the 60 kDa 

protein isoform was expressed in striated muscle (cardiac and skeletal) tissues, with expression 

upregulated during the developmental stage of skeletal muscles located mainly at the tips of 

differentiating myofibrils [15, 18]. Other tissues and non-muscle cells from cell culture 

experiments were found to express trace amounts of the 63 kDa protein [15]. Another study 

performed in 1997 by Moiseeva and Chritchley characterized PGM5 as a marker for 

differentiated SMCs, as expression was the highest in vascular and visceral adult smooth muscle, 

and PGM5 levels decreased upon proliferation [141]. 
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Structural role of PGM5 and protein interactions 

Since PGM5 was found to lack phosphoglucomutase activity in vitro and in vivo, research into 

its function has focused on a potential structural role. It was found that PGM5 is a versatile 

protein that interacts with a variety of proteins including the large cytoskeletal proteins 

dystrophin and utrophin, the actin-crosslinking protein filamin C (FLNc), and actin-binding 

protein Xin [16, 140, 142, 216]. Initial attempts to find interacting proteins of PGM5 identified 

the cytoskeletal protein dystrophin as a major binding partner in cultured skeletal muscle cells. 

Immunostaining of C2C12 myoblasts showed colocalization of PGM5 and dystrophin 

throughout the process of myodifferentiation. In skeletal muscle tissue, they were found to 

colocalize at the sarcolemma and myotendinous junctions [16]. Immunocytochemical studies 

concluded that PGM5 interacts with dystrophin at C- and N-terminal domains [216]. 

In cultured smooth muscle cells and fibroblasts, PGM5 was shown to interact with utrophin, 

which is another component of cellular cytoskeleton [16]. Immunostaining of both PGM5 and 

utrophin revealed colocalization mostly at the focal adhesions during the initial stages of cell 

spreading and in confluent cells as well as along microfilaments. In breast epithelial cells, PGM5 

and utrophin were found to colocalize at cell-cell adherens-type junctions, suggesting this 

complex may play a role in linking actin filaments to the plasma membrane [17]. In striated 

muscle, PGM5 was identified to play an important role in early stages of assembly, maintenance, 

and remodeling of the contractile machinery by interacting with the multi-adaptor proteins FLNc 

and Xin, both known markers for muscle damage [113, 142]. Co-immunoprecipitation analysis 

confirmed that PGM5 binds via its C-terminus to the C-terminus of XinB (amino acids 960-978), 

whereas its N-terminus (amino acids 1ï197) can interact with FLNc at domains 18ï21 (d18ï21) 

[142]. 

In junctional structures such as intercalated discs of cardiac muscle and myotendinous junctions 

of skeletal muscle where sarcomeres are added to existing myofibrils as well as in premyofibrils 

and lesions, PGM5 was found to colocalize with XinB, XIRP2, and FLNc. The XinB-PGM5 

complex was detected during electrical pulse stimulation (EPS)-induced muscle remodeling 

where it is involved in the repair of myofibrils.  In myofibrillar Z-discs, complexes of FLNc and 

PGM5 were detected [113, 142]. Upon myofibrillar microdamage in cultured contracting 

cardiomyocytes, FLNc and PGM5 are recruited to the site of damage where they are involved in 
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the construction of filamentous actin and the recruitment of myofibrillar proteins that facilitate 

this process [113]. In PGM5-knockdown cells and PGM5-deficient zebrafish embryos, 

mislocalization of FLNc was observed as well as a myofibril formation defect and lower 

expression levels of myofibrillar proteins, suggesting that one role of PGM5 is to regulate 

localization and function of FLNc [142]. 

 

Role of PGM5 in cancer 

The precise role that PGM5 plays in carcinogenesis or tumor progression is still not fully 

elucidated. One possibility is that PGM5 is a tumor suppressor and downregulation of PGM5 is a 

common mechanism for a variety of cancers to promote proliferation. For example, in breast 

cancer (BC) tissues compared to adjacent normal tissues, PGM5 was found to be downregulated 

and was negatively correlated with disease-free survival and overall survival [168]. Low PGM5 

expression in lung adenocarcinoma (LUAD) patients was also correlated to poor overall survival 

[30].  

A targeted proteomics study of human colorectal adenomas/adenocarcinomas (COAD) and 

normal mucosa samples identified PGM5 as one of 6 proteins that were significantly 

downregulated in adenomas and adenocarcinomas [212]. This was supported by another study 

that showed decreased PGM5 expression in colorectal cancer (CRC) patients that was 

significantly associated with lymph node metastasis, clinical stage and poor prognosis [199]. 

Another analysis of mRNA expression profiles in head and neck squamous cell cancer (HNSCC) 

identified PGM5 as one of 6 downregulated hub genes. However, the methylation level of the 

PGM5 gene was higher in normal tissue compared to tumor tissue, which suggests that 

methylation is not a likely explanation for low expression PGM5 in HNSCC [23]. Bioinformatic 

analyses and immunohistochemical assessment of both mRNA and protein levels of PGM5 

revealed that levels are significantly lower in prostate cancer (PCa) tissue compared to normal 

adjacent tissue, thus classifying PGM5 as a promising prognostic marker. Low expression levels 

of PGM5 were correlated with poor clinical outcome [198].  

A data mining study also identified PGM5 as a potential biomarker for liver cancer as protein 

levels were downregulated in cancerous compared to normal adjacent tissue, and low hepatic 
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PGM5 expression was correlated with poor prognosis [96]. However, experiments need to be 

performed to verify these findings. Interestingly, PGM5 was identified as a tumor-specific 

neoantigen in gastric cancer (GC) [31], and a hotspot mutation (I98V)  was identified for PGM5 

in stomach cancer that potentially change protein function by affecting posttranslational 

modification sites directly or indirectly via upstream pathways [192]. PGM5 loss-of-function and 

gain-of-function studies in different tumor cell lines have been performed in order to investigate 

the role of PGM5 in carcinogenesis. Up-regulation of PGM5 in the CRC line HT-29 significantly 

inhibited the proliferative, migratory and invasive ability of these cells, whereas silencing of 

PGM5 in the colorectal cancer cell line HCT116 significantly increased cell migration and 

invasion [199]. Furthermore, overexpression of PGM5 in the PCa cell lines LNCaP, PC-3 and 

DU145 significantly decreased proliferation and migration of these cells in vitro [198]. 

Interestingly, microRNAs (miRs) and long non-coding RNAs (lncRNAs) may also regulate 

PGM5 protein levels in certain types of cancer. For example, miR-1224-3p was shown to 

directly target and downregulate PGM5 in breast cancer cells to promote cell proliferation and 

migration through aerobic glycolysis [168]. In LUAD patient samples and cell lines, PGM5 was 

directly targeted by miR-1293 and downregulated to promote proliferation, migration, and 

invasion [30]. 
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Table 1. 2: Publications on PGM5 in different types of cancer 

Association with Cancer Data used for Analysis PMID ID  

miR-1224-3p Promotes breast cancer 

cell proliferation and migration through 

PGM5-mediated aerobic glycolysis 

Comparison of 112 adjacent normal and 

1073 tumor tissues based on the TCGA-

BRCA database 
 

33986801 

miR-1293 promoted the proliferation, 

migration, and invasion of lung 

adenocarcinoma cells via targeting 

PGM5 

Bioinformatics applied to LUAD patient 

data in TCGA database and studies in 

LUAD cell lines 

34616611 

Decreased level of PGM5 in colorectal 

cancer is associated with poor prognosis. 

Overexpression of PGM5 inhibited 

proliferation, invasion, and migration of 

CRC cell lines, whereas silencing of 

PGM5 showed opposite effects 

Comparison of PGM5 mRNA and 

protein levels of 79 CRC tissues and 

matched adjacent tissues, and studies in 

CRC cells 

31582909 

PGM5 was identified as a tumor-specific 

neoantigen in gastric cancer 

Comparison of whole exome sequencing 

data from 942 GC patients to detect 

somatic mutations and predict 

neoantigens 

31781598 

Decreased level of PGM5 in prostate 

cancer is linked to poor clinical outcome 

Comparison of gene expression profiles 

from the NCBI-GEO microarray 

database and RNA seq data from TCGA 

35819729 

A hotspot mutation was identified for 

PGM5 in stomach cancer that potentially 

change protein function by affecting 

posttranslational modification sites 

Characterization of somatic variants by 

integrating disease-associated mutations 

from TCGA, Uniprot, and dbSNP with 

PTM sites from PhosphoSitePlus 

31345222 
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1.2.3 Liver structure and physiology 

Anatomy of the human and mouse liver 

The liver is the largest internal solid organ of the human body, and the only organ with potential 

of complete regeneration after injury. Even though the human liver is non-lobated, it is 

anatomically divided into four lobes: right lobe, left lobe, quadrate lobe, and caudate lobe, 

respectively [53]. Functionally, the Couinadôs model of segmentation has become a new standard 

in describing liver anatomy. Based on this model, the liver can be divided into two hemilivers, 

four sectors and ultimately eight functionally independent segments, based on the portal and 

arterial blood supply and hepatic drainage of the liver [35]. 

The murine liver is lobated and also consists of four main lobes: left, right, caudate, and 

quadrate, respectively, each of which has its own blood supply and biliary drainage [227]. 

Functionally, the four lobes are subdivided into seven total segments. The left lobe is subdivided 

into the left medial and the left lateral lobe, the right lobe is subdivided into the right medial and 

right lateral lobe, and the caudate lobe is furthermore subdivided into the caudate process and 

papillary process. The quadrate lobe has no further subdivision [55, 205].  

 

Blood supply 

The liver receives a duel afferent blood supply by flow from both portal and hepatic blood 

vessels. The total hepatic blood flow averages between 100ï130 ml/min per 100 g of liver [73]. 

The hepatic artery delivers ~25% of oxygenated blood from the aorta into the liver. The 

remaining 75% of blood delivered to the liver is via the portal vein, which supplies the liver with 

water-soluble nutrients absorbed from the digestive organs including the spleen, stomach, 

gallbladder, intestine and pancreas, that are being metabolized by the liver and distributed to 

other organs [49]. Well-oxygenated arterial blood and less-oxygenated, nutrient-rich portal 

venous blood mix within and travel through the sinusoidal networks towards the central vein 

while entering and supplying the liver parenchyma cells [112].  
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Lobular architecture of the liver 

The architecture of the liver can be described in three ways: the classic lobule, the portal lobule, 

and the liver acinus.  

 

Classic liver lobule. Murine and human liver share the same highly organized lobular 

architecture (see Figure 1.3). The three-dimensional anatomy of the liver is made up of hundreds 

of thousands of hepatic lobules, cell plates made of 15-20 hepatocytes connected as cords, also 

known as trabeculae, and arranged into a hexagonal shape surrounding a central vein (CV). 

Portal areas containing parts of the hepatic triad are located at each corner of the hexagon, 

consisting of branches of the bile duct, portal vein and hepatic artery. The portal vein and hepatic 

artery are connected via a sinusoidal network composed of fenestrated liver sinusoidal 

endothelial cells (LSECs) that ends up connecting to the central vein [11, 107, 207]. The space 

between the apical membrane of the hepatocytes and the endothelial cell lining is called space of 

Disse, in which resident stellate cells are located [81]. Kupffer cells are liver resident 

macrophages that, together with other innate immune cells, are located within the sinusoid by 

attaching to the sinusoidal wall [46]. 

 

Portal lobule. The portal lobule describes the exocrine functions of the liver and takes the form 

of a triangle, connecting three central veins while encompassing one portal triad (see Figure 1.4). 

Thus, a portal lobule includes portions of three adjacent classic hepatic lobules [66].  

 

Liver acinus and functional zonation. The separation of hepatocytes into three distinct 

functional zones between the portal and central veins has been extensively described and is based 

on the concept of the liver acinus, the smallest functional unit of the liver. The liver acinus is an 

irregular shaped unit located around two portal triads and two central veins subdividing two 

classic hepatic lobules, with the long axis connecting the CVs and short axis connecting portal 

triads [169, 170, 172] (see Figure 1.5). 
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The liver acinus has been divided into three circulatory zones based on different oxygen and 

nutrient levels found in each zone. The periportal zone 1 consists of 6ï8 hepatocyte layers and is 

located around supplying vessels, therefore being the zone with the most oxygen and nutrient 

content. Pericentral zone 3 consists of 2-3 layers of hepatocytes and is closest to the central vein 

and is characterized by low oxygen levels as cells in this zone receive blood that has already 

passed through zones 1 and 2. Zone 2 is an intermediary perivenous zone consisting of 6-10 

hepatocyte layers that, depending on arteriolar activity, can be transitioning into either zone 1 or 

zone 3 [171].   

 

Cellular Anatomy and Cellular Functions 

The healthy liver consists mainly of parenchymal hepatocytes that comprise ~60-80% of all cells 

in the liver and are responsible for most of the liverôs function. The remaining portion is 

composed of nonparenchymal cells including liver sinusoidal endothelial cells (LSECs), Kupffer 

cells (KCs), intrahepatic lymphocytes, biliary cells and hepatic stellate cells (HSCs) [165] (see 

Figure 1.6). 

Single cell RNA sequencing of fractions of human livers revealed a detailed composition of 

resident liver cell types. This method showed that the human liver is composed of 20 distinct cell 

populations. These populations include six parenchymal hepatocyte populations characterized by 

different gene expression patterns. Moreover, nonparenchymal cells of the liver encompass three 

populations of endothelial cells including zone1, zone 2 and 3 LSECs and portal endothelial 

cells; one population of biliary epithelial cells (cholangiocytes); one population of HSCs; as well 

as resident immune cells including two distinct populations of inflammatory and non-

inflammatory KCs; one population of mature B cells; three populations of CD3+ T cells 

including CD3+ Ŭɓ T-cells and ɔŭ T-cells 1 and 2; one population of NK-like cells; as well as one 

population of plasma cells and one population of erythroid cells [128].  

Compared to the human liver, the murine liver consists of three distinct populations of 

hepatocytes, as well as endothelial cells, B cells, T cells, hepatic stellate cells, Kupffer cells and 

cholangiocytes [243]. Each of these cells carries out specific functions that contribute to 

regulating normal hepatic functions.  



 

мо 
 

 

Hepatocytes. These cells represent the parenchymal cells of the liver and carry out important 

functions of nutrient metabolism and detoxification of molecules in the blood supply. Due to the 

different microenvironments in each zone, different enzymatic activities can be observed. 

Hepatocytes in zone 1 carry out aerobic and catabolic functions such as gluconeogenesis, 

oxidative phosphorylation, lipid and protein biosynthesis, bile production, fatty acid oxidation 

and ureagenesis. Zone 3 is the site where anaerobic and anabolic processes such as glycolysis, 

glutamine synthesis, and xenobiotic metabolism take place [98].  

 

Liver sinusoidal endothelial cells. LSECs are highly specialized endothelial cells that comprise 

the endothelial lining of the sinusoidal network. These cells are characterized by the presence of 

fenestrae that are arranged into groups called sieve plates, and a lack of a basement membrane, 

therefore providing a connection between the sinusoidal lumen and the space of Disse [225]. 

LSECs in zone 1, zone 2 and zone 3 exhibit differences in size and number of fenestrae ï 

fenestrae of zone 1 LSECs are larger than those of zone 3, but fewer in their number [226]. 

LSECs play an important role in maintaining blood and tissue homeostasis as part of the hepatic 

reticuloendothelial system (RES) [195]. LSECs have been shown to not only remove 

endogenous waste material, but to also exhibit the capacity to remove exogenous ligands 

including viruses with the help of three functionally different endocytosis receptors (COLLA-R, 

the MAN-R, and the HA/S-R) [194].  

 

Kupffer cells. Kupffer cells were first described in 1876 by Karl Wilhelm von Kupffer as star-

shaped (stellate) cells and mistakenly believed to be part of the liver endothelium [110]. This was 

later corrected in 1997 when Kupffer cells were identified as the liverôs resident phagocytic 

macrophages [149]. Together with LSECs, Kupffer cells are part of the RES and play an 

important role in defending the liver against foreign molecules [6]. They have been shown to 

endocytose endogenous and exogenous molecules including viruses [221]. KCs are located 

inside the lumen of the sinusoids with a part of their cell body extending into the space of Disse 

to interact with HSCs and hepatocytes [19]. KCs have been shown to transfer iron from aged 
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erythrocytes cells from the blood vessels to hepatocytes, thereby performing an important 

recycling role for this important trace element [204]. 

 

Hepatic stellate cells. Karl Wilhelm von Kupffer first described hepatic stellate cells (HSCs) in 

perisinusoidal spaces in the liver in 1876, not understanding how these cells were different from 

Kupffer cells  [110]. Decades later, HSCs were rediscovered by Wake et al as vitamin-A storing 

perisinusoidal cells [217]. HSCs were determined to be identical to cells previously described by 

Ito et al as fat-storing cells [92] and were also the same stellate cells first described by Kupffer. 

In the healthy liver, stellate cells remain quiescent, and play a role in retinoid metabolism [105]. 

Upon activation due to liver injury, HSCs transform into a contractile, proliferative 

myofibroblast-like phenotype and deposit collagens and other extracellular matrix (ECM) 

components leading to fibrosis and cirrhosis [102, 116].   

 

Cholangiocytes. Cholangiocytes, also referred to as biliary epithelial cells (BECs), are 

specialized epithelial cells that compose the lining of the intra- and extrahepatic bile ducts. 

Cholangiocytes of larger ducts exhibit higher volume than those of smaller ducts. The main 

function of cholangiocytes is to modify hepatocyte-derived primary bile to ductal bile by 

absorbing different molecules such as bile acids, glucose, amino acids and water; as well as 

secreting molecules including Clī, HCO3ī and water into the bile  [201].  

 

1.2.4 Liver cancer 

Primary liver cancer (PLC) is the third most common cause of cancer-related deaths worldwide 

with approximately 900,000 new cases arising each year [200]. With a five-year relative survival 

rate of only ~20%, liver cancer accounts for one of the most malignant cancers in the U.S. [189]. 

PLC can be divided into four main types depending on the cell type of origin and tumor 

microenvironment: Hepatocellular carcinoma (HCC), cholangiocarcinoma (CCA), 

hepatoblastoma (HB) and mixed Hepatocellular carcinoma and intrahepatic cholangiocarcinoma 

(HCC-ICC) [219].  
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HCC accounts for ~90% of all primary liver cancers and is the fourth most common cause of 

cancer-related deaths worldwide [50, 58]. HCC is most often caused by chronic liver disease and 

cirrhosis resulting from hepatitis B and C infections, alcoholic liver disease as well as from 

nonalcoholic fatty liver disease (NAFLD) [50]. Hawaiôi has a particularly high incidence rate of 

HCC compared to other states, with the highest age-adjusted rates measured in 2003, 2010 and 

2013 [223]. Fibrolamellar HCC (FL-HCC) is a very rare type of HCC and accounts for up to 

one-third of HCCs developing in a healthy liver while only accounting for 1-9% of all HCCs [1]. 

CCA is the second most common liver cancer and originates in the epithelial lining of the bile 

ducts. Depending on the location, it can be classified as intrahepatic CCA (iCCA), extrahepatic 

CCA (eCCA) and perihilar CCA (phCCA) [103]. CCA is primarily caused by biliary duct cysts 

and bile duct stones, cirrhosis, as well as hepatitis B and C infections [34].  

Despite only accounting for about 1% of all pediatric cancers, HB is a highly malignant hepatic 

cancer occurring in children younger than three years of age [136]. The risk of developing HB is 

related to genetic syndromes such as Beckwith-Wiedemann syndrome (BWS), familial 

adenomatous polyposis (FAP), Simpson-Golabi Behmel syndrome (SGBS) and Sotos syndrome 

[42, 68]. Other risk factors include Trisomy 18, as well as congenital anomalies of the 

heart/circulatory system, genitourinary system and of the musculoskeletal system [126].  

Combined hepatocellular-cholangiocarcinoma (cHCC-CCA) is an unusual form of liver cancer 

that arises in the hepatocytes and cholangiocytes of the liver to combine both, HCC with CCA, 

accounting for only about 1% of all PLCs [69, 94]. A thorough study of cHCC-CCA using 

genomic analyses characterized two major subclasses: the more aggressive stem-cell subclass 

and the classical subclass, characterized by components of both HCC and iCCA from a clonal 

origin. This study suggests that HCC-iCCA arises from a biphenotypic progenitor-like precursor 

[139].  
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1.2.5 Hepatocellular carcinoma 

Hepatocellular carcinoma progression in a cirrhotic liver 

Cirrhosis is the most common cause for the development of HCC [52]. Approximately 80% of 

all HCC arises in a cirrhotic liver [191]. Studies focusing on the etiology of HCC in a cirrhotic 

liver concluded that 27-73% were caused by HCV infections, 12-55% by HBV infections, 4-38% 

by heavy alcohol consumption, followed by 2-6% hemochromatosis and other factors, as well as 

4-6% of unidentified causes [52].   

In regards to hepatitis virus infections, ~90% of cases of HCV-induced HCC and  ~70-90% of 

HBV-induced HCC cases developed in patients with cirrhosis [138, 231]. Moreover, every year, 

10-20% of patients with non-alcoholic fatty liver disease (NAFLD) advance to nonalcoholic 

steatohepatitis (NASH). While 26% of these patients will develop cirrhosis, ~3% of cirrhotic 

patients progress to HCC [90, 203].  

The formation of HCC in a cirrhotic liver is a well-described multistep process starting with the 

development of precancerous lesions: dysplastic foci (<1 mm) or dysplastic nodules (>1 mm). 

Dysplastic nodules are further divided into low-grade dysplastic nodules (LGDN) and high-grade 

dysplastic nodules (HGDN).  LGDNs are characterized by minimally abnormal hepatocytes, 

whereas HGDNs are characterized by cytologic atypia and more morphological changes. These 

nodules can transform into early HCC, then progressed HCC and ultimately, to advanced HCC 

[45, 108]. The development of HCC in a cirrhotic liver may occur at any stage of cirrhosis [39]. 

Various mouse models of HCC and human data have shown that HCC originates predominantly 

from mature hepatocytes, as well as from benign lesions generated by hepatic progenitor cells 

(HPC) [145, 209]. Somatic DNA alterations play a key role in the progression of HCC. Each 

HCC nodule carries an average of 40 mutations, all working together in a coordinated way to 

promote carcinogenesis [75, 183].  An exome sequencing study of 243 liver tumors found an 

average of 21 silent and 64 non-silent mutations per tumor, and 11 pathways commonly altered 

in Ó 5% of HCC: TERT promoter mutations (60%), WNT/ß-Catenin (54%), PI3K/AKT/mTOR 

(51%), TP53/cell cycle (49%), MAP kinase (43%), hepatic differentiation (34%), epigenetic 

regulation (32%) chromatin remodeling (28%), oxidative stress (12%), Il6/JAK/STAT (9%), and 

TGFß (5%). Different risk factors of HCC have been associated with different mutations. For 
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example, alcohol-related HCC exhibited mutations in CTNNB1, TERT, CDKN2A, SMARCA2, 

and HGF, whereas HBV-related HCC exhibited mutations in TP53 [183]. 

Telomerase promoter mutations have been found to be the earliest somatic alterations detected in 

HCC and to increase significantly during HCC development. TERT promoter mutations were 

found in only 6% of LGDNs and 19% of HGDNs, compared to 61% of early HCCs, 42% of 

progressed HCC and 64% in advanced HCC [151]. 

Weighted gene co-expression network analysis (WGCNA) was carried out in order to try and 

elucidate the progressive gene expression changes occurring during the stepwise process from 

pre-neoplastic lesions to advanced HCC. Using this approach, 75 tissue samples of normal, 

cirrhosis without HCC, cirrhosis, low- and high-grade dysplastic, very early HCC, early HCC, 

advanced HCC, and very advanced HCC stages were analyzed. This study showed that, during 

the development of cirrhosis, pathways such as hepatic fibrosis/hepatic stellate cell activation 

were activated and then decreased during HCC development. Cell-cycle related pathways such 

as cell cycle, mitosis and DNA damage checkpoint regulation changed during very early stages 

of HCC and worsened with HCC progression to very advanced stages. Genes identified in these 

pathways include GINS1, NEK2, BUB1B, KIF11 and TOP2A. Three of these genes (GINS, 

BUB1B and TOP2A) were furthermore correlated with a high risk, poor prognosis and reduced 

overall survival. Furthermore, metabolic pathways such as oxidative phosphorylation and fatty 

acid ß-oxidation also decreased during very early onset of HCC. Genes identified in these 

pathways include MUT, AZGP1, HBB, HBA1, HBA2, HBD, SUCLA2, ACADM and UQCRC2. 

Moreover, protein ubiquitination and ephrin receptor signaling pathways decreased during early 

onset of HCC and increased again with progression. Genes identified in these pathways include 

ENO1, ARPC4 and HSP90AB1 [236].  
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Hepatocellular carcinoma progression in a non-cirrhotic liver 

The remaining 20% of HCCs arise in a non-cirrhotic liver due to different stimuli and develop 

most commonly during the 2nd and 7th decade of life [114]. Unlike HCC in a cirrhotic liver, non-

cirrhotic HCC (NCHCC) forms de novo in a manner that is neither well-defined nor stepwise.  

More than 85% of patients in the U.S. with obesity develop NAFLD, which is the most common 

cause of HCC in a non-cirrhotic liver [67, 238]. Moreover, ~90% of patients with NAFLD show 

more than one feature of metabolic syndrome (MS), which has been reported to strongly 

correlate with the development of HCC in the majority of cases of non-cirrhotic HCC (NCHCC) 

[3, 184]. NCHCC in patients with MS, along with NAFLD, Type 2 diabetes mellitus and insulin 

resistance (IR) is characterized by the release of various pro-inflammatory cytokines such as 

tumor necrosis factor alpha (TNFŬ), interleukin-6 (IL-6), leptin and resistin, along with a 

decrease in adiponectin, which together contribute to the development of hepatic steatosis and 

inflammation that ultimately lead to HCC [160].  

The second most common cause for NCHCC is viral hepatitis arising from infections with the 

DNA virus Hepatitis B virus (HBV) and to a lesser degree the RNA virus Hepatitis C (HCV) 

[159]. However, the prevalence of NHCC varies geographically due to different levels of 

exposure to these viruses [76]. In 30% of HBV-related HCCs, hepatic carcinogenesis occurs 

without any signs of cirrhosis [179]. The integration of HBV DNA into the genome of 

hepatocytes can lead to hepatocellular transformation characterized by genomic instability, 

epigenetic changes, telomere shortening, mutations in proto-oncogenes and/or tumor 

suppressors, and the expression of genotoxins such as mutant HBV proteins such as HBV X 

protein (HBx) [208]. HBx is a regulator of different signaling pathways including Notch 

signaling pathway, PI3K/mTOR pathway and the Wnt/ɓ-catenin signaling pathway [118]. 

Wnt/ß-catenin signaling alterations are more commonly found in NHCC [7, 33]. 

On the other hand, chronic HCV infections and inflammation have been shown to induce HCC in 

a non-cirrhotic liver, despite representing only a small subgroup of HCC [235]. Unlike HBV, 

HCV is categorized as a RNA virus that enters the host hepatocytes and produces viral proteins. 

The HCV core protein has been shown to promote immortalization of primary human 

hepatocytes, linked to the reactivation of the enzyme, telomerase [173]. HCV was further shown 

to induce c-Myc and p53 expression in different cell lines [188], as well as to induce HCC in 
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transgenic mice [144]. Moreover, the non-structural proteins NS3, NS4B and NS5A can also 

induce carcinogenesis by interacting with host cellular proteins and promoters. For example, 

NS3 has been shown to induce malignant transformation of host cells in vitro and in vivo [177].  

Genotoxic substances such as aflatoxin B1 also contribute to the development of NHCC. 

Aflatoxin B1, produced by Aspergillus flavus, has been shown to induce mutations at exon 7, 

codon 249, of the tumor suppressor gene TP53, which in turn induces NCHCC specifically in 

countries characterized by high risk of exposure to aflatoxins such as Africa and Asia [154]. 

In women, taking oral contraception can increase risk for benign hepatocellular adenomas 

(HCA) that can ultimately undergo adenoma-carcinoma transition due to ß-catenin (CTNNB1)-

activating mutations followed by TERT promoter mutations as the ultimate step of 

transformation [152, 161].  About 0-18% of HCAs undergo malignant transformation [51].   

 

Molecular subtypes of hepatocellular carcinoma 

Different molecular classifications of HCC have been generated based on analyses with different 

focuses such as gene expression profiles, mutations, and the tumor microenvironment [167]. 

Here we focus on two distinct classes of HCC that were identified using genomic profiling 

techniques ï an aggressive proliferative and a less aggressive non-proliferative subclass [89].  

Unlike the non-proliferative subclass, the proliferative subclass of HCC is characterized by high 

levels of Ŭ-fetoprotein (AFP), a regulator for cell proliferation and migration in HCC and 

commonly used as biomarker [8, 22]. Moreover, the proliferative subclass exhibits high vascular 

invasion, chromosomal instability with frequent mutations in TP53, affecting cell cycle and 

proliferation signaling pathways such as mTOR, RAS-MAPK and MET. On the other hand, the 

non-proliferative subclass shows chromosomal stability with frequent mutations in CTNNB1, 

affecting the Wnt-ß-catenin signaling pathway. The proliferative subclass is related to HBV 

infections, whereas the non-proliferative subclass is related NASH, alcoholic steatohepatitis and 

HCV infections [122]. 
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Vascular changes in hepatocellular carcinoma 

While the healthy liver has a dual blood supply by portal vein and hepatic artery, HCC mainly 

receives arterial blood supply [26]. HCC is characterized as the most vascular solid tumor with a 

high level of intratumoral arterioles that differ from regular arteries located in the portal areas of 

the healthy liver [87]. During the process of carcinogenesis, vascular changes including 

sinusoidal capillarization and arteriogenesis occur [234]. 

During the early stages of HCC progression, fenestrated hepatic sinusoidal endothelial cells 

undergo phenotypic changes including the formation of basement membranes (BM) as well as 

the formation into continuous capillaries [104], a process known as sinusoidal capillarization 

[181]. Sinusoidal capillarization can be observed by the expression of CD34, a marker that is not 

expressed in normal sinusoidal endothelial cells [36]. Multiple studies comparing cirrhotic 

patients with and without HCC found that sinusoidal capillarization was uncommon in cirrhotic 

nodules, significantly more common in low- and high-grade dysplastic nodules, and most 

common in HCC [26, 63]. Arteriogenesis is the development of functional collateral arteries 

surrounded by SMCs from pre-existing arterio-arteriolar anastomoses [83].  

The protein Ŭ-smooth muscle actin (ASMA) is a marker specific for smooth muscle cells 

(SMCs) [193] that has been extensively used for the identification of tumor blood vessels in 

HCC [87, 156]. Calponin [47], and high-molecular weight caldesmon (h-caldesmon) [196], both 

markers for differentiated SMCs, have been additionally used to identify intra-tumoral arterial 

vessel density (AVD) in HCC. Immunohistochemistry staining of h-caldesmon has shown an 

increase of AVD in HCC compared to non-tumorous tissue [65]. A more thorough study 

comparing cirrhotic nodules, low- and high-grade dysplastic nodules, and HCC showed that the 

number and distribution of unpaired arteries were uncommon in cirrhotic nodules and increased 

during tumor progression [26]. Furthermore, immunohistochemical staining using calponin 

showed that patients with advanced HCC harbored two types of blood vessels ï differentiated 

and undifferentiated. In patients, increased levels of differentiated blood vessels were correlated 

with better prognosis [180].  
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Angiogenesis in hepatocellular carcinoma 

Angiogenesis is the formation of new blood vessels from preexisting endothelial cells and is a 

typical hallmark of solid tumors including HCC [130]. Comparisons between the oxygen levels 

in tumor and normal liver tissue of different rodent models have shown significantly lower 

oxygen levels within the tumor, indicating a severe hypoxic tumor microenvironment [119, 175]. 

Angiogenic pathways in HCC are highly dysregulated with a majority having been linked to the 

transcription factor hypoxia-inducible factor-1Ŭ (HIF-1Ŭ), which is upregulated in such hypoxic 

environments [95]. Upregulation of HIF-1Ŭ in HCC cells causes an imbalance between pro-

angiogenic and anti-angiogenic factors that promote cell proliferation and angiogenesis by 

stimulating surrounding endothelial cells to form new blood vessels [232]. In HCC with 

cirrhosis, elevated HIF-1Ŭ expression was correlated with poor prognosis [218].  

Pro-angiogenic factors upregulated in HCC under hypoxic conditions include angiopoietins, 

fibroblast growth factors (FGFs), platelet-derived growth factors (PDGFs), and most commonly 

vascular endothelial growth factors (VEGFs) [62, 147].  

VEGF. The role of VEGFs in both physiological and patho-physiological angiogenesis has been 

intensively investigated and reviewed [134]. In humans, the VEGF system consists of five 

different members: VEGF-A, VEGF-B, VEGF-C, VEGF-D, and the placenta growth factor 

(PlGF), as well as of three receptor tyrosine kinases (RTKs) (VEGFR-1, VEGFR-2 and VEGFR-

3) and two non-tyrosine kinase-type receptors neuropilin-1 (NP-1) and neuropilin-2 (NP-2) 

[230]. VEGFR-2, the major receptor for VEGF-A, -C and -D,  is expressed in vascular 

endothelial cells and plays a key role in angiogenesis [54].  

VEGF-A (also referred to as VEGF) was first described as tumor angiogenesis factor secreted by 

tumor cells to induce angiogenesis [61]. In HCC patients, elevated serum levels of VEGF have 

been detected and correlated with high tumor microvessel density (MVD) and poor prognosis 

[111, 162]. Binding of HCC-cell secreted VEGF-A to VEGFR-2 on vascular endothelial cells 

induced tube formation, cell migration, and invasion of these cells, and promoted tumor growth 

and angiogenesis in vivo [233]. Upon binding of VEGF-A to the Ig-like domains IgD2 and IgD3 

of VEGFR-2, receptor dimerization occurs followed by activation and trans-autophosphorylation 

of the RTK. This leads to the activation of an intracellular signaling cascade which ultimately 

induces angiogenesis [220].   
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FGF. In humans, the fibroblast growth factor (FGF) family consists of 22 members, 18 of which 

are FGF receptor (FGFR) ligands (FGF1-FGF10 and FGF16-FGF23), while the other four are 

considered homologous factors (F11-F14). FGFR ligands are further divided into six subfamilies 

based on sequence homology [14]. FGFs bind to fibroblast growth factor receptors (FGFRs), 

which in humans consist of four members: FGFR-1, -2, -3, and -4 [101, 106, 115, 158]. The FGF 

family has been shown to play different roles in the process of angiogenesis in HCC. For 

example, a synergistic effect between FGF2 and VEGF was found in a murine mouse model of 

HCC, in which FGF2 mediated upregulation of VEGF resulted in increased tumor growth and 

angiogenesis [237].  Overexpression of the ribosomal protein S15A (RPS15A) in HCC was 

shown to increase Wnt/ß-catenin-mediated FGF18 expression, which, through binding FGFR3 

on endothelial cells, promoted angiogenesis [78]. Moreover, some subtypes of HCC showed a 

downregulation of the expression of FGFR2-IIIb, which was correlated with higher vascular 

invasion and more advanced tumor stages, and upregulation of FGFR2-llb resulted in slower 

tumor growth [5].  

 

PDGF. Four PDGF genes (PDGFA, PDGFB, PDGFC and PDGFD) have been described in 

humans corresponding to five biologically active PDGF protein dimers ï homodimers PDGF-

AA, PDGF-BB, PDGF-CC and PDGF-DD, and one heterodimer PDGF-AB. Furthermore, two 

PDGFR genes (PDGFRA and PDGFRB) have been identified corresponding to two receptor 

tyrosine kinases (RTKs) [100]. Binding of PDGF to PDGFRŬ or ɓ leads to dimerization of the Ŭ 

and ɓ subunits of the receptor, thereby activating the tyrosine kinase activity followed by the 

activation of downstream signaling pathways [176]. PDGFs and PDGFRs are expressed by many 

cell types including fibroblasts, vascular smooth muscle cells and different endothelial cells, 

macrophages and platelets [84]. PDGF, as well as PDGFRs have also been shown to be 

expressed in tumors including HCC [29]. Under hypoxic conditions, HCC cell-secreted PDGF-

BB induced the accumulation and proliferation of hepatic stellate cells (HSCs) accompanied by 

elevated VEGF-A by HSCs that ultimately stimulated angiogenesis [125]. Co-expression of 

PDGF-BB and VEGFR-3 in HCC patients correlated to poor overall survival [29]. Another study 

showed that levels of PDGFRŬ were increased in HCC compared to normal adjacent tissues and 
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correlated to poor overall survival and higher recurrence rate; and overexpression of PDGFRŬ 

correlated with higher MVD [222].  

 

Angiopoietin. The angiopoietin family is a group of vascular growth factors consisting of four 

members: Angiopoetin-1 (Ang-1), Angiopoetin-2 (Ang-2), and the mouse and human 

counterparts Angiopoetin-3 (Ang-3) and Angiopoetin-4 (Ang-4), respectively [40, 129, 214]. 

Ang-1 is expressed by different cell types such as endothelial cells, pericytes, and smooth muscle 

cells. In contrast, Ang-2 is mostly expressed by endothelial cells [40, 82]. Both, Ang-1 and Ang-

2 bind with similar affinities to the receptor tyrosine kinase Tie-2 (Tyr kinase with Ig and EGF 

homology domains) [56] found predominantly on endothelial cells and hematopoietic stem cells 

[48, 157].  Binding of Ang-1 to Tie-2 induces receptor phosphorylation, whereas binding of 

Ang-2 blocks Tie2 activation [129]. Ang-1 signaling is responsible for stabilizing and maturing 

blood vessels by assisting in the communication between endothelial and mural cells, while Ang-

2 signaling has been shown to induce vascular destabilization, sprouting and branching [93]. A 

study comparing serum levels of patients with HCC (N=131), patients with cirrhosis (N=180), 

and healthy controls (N=40) found highest levels of Ang-2 in patients with HCC, followed by 

elevated levels in patients with cirrhosis, compared to healthy controls [182].  Moreover, high 

plasma levels of Ang-2 were found to be correlated with poor prognosis in patients with 

advanced HCC, as reported in a phase III study [123]. Another study found that HCC-derived 

exosomes carried Ang-2 on the surface and delivered it to HUVECs by exosome endocytosis, 

causing an increase in angiogenesis by a Tie-2-independent pathway [228].  
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1.2.6 Treatment options of hepatocellular carcinoma 

Treatment options for HCC are limited and depend on the stage of the cancer as classified by the 

Barcelona Clinic Liver Cancer (BCLC) staging system, which is based on liver function and 

performance status [121]. For very early (0) and early (A) stage HCC including patients with 

asymptomatic early tumors, and intermediate (B) stage including patients with asymptomatic 

multinodular HCC, surgical resection, liver transplantation and local tumor destruction methods 

are possible options to cure the cancer [121, 215]. Treatment options for advanced (C) stage 

HCC including patients with symptomatic tumors and/or an aggressive tumoral pattern are anti-

angiogenic therapies to target the highly dysregulated angiogenic pathways in HCC, as well as 

immunotherapies. The only treatment options for late (D) stage HCC patients with poor 

prognosis are symptomatic treatments since advanced HCC is chemo- and radio-resistant [77, 

121, 148].  

 

Approved drugs for the treatment of hepatocellular carcinoma 

Since HCC is a hypervascular tumor, multi-kinase inhibitors have been developed to target key 

regulators of angiogenesis to prevent the formation of new blood vessels. Many drugs have been 

developed and undergone clinical trials, but have not been approved due to failure at different 

phases [60]. The first drug that was approved by the FDA to treat advanced HCC was the 

tyrosine kinase inhibitor (TKI), sorafenib, that had previously been tested in other cell lines and 

xenograft mouse models to have anti-cancer effects. In colon, pancreatic, and breast cancer cell 

lines and various xenograft models of colon, breast and non-small-cell lung cancer, sorafenib 

inhibited tumor cell proliferation and neovascularization by inhibiting the serineïthreonine 

kinases Raf-1 and B-Raf and the receptor tyrosine kinase activity of VEGFR-1, -2, and -3 and 

PDGFR-ɓ [224]. In addition, sorafenib inhibited tumor growth and vascularization and 

stimulated apoptosis and hypoxia in clear cell renal carcinoma (RCC) [28]. In liver cancer cell 

lines and mouse xenograft models of HCC, sorafenib showed antiproliferative effects while 

inhibiting angiogenesis and increasing apoptosis [117]. After an uncontrolled phase 2 trial of 

sorafenib in patients with advanced HCC that resulted in a median overall survival of 9.2 months 

[2], a large international, Phase 3, placebo-controlled Sorafenib HCC Assessment Randomized 
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Protocol (SHARP) trial was performed in 602 patients with advanced HCC. The trial resulted in 

an increase of median overall survival of 7.9 months to 10.7 months for patients treated with 

sorafenib compared to patients that received placebo and the ultimate FDA approval of the drug 

[124].  

Lenvatinib is a multi-kinase inhibitor that targets VEGFR-1, -2 and -3, FGFR1, -2, -3, and -4, 

PDGFRŬ, RET and KIT. Many in vitro and in vivo experiments have shown antiproliferative 

effects of Lenvatinib, such as in human breast cancer cell line MDA-MB-231 by suppressing 

lymph node and lung metastases by targeting VEGFR-2 and -3 [133], and by inhibiting VEGF- 

and FGF-driven proliferation and tube formation in HUVEC cells and human tumor xenograft 

models [229]. Furthermore, lenvatinib showed promising antiangiogenic activity in human 

thyroid cancer xenograft models, as well as in vitro by inhibiting the phosphorylation of FGFR1 

in RO82-W-1 cells and the phosphorylation of RET in T cells [206]. A phase 2 study of 

lenvatinib in 46 patients across Japan and Korea with advanced HCC showed acceptable toxicity 

profiles in patients and resulted in a median overall survival of 18.7 months [91]. A global phase 

3 clinical trial (REFLECT) was conducted with 954 patients, half of which were treated with 

Sorafenib, the other half with Lenvatinib to evaluate the efficacy and safety of Lenvatinib versus 

Sorafenib as first line treatment. Results of this study, including the median survival time of 13.6 

months, as well as proven safety, ultimately lead to FDA approval of the drug [109].  

The humanized monoclonal IgG1 antibody Atezolizumab (Tecentriq, Genentech Inc.) was 

designed to target programmed death-ligand 1 (PD-L1) to inhibit interactions with its receptors, 

PD-1 and B7.1 (CD80) on T-cells,  thereby restoring the T-cell mediated antitumor activity [44, 

85]. The recombinant humanized monoclonal IgG1 antibody Bevacizumab (Avastin, Genentech 

Inc.) was designed to target VEGF-A to block the interaction with its receptors VEGFR-1 and 

VEGFR-2 on endothelial cells to inhibit angiogenesis [163]. A global, open-label, phase 3 trial 

(IMbrave150), was conducted with 501 patients, 165 of which were treated with Sorafenib while 

the remaining 336 were treated with Atezolizumab-Bevacizumab to evaluate the efficacy and 

safety of Atezolizumab-Bevacizumab versus Sorafenib as first line treatment. Results of this 

study showed that Atezolizumab combined with Bevacizumab resulted in better overall survival 

and progression-free survival outcomes compared to Sorafenib treatment [25, 57]. These results 

ultimately led to FDA approval of this drug as an approach to treat HCC.  
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1.3 Figures 

 

Figure 1. 1: Phylogenetic tree of PHM members 

A phylogenetic tree was constructed using MEGA11 [80] to show the evolutionary relationships among 

the five members of the PHM family. Different colors depict the different proteins (PGM1 = red, PGM2 = 

green, PGM2L1 = blue, PGM3 = yellow, PGM5 = purple). The orange circle marks the branch point 

highlighting the close relation between PGM1 and PGM5. 
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Figure 1. 2: Protein distribution of the PHM family members in the human body 

Human PHM family members are expressed in different organs of the body. Bold letters indicate where 

protein expression is the highest. This figure is based on the Human Protein Atlas database 

(https://www.proteinatlas.org/ENSG00000154330-PGM5/tissue/liver).  
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Figure 1. 3: Classic hepatic lobule 

The classic hepatic lobule is the traditional description for the cellular anatomy of the liver. It consists of 

hexagonal plates of hepatocytes arranged into a hexagon. Each corner contains a portal triad, consisting of 

hepatic artery, portal vein, and bile duct, all connecting to the central vein that is located in the middle of 

the hexagon.  
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Figure 1. 4: Portal lobule 

The portal lobule has the form of a triangle, connecting three central veins surrounding one portal triad. 

Thus, a portal lobule includes portions of three adjacent classic hepatic lobules.  
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Figure 1. 5: Liver acinus and functional zonation 

The liver acinus is an irregular shaped unit located around two portal triads and two central veins 

subdividing two classic hepatic lobules, with the long axis connecting the CVs and short axis connecting 

portal triads. The liver acinus is divided into three circulatory zones: periportal zone 1 with the most 

oxygen and nutrient content, pericentral zone with lowest oxygen levels, and an intermediate zone 2 that 

transition into either zone 1 or zone 3. 
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Figure 1. 6: Parenchymal and nonparenchymal cells of the liver 

Hepatocytes are the parenchymal cells of the liver, making up ~60-80% of all cells in the liver.  

The remaining nonparenchymal cells include liver sinusoidal endothelial cells (LSECs), Kupffer cells 

(KCs), intrahepatic lymphocytes, biliary cells and hepatic stellate cells (HSCs).  
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Figure 1. 7: Progression of HCC in a cirrhotic liver 

The formation of HCC in a cirrhotic liver starts with the development of precancerous lesions: dysplastic 

foci (<1 mm) or dysplastic nodules (>1 mm). Dysplastic nodules are further divided into low-grade 

dysplastic nodules (LGDN) and high-grade dysplastic nodules (HGDN). These nodules develop into early 

HCC, then progressed HCC and ultimately, to advanced HCC.  
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Chapter 2: PGM5 is a potential prognostic biomarker for hepatocellular carcinoma 

2.1 Introduction 

Hepatocellular carcinoma (HCC) is the fourth most leading cause of cancer related deaths 

worldwide with a strong male predominance (male to female ratio of 2ï3:1) [21, 58]. With a 

five-year relative survival rate of ~ 20%, HCC accounts for one of the most malignant cancers in 

the U.S. [189], with a particularly high incidence rate in Hawaiôi [223]. HCC patients typically 

experience poor prognoses with limited treatment options, underscoring the critical need to better 

understand the underlying mechanisms driving this disease. Phosphoglucomutase 5 (PGM5) is 

an understudied member of the Ŭ-D-phosphohexomutase (PHM) family that is mainly expressed 

in muscle tissues and has been found to localize to the adherens junctions of smooth muscle cells 

(SMCs) [15]. Studies suggest that PGM5 predominantly has a structural role by interacting with 

cytoskeletal proteins to promote cell-cell adhesion and contractility [16, 140, 142], which 

distinguishes PGM5 from the other four members of this protein family that serve as glycolytic 

enzymes. Furthermore, the de-differentiation of SMCs from a quiescent to a proliferative 

phenotype is accompanied by a decrease in PGM5 expression [141]. There is accumulating 

evidence that downregulation of PGM5 is a common feature of a variety of cancers, including 

HCC [30, 96, 168, 198, 199]. Patients with low PGM5 mRNA levels had poorer overall survival 

and relapse-free survival for these cancers, and PGM5 was independently associated with patient 

prognosis. A recent study showed that PGM5 mRNA expression was significantly lower in HCC 

tissue from patients compared to adjacent normal liver tissues, and was positively correlated with 

male sex, but negatively correlated with advanced histologic type, advanced histologic grade, 

and advanced stage [96].  

Little is known regarding the exact role that PGM5 plays in tumor development and progression. 

The following study utilizes human HCC tissues along with a mouse model of HCC to determine 

protein levels of PGM5 in HCC versus healthy tissues as tumors progress. Our results show that 

PGM5 is highly expressed in smooth muscle cells surrounding arteries and veins in healthy liver 

tissue and clearly demonstrate a decrease in PGM5 levels as vascular remodeling coincides with 

tumor progression. From these results we conclude that PGM5 serves as a prognostic biomarker 

for HCC. 
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2.2 Results 

Bioinformatic analysis of TCGA database  

PGM5 mRNA levels have been shown to decrease in a variety of cancers including breast 

cancer, colorectal cancer, liver cancer, and lung adenocarcinoma [30, 96, 168, 199]. However, 

most studies have not compared matched healthy and tumor tissues from the same patient. Thus, 

we analyzed patient matched samples of HCC and healthy adjacent tissue using the Cancer 

Genome Atlas (TCGA) database to confirm previous published results [96]. Results showed that 

mRNA levels of PGM5 were not significantly lower in HCC tissues compared to healthy 

adjacent tissue (see Figure 2.1 A). Using this matched sample approach, we found that high 

levels of PGM5 mRNA in patients with HCC was correlated with better overall survival (see 

Figure 2.1 B). These different results highlight limitations of TCGA database analyses given the 

different stages or types of HCC included in such large data sets, which may contribute to 

variability in results, as well as including only patient-matched samples for our analysis. 

Given that 80% of HCC develops in a cirrhotic liver [191], we analyzed patient-matched samples 

of HCC and cirrhotic adjacent tissue and found that PGM5 mRNA levels were significantly 

decreased in HCC tissues compared to cirrhotic tissues (see Figure 2.2, Panel A). In addition, 

PGM5 mRNA has been shown to decrease in several other types of cancer, so we performed 

bioinformatic analysis on patient-matched and non-matched biopsies and found that PGM5 

mRNA levels were significantly decreased in tumor tissues compared to normal adjacent tissues 

in all analyzed datasets (see Figure 2.2. Panel B).  

 

Immunohistochemistry and Western blot analyses of human HCC patient samples show a 

decrease of PGM5 protein levels 

Most findings in published literature and databases have focused on PGM5 mRNA levels, while 

data including protein levels of PGM5 in healthy versus HCC tissues has not been fully studied. 

In collaboration with the University of Hawaiôi Cancer Center Histopathology Core, we obtained 

HCC patient biopsy samples (N=19) of tumor and healthy adjacent tissue. Samples were 

examined by histological analysis and scored in order from 0 (negative) to 2 (strong signal). 

PGM5 staining was found to exhibit the strongest signal in smooth muscle cells surrounding 
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hepatic arteries in healthy tissues, with faint staining detected in the sinusoids. In HCC tissue, 

very low signal for PGM5 was observed with most tissue showing undetectable levels (see 

Figure 2.3). As a parallel approach, a Western blot analysis of patient biopsies (N=5) was 

conducted, and results showed that PGM5 protein levels were significantly decreased in HCC 

tumor tissue compared to patient-matched healthy adjacent tissue (see Figure 2.4). As a 

comparison, PGM1 levels were analyzed in the same tissue samples by Western blot and not 

found to significantly decrease in HCC tumors. To confirm that tissue proteins were not 

decreased in a more general manner, we included Western blot analysis of  Heat schock protein 

70 (Hsp70), a protein known to be strongly expressed in HCC [97]. Results found that Hsp70 

was not decreased in HCC versus healthy adjacent tissue and supports the specific decrease of 

PGM5 in HCC (see Figure 2.5).  

 

Immunohistochemistry of patient biopsy samples of different types of cancer show 

decreased PGM5 protein levels  

To complement the bioinformatics studies performed on different types of cancer described 

above, we collaborated with the University of Hawaiôi Cancer Center Histopathology Core to 

analyze biopsy samples from patients with breast cancer, colon cancer, lung cancer, prostate 

cancer, and sarcoma using immunohistochemistry detection of PGM5 protein levels. Similar to 

results from HCC samples, we found the highest expression of PGM5 in healthy adjacent tissue 

compared to different tumor tissues (see Figure 2.6). In healthy adjacent tissues, PGM5 staining 

was strongly detected in the smooth muscle cells of the walls of hollow organs as seen in the 

colon, walls of passageways including arteries and veins as seen as in the lung and breast, as well 

as in the healthy smooth muscle tissue within the structure of the prostate. PGM5 was also 

detected in the healthy adjacent skeletal tissue of sarcoma patients. Consistently, cancer tissues 

of various types were found to either decrease PGM5 protein levels (as seen in colon cancer) or 

completely lack PGM5 expression (as seen in sarcoma).   
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PGM5 Protein levels are decreased in different HCC mouse models 

The above results demonstrated that PGM5 protein levels are significantly decreased in human 

patients with HCC. Based on the rationale that a mouse model of HCC would better facilitate a 

time-dependent analysis of PGM5 to be conducted, we collaborated with Dr. Xin Chenôs 

laboratory at the University of Hawaiôi Cancer Center to evaluate PGM5 protein levels using two 

established mouse models of HCC of female FVB mice. HCC was induced using the Sleeping 

Beauty-mediated somatic integration for long-term gene expression in mouse hepatocytes of 

either c-Myc or AKT/N-Ras as previously described [32]. Tumors were harvested after five 

weeks and snap frozen. Western blot analysis was performed to test whether PGM5 protein 

levels were decreased in HCC tumor tissues compared to healthy wild-type livers. PGM5 protein 

levels were found to be significantly decreased in both HCC models (See Figure 2.7 B). Since 

PGM5 protein levels were consistently lower in the tumors involving AKT/N-Ras induced HCC, 

this model was utilized for further studies.  

As a comparison, we used the same samples and performed Western blot to evaluate PGM1 

protein levels, which has been reported to decrease in HCC [242]. We also found a significant 

decrease in PGM1 protein levels in both cancer models, but the decreases were much less 

compared to PGM5 (see Figure 2.7 C). 

 

Establishing a time course for HCC progression in male and female C57BL/6 mice 

The Sleeping Beauty-mediated somatic integration for long-term gene expression of AKT/N-Ras 

in mouse hepatocytes was adopted to C57BL/6 mice in a time course manner. Co-activation of 

AKT and N-Ras in the murine liver has been shown to significantly increase HCC tumor 

development compared to AKT alone, whereas N-Ras alone did not induce tumor formation 

[88]. For all experiments, age- and sex-matched mice were used. Livers were harvested after 

three-, four-, and five-weeks following plasmid injections and compared to healthy wildtype 

control mice. HCC progression was evident after three weeks with increased liver size over time 

for both female and male mice (See Figures 2.8 and 2.9). The ratio of liver weight to body 

weight increased over time, although observation of mice indicated that mice were asymptomatic 

and showed no signs of morbidity. 
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PGM5 protein levels decrease in a time-dependent manner following HCC induction in 

C57BL/6 mice 

Using the time course model in C57BL/6 male and female mice established as described above, 

we investigated how PGM5 levels may change over time as HCC is established and progresses. 

Western blot analysis was performed at three-, four-, and five-weeks following plasmid 

injection. In both sexes, PGM5 was found to decrease over time as HCC progressed (see Figure 

2.10). Interestingly, in males, PGM5 decreased rapidly with levels significantly lower than 

controls as early as three weeks post-injection. In females, PGM5 reduction was evident but was 

delayed compared to males. After five weeks post-injection when tumors were at the late stages 

for both males and females, PGM5 protein levels in livers were 4-fold lower compared to healthy 

livers (CTRL).   

A Pearsson correlation analysis was performed to investigate the relationship between PGM5 

protein levels and tumor sizes of both, female and male mice induced with HCC for three, four 

and five weeks. Our findings revealed that low PGM5 expression was significantly associated 

with increased tumor size (see Figure 2.11). 

We also examined PGM1 protein levels in both females and males and found that PGM1 follows 

a similar trend as PGM5 with decreased levels detected over time. However, the decreases for 

PGM1 were much less than PGM5 during HCC progression (see Figure 2.12). 

 

The liver architecture completely changes during HCC development and shows 

relocalization of PGM5 during this process 

The architecture of the healthy liver is highly organized into functional units called lobules. Each 

lobule consists of a central vein that is surrounded by portal triads, made up of branches of the 

bile duct, portal vein and hepatic artery. PGM5 is located at the portal triads, specifically in the 

smooth muscle cells surrounding the arteries and veins.  

During the formation of HCC in the liver, the normal architecture of the liver is disrupted and 

becomes disorganized over time (see Figure 2.13). PGM5 levels decrease, likely due to the loss 

of organized vasculature and thus, the portal triads. After five weeks of tumor formation, there is 
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no more healthy liver tissue left, and the liver is filled with nodules, which are abnormal masses 

of tissue. Interestingly, these nodules are enriched with PGM5. When comparing PGM5 protein 

levels in healthy versus tumor livers at five weeks, we see decreased levels of PGM5 even 

though PGM5 seems to be highly abundant in tumor livers. It is important to mention that PGM5 

is present in all portal triads throughout the whole liver, which roughly consists of 100,000 

lobules [38], whereas PGM5 is only present in the nodules at five weeks after tumor formation, 

which are less abundant.  

 

PGM5 is located in the blood vessels of healthy liver, but translocates to other structures 

during tumor formation 

In order to investigate where PGM5 translocates to at five weeks post tumor induction, we 

stained tumor livers with Ŭ-smooth muscle actin (ASMA), a marker for smooth muscle cells, as 

well as cytokeratin 7 (CK7), a marker for bile duct injury [10]. In the healthy liver, PGM5 is 

located in the smooth muscle cells of arteries and veins (see Figure 2.13). When looking at the 

newly formed structures in the tumor livers at five weeks that are highly abundant with PGM5, 

ASMA does not colocalize with PGM5. Instead, PGM5 is found to colocalize with CK7 in bile 

duct-enriched areas (see Figure 2.14). 
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2.3 Discussion 

Thus far, an exact role for PGM5 in cancer has not been described. Some research focuses on 

PGM5 in different types of cancer and shows that levels decrease in cancer compared to normal 

adjacent tissue [30, 168, 199]. The data presented in this chapter suggests a role for PGM5 as 

potential biomarker for HCC. More specifically, a marker to predict the progression of HCC, as 

levels of PGM5 decrease as cancer advances.  

While recent bioinformatics analyses have posited PGM5 as a promising biomarker for HCC 

based on mRNA expression levels [96], these conclusions were drawn solely from data mining 

approaches. Our research bridges this gap by demonstrating a reduction in PGM5 protein levels 

not only in murine models but also in human cancer specimens, relative to adjacent non-

cancerous liver tissue. Immunohistochemical staining has revealed the presence of PGM5 in the 

smooth muscle cells surrounding hepatic arteries and veins, with pronounced expression at the 

portal triads of a healthy liver. 

Utilizing a mouse model of HCC, we tracked the diseaseôs progression over time and observed a 

profound alteration in liver architecture. The highly organized architecture of the healthy liver 

with notable portal triads become obscured four weeks post-HCC induction, coinciding with a 

marked decline in PGM5 detectability via Western blot analysis and immunohistochemistry. 

Interestingly, between the fourth- and fifth-weeks post HCC-induction, novel structures enriched 

in PGM5 emerge. 

Traditionally recognized as a marker for differentiated smooth muscle cells (SMCs), PGM5 is 

most abundantly expressed in mature vascular and visceral SMCs, with expression levels 

decreasing upon SMC proliferation [141].. The novel structures identified in the latter stages of 

HCC induction, enriched with PGM5, were determined not to be SMCs, as evidenced by the 

absence of alpha-smooth muscle actin (ASMA) during immunohistochemical examination. 

Instead, these formations were identified as aberrant bile ducts through cytokeratin 7 (CK7) 

staining, a known indicator of bile duct injury [10]. 

To extend the scope of PGM5ôs utility as prognostic biomarker beyond HCC, we have also 

included patient biopsies of other types of tumors including breast, colon, lung, prostate, and 

sarcoma. Our findings reveal a consistent pattern of diminished PGM5 protein levels across all 
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these types of cancer. Longitudinal studies involving larger cohorts are warranted to validate 

PGM5ôs prognostic capabilities across different cancer stages and subtypes. Moreover, more 

studies concluding why PGM5 is expressed at areas of abnormal bile ducts is needed to further 

study its potential active role in tumorigenesis.  
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2.4 Material and methods 

Mice 

For all experiments, age- and sex-matched C5BL/6J mice obtained from Jackson Laboratories 

were used. All animal protocols were approved by the University of Hawaii Institutional Animal 

Care and Use Committee (IACUC) and were conducted in accordance with the NIH guidelines. 

A maximum of five pathogen-free mice were kept in one cage at 21 °C with free access to rodent 

chow and water. Animals were exposed to a period of 12 h light and 12 h dark.  

 

Human tissue samples for Western blot 

A total number of 10 human HCC and normal adjacent frozen liver tissue samples were obtained 

from Accio Biobank Online.  

Table 2. 1: Human tissue samples for Western blot 

Case ID Location 
Remaining NAT 

FF 

Remaining 

tumor FF 
QC 

15-070 17-2-4 N1-N4 T1-T3 
T2 TN 80% Necrosis 30% 

N1-N4 Benign liver with cirrhosis 

15-494 21-1-2 N2-N4 T2 T3 

T2 TN 70% Necrosis 0% 

T3 TN 60% Necrosis 0% 

N3 N4 Benign Liver with cirrhosis 

15-133 17-4-4 N1-N4 T1 T3 
T1 PASS 

T3 FAIL QC 

19-0838 44-4-4 N2-N4 T3 T4 
T3 T4 Pass 

N2-N4 benign 

20-0615 5-4-3 N1-N3 T3 T4 
T3 T4 Pass 

N1-N4 Benign 
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Human tissue samples for immunohistochemistry 

A total number of 30 human tissue samples of different types of cancer were obtained from the 

University of Hawaiôi Cancer Center.  

Table 2. 2: Human tissue samples for immunohistochemistry 

Type of cancer Sample ID Block number 

Breast: iInvasive 

ductal carcinoma 

B0I004 
A3 

A5 

B4I046 
A1 

A5 

B4I059 
A5 

A6 

Colon: moderately 

differentiated 

adenocarcinoma 

CRJ005 
A3 

A18 

CRW001 
B1 

B2 

CRW020 
A7 

A8 

Lung: 

Adenocarcinoma, 

papillary 

L-057 
A5 

A11 

L-087 
A1 

A5 

L-130 
A4 

A6 

Prostate: prostic 

adenocarcinoma 

EB37 
A14 

A18 

EB39 
C5 

C10 

HIB04 
A10 

A14 

Sarcoma: high grade 

sarcoma, 

extraskeletal 

osetosarcoma 

CSTM020 
A6 

A10 

CSTM124 
A7 

A9 

CSTM162 
A4 

A6 
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Western blot 

Cells or tissues were lysed in low salt lysis buffer (150 mM NaCl, 50 mM Tris, 1% Triton X-

100, 1% sodium deoxycholate, and protease inhibitor cocktail (Roche Applied Science) for 30 

min on ice. To remove insoluble material, the lysates were centrifuged at maximum speed for 15 

min. The total protein concentration in the supernatant was measured using a Bradford assay 

reagent (Bio-Rad). Lysates with equal concentrations were prepared and boiled in SDS sample 

buffer for 10 min at 100°C. The proteins were then separated by SDS-PAGE, transferred to 

nitrocellulose membranes for 1.5 h at 100V, blocked for 1 hour at RT, and then incubated 

overnight with the primary antibodies (1:1000). The next day, the membrane was washed, 

incubated with secondary Alexafluor595 antibody (Thermo Fisher Scientific, 1:10,000), and 

visualized using the Odyssey Scanner (Li-Cor).  

Primary antibodies for Western blots included rabbit polyclonal anti-PGM5 (Thermo Fisher 

Scientific, PA5-84743, 1:1000), mouse monoclonal anti-ɓ-actin (Santa Cruz, SC-517582, 

1:1000), mouse monolonal anti vinculin (Santa Cruz Biotechnology, sc-73614) and mouse 

monoclonal HSP70 (Santa Cruz Biotechnology, sc-24). Secondary antibodies for Western blots 

were purchased from Li-Cor Technologies.  

 

Hydrodynamic tail vein injection to induce liver cancer 

Cancer formation in the mouse liver was induced by combining hydrodynamic injections and 

Sleeping Beauty-mediated somatic integration as previously described [32]. A total volume of 2 

mL saline (0.9% Sodium Chloride Irrigation UPS, SteriCare Solutions) containing 20 µg of 

AKT, 20 µg of N-RAS and 0.8 µg of Sleeping Beauty plasmid was injected into the tail vein in 

~7 seconds.  

For WT mice, livers were harvested after 3, 4 and 5 weeks post tail vein injections, and were 

subject to different analyses.  
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Preparation of tissue 

Isolation of tissue  

To collect organs, mice were asphyxiated with CO2 and a small incision was made in the 

abdominal skin to open the mouse by pulling the skin with both hands to each side of the mouse. 

The abdominal cavity of the mouse was opened, and livers were excised in an equivalent manner 

from each mouse. Livers were weighted and cut into small pieces and processed accordingly. 

 

O.C.T. embedding 

Some pieces of the harvested livers were placed into a cryomold filled with optical cutting 

temperature (O.C.T.)  compound and placed on dry ice. O.C.T. blocks were stored in a sealed 

container at -80°C until ready to section. 

 

Snap freezing 

The remaining parts were collected into Eppendorf tubes, put on dry ice and were then stored at -

80°C to be further used for Western blot analysis. 

 

H&E staining of tissue sections 

The O.C.T. embedded livers were cut into 10 um thick sections using a cryostat. First, sections 

were fixed in ice-cold Acetone for 10 mins, rinsed with 1xPBS and then stained in Hematoxylin 

for 30 sec. After washing with tap water for 5 mins, sections were stained with Eosin for 1 min, 

followed by incubation in 0.1% acetic acid for 1 min. Next, washing steps in tap water and 

deionized water were followed by quick dips in 70% and 95% EtOH. Sections were then subject 

to 2 mins incubation in 95% EtOH, and 2x 100% EtOH. Lastly, sections were placed 2x in 

Xylene for 5 mins, followed by the application of mounting media and coverslip.  
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Immunohistochemistry staining 

Human samples 

Patient biopsies were stained with polyclonal antibodies for PGM1 (Sigma Aldrich, HPA024637, 

1:20) and PGM5 (Sigma Aldrich, HPA067102, 1:50). Following deparaffinization in xylene and 

rehydration, slides were subject to high pH antigen retrieval (10 mmol/L EDTA buffer; pH 9.0), 

followed by 3% hydrogen peroxide, blocking in 1.5% normal goat serum (NGS), and blocking 

with avidin-biotin block (SP-2001, Vector Laboratories). Slides were then incubated with 1:20 

for PGM1 and 1:50 for PGM5 diluted primary antibody for 60 minutes followed by incubation 

with biotinylated linking IgG rabbit secondary antibody, 20 minutes, then detection with avidin-

biotin complex (Vector Laboratories) for 20 minutes and DAB substrate (3,3-diaminobenzidine; 

SK-4100, Vector Laboratories) for 10 minutes. Counterstaining utilized hematoxylin. 

 

Mouse samples 

Staining of fresh-frozen sections 

The O.C.T. embedded livers were cut into 10 um thick sections using a cryostat. Sections were 

stained with rabbit polyclonal anti-PGM5 (Thermo Fisher Scientific, PA5-84743; 1:200). First, 

sections were fixed in ice-cold Acetone for 10 mins, followed by incubation in 3% H2O2 for 15 

mins. Then, an ImmEdge pen was used to create a hydrophobic border around the tissue and 

blocking of the Fc receptors was performed by incubation with 5% NGS for 1 hour. After 

blocking, sections were stained with primary antibody overnight at 4°C. The next day, sections 

were washed and incubated with a peroxidase-conjugated goat anti rabbit igG (Jackson 

ImmunoResearch, 1:1000) for 30 mins followed by washing and incubation with DAB substrate 

(3,3-diaminobenzidine; SK-4100, Vector Laboratories) for 10 min at RT. Lastly sections were 

subject to hematoxylin staining and mounting media was applied, and sections were dried.  

 

Staining of FFPE sections 

Formalin-fixed, paraffin-embedded (FFPE) adjacent murine liver sections were stained with 

rabbit polyclonal anti-PGM5 (Thermo Fisher Scientific; PA5-84743; 1:50), anti-Ŭ-Smooth 
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Muscle Actin monoclonal antibody (1A4) (Thermo Fisher Scientific;14-9760-82; 1:8,000) and 

Cytokeratin 7 Polyclonal Antibody (Thermo Fisher Scientific; 15539-1-AP; 1:1,000). Following 

deparaffinization in xylene and rehydration, slides were subject to high pH antigen retrieval (10 

mmol/L EDTA buffer; pH 9.0), followed by 3% hydrogen peroxide, blocking in 1.5% NGS, and 

blocking with avidin-biotin block (SP-2001, Vector Laboratories). Slides were then incubated 

diluted primary antibody for 60 minutes followed by incubation with biotinylated 

linking IgG rabbit secondary antibody, 20 minutes, then detection with avidin-biotin complex 

(Vector Laboratories) for 20 minutes and DAB substrate (3,3-diaminobenzidine; SK-4100, 

Vector Laboratories) for 10 minutes. Counterstaining utilized hematoxylin. 

 

Bioinformatics analyses 

Data mining 

Data mining was used to analyze raw data of patients of different types of cancer. More 

specifically, RNAseq data was downloaded from the publicly available R2 Genomics Analysis 

and Visualization Platform (R2: Genomics Analysis and Visualization Platform (amc.nl)) and 

analyzed in GraphPad Prism.   

 

Table 2. 3: R2 data sets analyzed in this project 

Matched data sets Source Unmatched data sets Source 

Hepatocellular carcinoma GSE54236 Mixed stomach adenocarcinoma TCGA 

Prostate cancer GSE70768 Mixed colon adenocarcinoma TCGA 

Clear cell renal cell 

carcinoma 
GSE53757 Mixed lung adenocarcinoma TCGA 

Colorectal adenoma GSE8671 Mixed breast TCGA 

 

Phylogenetic tree analysis 

A phylogenetic analysis was performed using MEGA11 [79] with groups of sequences for each 

human PHM family (PGM1, PGM2, PGM2L1, PGM3, PGM5) member to show the 

https://hgserver1.amc.nl/cgi-bin/r2/main.cgi?open_page=login
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evolutionary relationships among these proteins. Protein sequences were obtained using the 

NCBI blast sequence alignment tool with maximum target sequences set to 50. Hypothetical, 

predicted, and repeating sequences were excluded for the analysis.  

 

Statistical analyses 

Unpaired Studentôs t test was performed to compare the means of two different groups. Paired T 

test was performed when comparing the same groups with different conditions. To compare the 

means of each group for experiments involving three or more groups, one-way ANOVA was 

used with Tukey post-test. All comparisons were considered significant at *p < 0.05. Statistical 

analyses were carried out using GraphPad Prism.  
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2.5 Figures  

 

Figure 2.1. Bioinformatic analysis of TCGA database shows a decrease of PGM5 mRNA levels in 

HCC compared to normal adjacent tissue 

(A) PGM5 mRNA expression levels from the TCGA database LIHC were analyzed with mRNA levels of 

tumor tissue compared to normal adjacent tissue. Means of biological replicates (N = 48) were compared 

using a paired studentôs t-test and expressed as mean Ñ SEM. (B) Regression analysis was conducted for 

the probability of survival of patients versus PGM5 mRNA levels from the same database. Pearsonôs 

correlation coefficient was calculated. Significance was considered at value of *p < 0.05.  
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Figure 2.2. Bioinformatic analyses of different types of tumors 

(A) Datasets of patient-matched biopsies comparing PGM5 mRNA levels in tumor versus normal 

adjacent tissue. (B) Datasets of non-matched patient biopsies. PGM5 mRNA levels were found to be 

significantly lower in all normal tissues compared to tumor tissue for all analyzed datasets. Means of 

biological replicates were compared using a paired studentôs t-test (A) and unpaired studentôs t-test (B). 

Data represent mean Ñ SEM with significance considered at a value of *p < 0.05, ****p < 0.0001.  HCC 

= Hepatocellular carcinoma, PCa = prostate cancer, ccRCC = clear-cell renal-cell carcinoma, CA = 

colorectal adenoma, LUAD = lung adenocarcinoma, BC = breast cancer, STAD = stomach 

adenocarcinoma, COAD = colon adenocarcinoma. 
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Figure 2.3. Immunohistochemistry analysis of human HCC patient samples shows reduction of 

PGM5 protein 

Representative images of biopsy samples for three different patients subjected to immunohistochemistry 

(IHC) staining to assess PGM5 protein levels in tumor tissue and healthy adjacent tissues. High power 

images of healthy adjacent tissues (left panels) show PGM5 staining in the smooth muscle cells 

surrounding the arteries and veins of healthy blood vessels. Low power images of healthy adjacent versus 

HCC tissues (center and right panels, respectively) show lower PGM5 protein levels in HCC tumors. 

Numbers on the left represent patient number and scale bars for all images represent 100 µm. Arrows 

highlight the following: blue = arteries, red = veins, green = hepatocytes. 
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Figure 2. 4: Western blot analysis of human HCC patient samples shows decreased levels of PGM5 

and PGM1 

(A) Western blot analysis of PGM5 in healthy versus HCC tissues matched to the same patient. (B) 

PGM1 protein levels were assessed for the same samples. Vinculin was used as loading control. Means of 

biological replicates (N = 5) were compared using a paired studentôs t-test. Data represent mean Ñ SEM 

and significance was considered at a value of *p < 0.05.  
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Figure 2. 5: Western blot analysis of human HCC patient biopsies shows HSP70 is not significantly 

changed from healthy adjacent tissue 

(A) HSP70 protein levels were assessed in patient biopsy samples of HCC using Western blot analysis. 

(B) Densitometry of HSP70 normalized to vinculin shows no significant change in levels of HSP70 in 

tumor tissue compared to normal adjacent issue. Vinculin was used as loading control. Means of 

biological replicates (N = 5) were compared using a paired studentôs t-test and expressed as mean Ñ SEM. 

A p value of *p < 0.05 is considered significant.  
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Figure 2. 6: Immunohistochemistry analysis of different types of cancer 

  

Patient biopsy samples were 

subject to 

immunohistochemistry staining 

to assess PGM5 protein levels 

in tumor tissue and healthy 

adjacent tissues. In healthy 

adjacent tissues, PGM5 

staining is detected in the 

smooth muscle cells of the 

walls of hollow organs as seen 

in the colon, walls of 

passageways including arteries 

and veins as seen as in the lung 

and breast, as well as in the 

healthy smooth muscle tissue 

within the structure of the 

prostate. PGM5 was also 

detected in the healthy adjacent 

skeletal tissue of sarcoma 

patients. In adjacent tumor 

tissue, we detected a decrease 

in PGM5 protein levels of all 

analyzed samples.  

Scale bars for all images 

represent 100 Õm. 
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Figure 2. 7: PGM5 protein levels are decreased in two different HCC mouse models 

(A) HCC in FVB mouse liver was induced by combining hydrodynamic injections and Sleeping Beauty-

mediated somatic integration as previously described [32]. (B) Liver tissue from healthy controls and the 

two different HCC models were analyzed by Western blot for PGM5 levels. (C) PGM1 protein levels 

were assessed for the same samples. Densitometry results are shown on the right. Vinculin was used as 

loading control. Means of biological replicates (N = 4) were compared using a one-way ANOVA with 

Tukey post-test. Data represent mean Ñ SEM and significance was considered at a value of *p < 0.05. 

Those groups with means that differed from other groups are represented by different letters. 
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Figure 2. 8: Sleeping Beauty-mediated somatic integration for long-term gene expression of AKT/N-

Ras induces HCC in female C57BL/6 mice 

(A) HCC tumors in female C57BL/6 were induced by hydrodynamic tail vein injections of AKT and N-

Ras plasmids for Sleeping Beauty-mediated somatic integration as previously described [32]. A volume 

equivalent to 10% of body weight of saline containing AKT/N-Ras transgenes in a Sleeping Beauty 

plasmid was injected into the tail vein in ~7 seconds. Tumors were harvested at three-, four- and five-

weeks post induction. (B) Liver mass significantly increased with tumor progression. (C) Representative 

pictures of a healthy control liver (CTRL) and tumors are three-, four- and five-weeks post HCC 

induction. Means of biological replicates (N = 3) were compared using a one-way ANOVA with Tukey 

post-test, and expressed as mean Ñ SEM. A p value of *p < 0.05 was considered significant.  
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Figure 2. 9: Sleeping Beauty-mediated somatic integration for long-term gene expression of AKT/N-

Ras induces HCC in male C57BL/6 mice 

(A) HCC tumors in male C57BL/6 were induced by hydrodynamic injections of plasmids for Sleeping 

Beauty-mediated somatic integration as previously described [32]. A volume equivalent to 10% of body 

weight of saline containing AKT/N-Ras transgenes in a Sleeping Beauty plasmid was injected into the tail 

vein in ~7 seconds. Tumors were harvested at three-, four- and five-weeks post induction. (B) Liver mass 

significantly increased with tumor progression. (C) Representative pictures of a healthy control liver 

(CTRL) and tumors at three-, four- and five-weeks post HCC induction. Means of biological replicates (N 

= 3) were compared using a one-way ANOVA with Tukey post-test, and expressed as mean Ñ SEM. A p 

value of *p < 0.05 was considered significant.  
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Figure 2. 10: PGM5 protein levels are decreased in a time-dependent manner following HCC 

induction in C57BL/6 male and female mice 

(A) PGM5 protein levels were assessed in male C57BL/6 mice during HCC progression. Tumors were 

harvested at three-, four-, and five weeks and compared to healthy liver (CTRL) using Western blot 

analysis. (B) PGM5 levels decreased in tumors over time compared to healthy control livers and showed 

significant decrease at five weeks post HCC induction. (C) PGM5 protein levels were assessed in female 

C57BL/6 mice induced with HCC. Tumors were harvested at three-, four-, and five weeks and 

compared to healthy liver (CTRL) using Western blot analysis. (D) PGM5 levels significantly decreased 

as early as three weeks post HCC induction compared to healthy control livers. Means of biological 

replicates (N = 3) were compared using a one-way ANOVA with Tukey post-test, and expressed as mean 

Ñ SEM. A p value of *p < 0.05 was considered significant.  
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Figure 2. 11: Correlation of PGM5 protein levels with HCC progression 

Regression analysis was performed to determine a potential relationship between PGM5 protein levels 

and HCC progression in female and male mice. A Pearsson correlation analysis of N = 24 was performed 

using GraphPad Prism with a value of *p < 0.05 considered significant. 
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Figure 2. 12: PGM1 protein levels are decreased in a time-dependent manner as HCC progresses in 

C57BL/6 mice 

(A) PGM1 protein levels were assessed in male C57BL/6 mice as HCC progressed. Tumors were 

harvested at three-, four-, and five weeks and compared to healthy liver (CTRL) using Western blot 

analysis. (B) Densitometry showed that PGM1 levels decreased in tumors over time compared to healthy 

control livers (CTRL) and showed significant decrease at four- and five-weeks post HCC induction. (C) 

PGM1 protein levels were assessed in female C57BL/6 mice as HCC progressed. Tumors were 

harvested at three-, four-, and five weeks and compared to healthy liver (CTRL) using Western blot 

analysis. (D) PGM1 levels decreased overtime and showed significant reduction at five weeks post HCC 

induction compared to healthy control livers (CTRL). Means of biological replicates (N = 3) were 

compared using a one-way ANOVA with Tukey post-test, and expressed as mean Ñ SEM. A p value of *p 

< 0.05 was considered significant.  
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Figure 2. 13: The liver architecture completely changes during HCC development and shows 

relocalization of PGM5 during this process 

(A) Immunohistochemistry staining of PGM5 in healthy liver (CTRL) and tumor livers at three., four-, 

and five weeks post HCC induction in male C57BL/6 mice. (B) Immunohistochemistry staining of PGM5 

in healthy liver (CTRL) and tumor livers at three, four-, and five weeks post HCC induction in female 

C57BL/6 mice. During the formation of HCC in the liver, the normal architecture of the liver is disrupted 

and becomes disorganized over time. PGM5 levels decrease, likely due to the loss of organized 

vasculature and thus, the portal triads. After five weeks of tumor formation, there is no more healthy liver 

tissue left, and the liver is filled with nodules, that are enriched with PGM5. Scale bars for all images 

represent 100 µm.  
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Figure 2. 14: PGM5 relocates to bile duct-enriched clusters 

Immunohistochemistry staining of adjacent tissue sections of HCC livers at five weeks post HCC 

induction using Hematoxylin and Eosin (H&E), a-smooth muscle actin (ASMA), cytokeratin 7 (CK7) 

and Phosphoglucomutase 5 (PGM5) shows that PGM5 colocalizes with CK7. Scale bars for all images 

represent 100 µm.  
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Chapter 3: In vivo overexpression/deletion of PGM5 related to tumor size  

3.1 Introduction 

Understanding the molecular and cellular changes that are associated with tumor growth and 

progression are of the upmost significance when it comes to the development of new therapies 

and to finding new prognostic biomarkers. This is particularly important hepatocellular 

carcinoma (HCC), which is one of the leading causes of cancer-related death worldwide and the 

most common subtype of liver cancer [200]. Several strategies for early-stage diagnosis and 

identification of potential therapeutic targets have been developed for clinical management HCC, 

although effective treatment for blocking the progression of HCC has yet to be fully realized [27, 

153]. A point of emphasis has been the early-stage diagnosis of HCC through biomarkers such as 

exosomes (also termed extracellular vesicles), which are nano-scale membrane vesicles derived 

from nearly all types of cells and are distributed in various body liquids and organs [187]. The 

advantages of targeting exosomes is that these biomarkers may be accessible through blood 

withdrawal instead of the more invasive liver biopsy approach. While having some advantages, 

the field of exosome biomarkers for HCC has yet to be effectively utilized and studies focused 

on those proteins within the liver that are altered during HCC onset and progression continue to 

be carried out [187]. 

One family of proteins that may offer potential diagnostic and therapeutic value includes the Ŭ-

D-phosphohexomutase (PHM) family of proteins. In particular, PGM5 is an enigmatic protein 

that has consistently been found to decrease at the level of mRNA [241]. As described in the 

previous chapter of this thesis, we found that PGM5 protein decreased using human biopsy 

samples as well as mouse models of HCC. To better understand if decreased PGM5 is necessary 

in order for the cancer cells to proliferate, or if it is a common side effect, new mouse models ae 

required. In particular, inducible mouse models involving transgenic expression of PGM5 would 

allow the overexpression of this protein from a transgene that overcomes the reduced PGM5 

protein levels from the endogenous gene. 
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To this end, we have generated a transgenic mouse model that overexpresses PGM5 in the 

context of doxycycline (DOX). This system utilizes the Tet-On system that was developed in 

1995 by Gossen et al. to allow the controlled activation of gene expression by DOX [72]. 

Expression of these genes is controlled by a regulatory region consisting of one promoter PA for 

tetA, and two overlapping promoters PR (PR1 and PR2) for tetR, and the tandem operators 01 

and 02 located between tetA and tetR. In the absence of Tc, TetR forms a dimer and binds to O1 

and O2.  When Tc enters the outer membrane, it forms a [tc Ŀ Mg]+ complex, that then binds to 

the TetR-O1-O2 complex causing a conformational change and subsequent dissociation, thus 

enabling transcription of tetR and tetA. Tc is then pumped out of the cell [86]. In the Tet-Off 

system, a Tc-controlled transactivator (tTA) binds to a tetracycline-responsive promoter element 

(TRE) in the absence of Tc or DOX, thus activating transcription of the target gene. When Tc or 

DOX are presence, tTA cannot bind to the TRE, and transcription is inhibited. The tTA was 

generated by fusing the TetR with the activating domain of virion protein 16 (VP16) of herpes 

simplex virus. The TRE was generated by fusing IE, a minimal promoter sequence from 

cytomegalovirus with tet operator sequences [71]. In the Tet-On system, the TetR was mutated 

by changing four amino acids, then fused with VP16 transactivation domain to generate a reverse 

transactivator (rtTA). Unlike tTA, rtTA binds to TRE in the presence of DOX, and is unable to 

bind in the absence of DOX, thus, allowing for transcriptional activation [72].  

This background information leads us to the subject covered by this chapter, which is the 

description of the process used in this project to generate transgenic iPGM5 mice, as well as our 

attempt to determine the in vivo effects of PGM5 overexpression on HCC formation, tumor 

progression and angiogenesis. We show that overexpression of PGM5 reduces tumor size in vivo 

in female mice, although there are issues regarding varied expression of induced PGM5 and 

óleakinessô of the transgene promoter. Smaller tumor sizes correlated to a decrease in 

angiogenesis. However, Western blot analysis did not confirm higher levels of PGM5 in these 

transgenic mice, which is why this model may not be considered feasible for these studies.  

Moreover, we show that knocking out PGM5 in the whole animal did not result in embryonic 

lethality, and that KO mice induced with HCC did not show differences in tumor mass compared 

to WT mice. 
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3.2 Results 

3.2.1 Generation of a novel transgenic iPGM5 mouse line 

PGM5 transgene was successfully cloned into an expression vector 

When considering restriction enzyme-based cloning, the selection of restriction enzyme is very 

important. This ultimately depends on the DNA sequences of both, target gene, and expression 

vector. We chose an expression vector (pENTR Lat1 Upregulation Plasmid) previously designed 

for another project (unpublished) containing the desired backbone including Luciferase reporter 

gene, Ampicillin resistance gene, as well as components of the Tet-On system.  

In order to cut out the gene present inside the vector and to insert our protein of interest (PGM5), 

we chose restriction enzymes (I-SceI and FseI) that only had one recognition site within the 

vector, specifically cutting out the gene present in the plasmid without interrupting any other 

sequences. The murine PGM5 sequence was obtained from Origene in an expression vector 

(NM_175013) and PCR amplified using specific primers containing a recognition site for the 

restriction enzyme I-SceI (see Material and Methods). FseI was already present within the 

sequence (see Figure 3.1). A double digest using both restriction enzymes was performed for 

both, the expression vector and the amplified PCR product of our gene of interest. Subsequently, 

the digested products were run on an agarose gel to confirm the right sizes (see Figure 3.1). The 

bigger band of the expression vector containing the desired backbone (7376 bp) was cut out of 

the gel and purified. The PGM5 digest (1767 bp) was cleaned up. Next, a ligation reaction was 

carried out using T4 DNA Ligase in order to clone the PGM5 gene into the expression vector, 

resulting in the intermediate plasmid. 

After ligation, the intermediate plasmid was transformed into competent Escherichia coli (E. 

coli) and grown on agarose plates containing ampicillin. Clones were picked from the plate and a 

colony PCR was performed. PCR positive clones were furthermore expanded overnight in LB 

broth, and DNA was isolated the next day.  

In order to confirm a successful ligation and DNA isolation of our intermediate plasmid, the 

resulting expression vector was digested with the restriction enzyme BsrGI. For the next steps, 

the plasmid with right digestion pattern was used (see Figure 3.2)  
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The promoter was changed to allow expression in the whole animal 

The intermediate plasmid constructed in the first part contained a different promoter than 

ultimately desired. In order to express our transgene in the whole animal, a CMV promoter was 

chosen. The human cytomegalovirus (CMV) immediate-early enhancer and promoter is a widely 

used promoter in transgenesis due to its strong activity and ability to drive constitutive 

expression in a wide range of tissue types and cells [20, 59].  

We used a plasmid previously designed and published in our laboratory (pENTR EPT1) [127] 

that contains a CMV promoter. Restriction enzymes (MluI and XbaI) that specifically cut out the 

undesired promoter, along with rtTA of the Tet-On system, of the intermediate plasmid as well as 

the desired promoter and rtTA in the EPT1 plasmid were chosen. Single digests of both plasmids 

were performed overnight, followed by clean-up of the digestion product and restriction digest 

with the second restriction enzyme overnight. Subsequently, the digested products were run on 

an agarose gel to confirm the right sizes. The bigger band of the intermediate expression vector 

containing the desired backbone was cut out of the gel and purified, as well as the smaller band 

of the pENTR EPT1 plasmid containing the desired CMV promoter was cut out. Next, a ligation 

reaction was carried out in order to clone the CMV promoter into the intermediate expression 

vector, resulting in the pENTR PGM5 plasmid. The plasmid was transformed into competent E. 

coli, grown overnight, and subsequently plasmid DNA was isolated. This vector can already be 

used for transient transfections. In order to confirm a successful ligation, the resulting pENTR 

PGM5 expression vector was digested with the restriction enzyme I-SceI (see Figure 3.4). 
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Sanger sequencing of pENTR PGM5 

Sanger sequencing is a technique that is based on the natural DNA replication mechanism and is 

a standard method used to determine the DNA sequence of recombinant plasmids. Different to 

DNA synthesis within the cells, Sanger sequencing makes use of dideoxynucleotide 

triphosphates (ddNTPs: ddATP, ddGTP, ddCTP, ddTTP), that are unable to bind more 

nucleotides, resulting in the termination of synthesis. Depending on when a ddNTP was 

incorporated, Sanger sequencing results in DNA fragments of different lengths. Aligning of those 

sequences ultimately will reveal the whole DNA sequence [178]. High-quality reads are typically 

provided after the first 15-40 nucleotides up to 800-1,000 nucleotides [37].  

Sanger sequencing was performed by the Advanced Studies in Genomics, Proteomics and 

Bioinformatics (ASGPB) core at University of Hawaiôi at Manoa. Five different sequencing 

primers within the PM5 open reading frame were designed using Integrated DNA Technologies 

(IDT) PrimerQuestÊ Tool. We chose primers that were about 500 base pairs apart from each 

other resulting in overlapping sequences. Sequences were then aligned with the pENTR PGM5 

plasmid sequence using SnapGene. Our results confirm that the pENTR PGM5 expression 

plasmid contained the intact murine PGM5 gene sequence (see Figure 3.5). 

 

Transfection of cells with pENTR PGM5 

We used the pENTR PGM5 expression plasmid for a transient transfection of HEK293 cells to 

validate that the transgene will be expressed along with the reporter gene luciferase. HEK293 

cells are easily transfectable cells, which makes them the perfect choice to validate the 

functionality of our vector. Lipofectamine has been proven to be very efficient in transfection 

HEK293 cells, while resulting in low cytotoxicity [186]. Cells were grown in 6-well plates until 

confluency was reached. Then, cells were transfected with pENTR PGM5 using Lipofectamine 

3000. The next day, transgene expression was induced by adding 2 ug/mL of DOX or PBS 

vehicle control to the culture media. The next day, cells were scanned using IVIS Lumina 

machine by adding 100 uL of luciferin into the media. Cells previously treated with DOX 

showed luciferase expression, whereas cells treated with PBS control did not show any signal, 

confirming that the pENTR PGM5 plasmid worked as designed (see Figure 3.8). 
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Making a pGENIE PGM5 plasmid for stable transfection 

Inserting a large DNA sequence into the mouse genome can be challenging. With the help of a 

hyperactive self-inactivating piggyBac in combination with transposase-enhanced pronuclear 

microinjection (PNI), this challenge can be addressed [132]. Here, we have used the 

pmhyGENIE-3 plasmid encoding for the hyperactive self-inactivating piggyBac and combined it 

with our pENTR PGM5 expression plasmid using a LR Clonase reaction (see Figure 3.6). 

The LR Clonase reaction is a technique used for cloning a DNA fragment into a destination 

vector, here, to combine two plasmids. To use this technique, specific sequences must be present 

in both plasmids, attL and attR sites. These sites contain core recognition regions of 25 bp 

containing a 7 bp sequence where the DNA is cut and rejoined [174]. Here, we have designed the 

pENTR PGM5 plasmid to contain attL (attL1 and attL2) sites. The pmhyGENIE-3 plasmid 

contained attR (aTTR1 and aTTR2) sites. In the LR Clonase reaction, attL sites of the entry 

vector are recombined with the attR sites of the destination vector resulting in the final 

expression clone with attB and attP sites [174]. The resulting pmhyGENIE-3 PGM5 plasmid was 

then transformed into competent E. coli and grown on an agar plate overnight, containing 

ampicillin for selection. Positive colonies were further expanded and DNA isolated. Different 

restriction enzymes (BsrGI, BglII, XbaI, HindIII) were used to confirm that the LR reaction 

worked and the plasmid we isolated was correct (see Figure 3.7). 

 

Stable transfection of pGENIE PGM5 

Before using the pmhyGENIE-3 PGM5 plasmids in animals, we transfected SNU449 cells to test 

expression levels in different colonies. Therefore, SNU449 cells were transfected using 

lipofectamine 3000 (ThermoFisher Scientific). To obtain homogenous colonies, the transfected 

cells were single sorted using FACSaria (BD Biosciences) into 96-well plates 24 hours post 

transfection. Cells were sained with 7-Aminoactinomycin D (7-AAD), to distinguish between 

live and dead cells. Dead or damaged cells allow 7-AAD to enter the cell membrane and stain 

their DNA, resulting in a red fluorescence signal [240]. This allowed for sorting of live cells 

only. After about three weeks post-sorting, clones that survived the sorting process were screened 

for transgene expression by adding 2 ɛg/mL of DOX into the culture media. 48hrs later, a total 

volume of 100 ɛL of Luciferin was added to the media and Luciferase expression was detected 
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using the IVIS Lumina machine (Perkin Elmer) that can detect bioluminescence. Luciferase-

positive clones were subcultured into larger culture dishes using trypsin, and their growth was 

subsequently expanded. Western blot analysis was performed to check for expression levels of 

PGM5 in these clones. The exact number of copies was not determined in these colonies. Based 

on the different expression levels of PGM5, we can assume for different numbers of transgene 

(see Figure 3.9).  

 

Generating transgenic iPGM5 mice using transposase-enhanced pronuclear microinjection 

In collaboration with the Institute for Biogenesis Research Transgenic Mouse Core at the 

University of Hawaiôi at MǕnoa, transposon-enhanced pronuclear injection (te-PNI) was 

performed to generate a stable DOX-inducible PGM5 (iPGM5) mouse line (see Figure 3.10).  

Pronuclear microinjection (PNI) is a technique by which linear transgenic DNA is inserted into 

the male pronucleus of a zygote. It was first used in 1980 in mice with a low success rate [70], 

and in 1985 to generate transgenic rabbits and pigs [80]. Transposon-enhanced pronuclear 

injection (te-PNI) is a technique that has been shown to be more successful in integrating foreign 

DNA into the mice genome compared to traditional PNI It combines PNI with the piggyBac 

transposase as a more efficient tool for genome editing [132]. The newest pmhyGENIE-3 

plasmid developed for this technique, and used for this project, contains features that aid in this 

successful integration: a SV40 enhancer sequence that facilitates transfer of DNA from 

cytoplasm to nucleus [41, 213], and a hyperactive piggyBac gene [239].   

To introduce the transgene into the male pronucleus of a zygote, several steps need to be 

performed. First, superovulation of a four-week-old female mouse is achieved by injecting the 

hormone pregnant mare serum gonadotrophin (PMSG) intraperitoneally four days before the day 

of microinjection and the hormone human chorionic gonadotrophin (hCG) one day prior to 

microinjection. The female mouse is then being mated with a stud male. Fertilized embryos 

containing a pronucleus are harvested and used for PNI [43]. First, the injection pipette is 

penetrated into the zona pellucida of a one-cell embryo by applying a Piezo pulse. Then, another 

Piezo pulse causes the penetration of the pipette tip through the male pronuclear membrane, 

where the DNA is ultimately inserted, followed by ejecting of the pipette tip [132].  Lastly, the 
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embryo is transferred into a pseudopregnant mouse, which is a female mouse previously mated 

with a vasectomized male, which triggers a neuroendocrine reflex in the female mouse that 

causes the development of the uterus and for embryo implantation five days after mating [43]. 

The number of transgenes was determined using a TaqMan Copy Number Assay. To confirm 

transgene-carrying mice, 5µg/g DOX was injected intraperitoneally. 24 ï 48 hours later, 100 ɛL 

Luciferin was injected intraperitoneally and luciferase activity was measured using the IVIS 

machine. Only mice with the transgene showed luciferase activity (see Figure 3.10). In order to 

see if the transgene was inserted into the germline of the mice, positive mice were furthermore 

mated, and offspring analyzed. Positive offspring showed germline transfection of parent 

generation. 
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3.2.2 In vitro and in vivo overexpression of PGM5 

Overexpression of PGM5 in SNU449 cells does not affect proliferation in vitro 

Several studies have shown that PGM5 is downregulated in different cancer cells and that 

overexpression of PGM5 inhibited proliferation, invasion, and migration of cancer cell lines, 

whereas silencing of PGM5 showed opposite effects [199]. 

In order to investigate whether PGM5 overexpression could decrease the proliferation of HCC 

cells in vitro, stable cell lines overexpressing PGM5 under the control of DOX were generated 

(See Figure 2.9). PGM5 overexpression was induced, and cell proliferation was monitored over 

the course of four days. PGM5 overexpression was shown to have no effect on proliferation of 

these cancer cells (see Figure 3.11). 

 

In vivo PGM5 Overexpression reduces HCC formation and progression in female iPGM5 

mice 

To determine the role of PGM5 in HCC formation and progression in vivo, we used our 

transgenic mouse line (iPGM5) that induces PGM5 overexpression under the control of a DOX-

inducible TRE3G promoter as extensively described previously.  

PGM5 overexpression was induced every 48 hours by injecting DOX intraperitoneally following 

HCC induction via hydrodynamic tail vein injection as previously described [32], for a total 

period of five weeks. Since our iPGM5 mice without DOX treatment showed some leakiness 

(see Figure 3.10.), we decided to add WT mice as control groups. Mice were given DOX or PBS 

for vehicle controls. Three mice per group per sex were included in these studies for females, 

four mice per group for males.  

DOX treatment alone showed a reduction of the tumor size in females in our control groups, 

which was previously reported in another study of HCC [135]. In females, combination of DOX 

treatment and overexpression of PGM5 reduced the tumor size even more (see Figure 3.12). 

However, Western blot analysis did not confirm higher levels of PGM5 in tumors of iPGM5 

mice treated with DOX (see figure 3.13). In males, HCC induction was more challenging 

compared to females and therefore, results show inconsistency, and no conclusions about a 

potential effect of PGM5 on tumor size could be made (See figure 3.14). This is because larger 
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and heavier mice need higher volume and speed of injection. Therefore, injections into female 

mice usually result in less variability in tumor volume compared to male mice that are typically 

larger and require more volume. 

 

The degree of tumor vascularization positively correlates with the tumor size 

PGM5 is a marker for differentiated smooth muscle cells, and PGM5 levels decrease when 

smooth muscle cells start proliferating [141]. Patients with advanced HCC are characterized by 

harboring two types of blood vessels ï differentiated and undifferentiated [180].  

In order to investigate whether PGM5 downregulation is a required step for HCC to quickly 

progress and promote angiogenesis, a process that requires the proliferation of smooth muscle 

cells, we measured changes in angiogenesis in vivo in WT control mice and iPGM5 mice at five 

weeks post HCC induction. We found that the degree of tumor vascularization positively 

correlates with the tumor size (See Figure 3.15 and 3.16).  

 

3.2.3 In vivo deletion of PGM5 

In vivo PGM5 deletion does not interfere with HCC formation and progression 

In order to investigate whether deletion of PGM5 will affect HCC development and progression, 

we generated a whole animal PGM5 knock out (KO) mouse by flanking exon 2 of the PGM5 

gene and crossing it with a non-tissue-specific CMV-Cre mouse line (see Figure 3.17).  

PGM5 KO mice were subject to HCC induction via hydrodynamic tail vein injection as 

previously described [32]. After a total period of five weeks, tumor livers were harvested and 

compared to WT mice. No differences in tumor mass were observed (see Figure 3.18).   
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3.3 Discussion 

The downregulation of PGM5 in cancerous tissues, as observed at both the mRNA and protein 

levels, raises compelling questions about its role in the pathogenesis of HCC [30, 96, 168, 198, 

199].  

In order to investigate the role of PGM5 in HCC carcinogenesis, we engineered a mouse 

(iPGM5) containing a transgene encoding PGM5 in the context of a Tet-on CMV promoter, and 

the transposed cassette also containing a DOX-inducible luciferase reporter gene. We have 

generated litter of iPGM5 mice and confirmed the presence of germline transmission of the 

transgene. Cancer formation in the mouse liver of these iPGM5 mice was induced by combining 

hydrodynamic injections and Sleeping Beauty-mediated somatic integration of the oncogenes 

AKT and N-Ras, as previously described [32].  

Our findings reveal that PGM5 overexpression correlates with reduced tumor size and 

angiogenesis in female mice, suggesting a suppressive effect on cancer progression. However, 

the technical challenges associated with hydrodynamic tail vein injections have introduced 

variability in the results, particularly observed in male mice. This variability, alongside the 

absence of increased PGM5 levels in DOX-treated iPGM5 mice, indicates that global 

overexpression may not be the optimal approach to elucidate PGM5ôs role in cancer 

development. Furthermore, DOX alone has shown to have anti-cancer and anti-angiogenic 

effects [12, 64, 135], contributing to more variability in this model.  

Furthermore, we successfully generated a whole animal PGM5 KO mouse line, by flanking exon 

2 of the PGM5 gene with loxP sites and crossing these mice with CMV-cre positive mice. These 

mice were subject to HCC induction via hydrodynamic injections and Sleeping Beauty-mediated 

somatic integration as previously described [32]. Knocking out PGM5 in the whole animal did 

not show any significant changes in tumor size compared to WT mice.  

This outcome, combined with the variability in the overexpression model, leaves PGM5ôs direct 

involvement in tumorigenesis ambiguous. Nonetheless, the consistent decrease in PGM5 levels 

in cancerous tissues positions it as a valuable prognostic biomarker. 
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The data presented herein not only contribute to the arising literature on PGM5 but also highlight 

the complexities of modeling cancer-related genes in vivo. The sex-specific differences observed 

need further investigation to understand the interplay between PGM5 expression and hormonal 

influences on cancer biology. Additionally, refining the delivery method for inducing cancer 

formation may provide more consistent results and clearer insights into PGM5ôs mechanistic 

role. 

Future research should focus on developing targeted PGM5 expression models that more 

accurately reflect the localized nature of cancer development. Such models could offer a clearer 

picture of PGM5ôs influence on cellular processes within the tumor microenvironment. 

Moreover, expanding the scope of research to include other cancer types where PGM5 

downregulation has been observed may validate its utility as a universal biomarker and uncover 

potential therapeutic targets. 
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3.4 Material and methods 

iPGM5 mice generation 

Restriction enzyme digestion  

Plasmids and/or PCR products were digested overnight at 37ÁC in a 50 ÕL reaction containing 1 

ÕL of the specific restriction enzyme (see table below), 5 ÕL of enzyme-specific buffer, and 1 Õg 

of DNA.  

 

Table 3. 1: Restriction enzymes 

Restriction enzyme Buffer (10X) 

I-SceI (R0694) rCutSmart Buffer 

FseI (R0588) rCutSmart Buffer 

MluI (R0198) NEBuffer r3.1 

XbaI (R0145) rCutSmart Buffer 

BsrGI (R0575) NEBuffer r2.1 

BglII (R0144) NEBuffer r3.1 

HindIII (R0104) NEBuffer r2.1 

 

DNA clean up 

E.Z.N.A.È Cycle Pure Kit (Omega Bio-Tek) was used to clean up restriction digests and PCR 

products before being used for ligation.  

 

Gel extraction  

MonarchÈ DNA Gel Extraction Kit (New England BioLabs Inc.) was used to cut out and clean 

up the DNA fragments from the agarose gel after the restriction enzyme digests.  

 

 



 

тр 
 

T4 igation 

Ligation was carried out overnight at 16ÁC. Therefore, a 20 ÕL reaction was prepared, including 

1 ÕL of T4 DNA Ligase, 2 ÕL of T4 DNA Ligase Buffer, and specific amounts of DNA 

construct, determined based on DNA sizes (see table below).  

 

Table 3. 2: First ligation reaction 

 Lat1 backbone PGM5 PCR product 

Reaction 1 91 ng 66 ng 

 

Table 3. 3: Second ligation reaction 

 PGM5 Up Step 1 (Intermediate) 

backbone 

EPT1 promoter 

Reaction 2 92 ng 65 ng 

 

 

LR Clonase reaction 

Clonase reaction was carried out for 1 hour at RT in a total volume of 5 ÕL TE buffer (pH = 8) 

containing 1 ÕL of LR Clonase II enzyme mix (ThermoFisher), as well as 75 ng of both plasmids 

(see table below). 

 

Table 3. 4: LR Clonase reaction 

 pENTR PGM5 pmhyGENIE-3 

Clonase Reaction 75 ng 75 ng 
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Transformation 

After ligation/LR reaction was carried out, DNA was placed on ice and 1 ɛl was transformed into 

50 ɛl competent cells. Therefore, the reaction was placed on ice for 30 mins, followed by heat 

shock transformation for 30 sec at 42ÁC, followed by another 2 mins incubation on ice. A total 

volume of 250 uL LB broth without antibiotics was added to the cells, and cells were shaken for 

1 hour at 37ÁC.  Then, bacteria was added to agar plates, and colonies were grown overnight at 

37ÁC.  

 

Mini/maxi prep 

E.Z.N.A.È Endo-Free Plasmid DNA Midi Kit (Omega Bio-Tek) was used to purify intermediate 

plasmids from 30 mL of overnight cultures.   

ZymoPURE Plasmid Miniprep Kit (Zymo Research) was used to isolate the final expression 

vectors used in our experiments (pENTR PGM5, pGENIE PGM5) since it purifies ultra-pure 

endotoxin-free plasmid DNA.  

 

PCR 

PGM5 amplification 

In order to add the restriction enzyme recognition site for ISceI, primers containing the sequence 

TAGGGATAACAGGGTAAT were designed as follows: 

Table 3. 5: PGM5 amplification PCR primers 

Primer Sequence 

PGM5 ISceI 

forward 
5ô-CTTTGGCCGGCCTTTTTCAGGTGATGACGGTGGGTCCTCT-3ô 

PGM5 ISceI 

reverse 

5ô-

TGAATATAGGGATAACAGGGTAATATGGACTAGATCCGGTACCGAGGAGAT-

3ô 
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10X Taq Buffer with KCl and Taq DNA Polymerase (ThermoFisher Scientific, EP0401) was 

used. The PCR reaction was as followed:  

 

Table 3. 6: PCR conditions 

Time Temperature [ÁC] 

2 min 95 

30 sec 95 

35 Cycles 30 sec 63 

45 sec 72 

5 min 72 

Ð 4 

 

Colony PCR 

24 colonies were picked with a pipette tip from the overnight culture and dipped straight into the 

PCR tubes containing master mix. 5X GoTaqÈ Green and Colorless Reaction Buffer supplied 

with GoTaqÈ DNA Polymerase containing MgCl2 (Promega, M3001) was used.  

 

Table 3. 7: Colony PCR primers 

Primer Sequence 

PGM5 seq 

4F 
5ô-GCACTGGGTCTGATCACCTC-5ô 

PGM5 

reverse 
5ô-CTGACGGAAATATGGAATGCAAG-3ô 
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The PCR reaction was as followed:  

Table 3. 8: PCR conditions for colony PCR 

Time Temperature [ÁC] 

2 min 95 

30 sec 95 

28 Cycles 30 sec 58 

45 sec 72 

5 min 72 

Ð 4 

 

 

Sanger Sequencing 

Sanger sequencing was carried out by the Advanced Studies in Genomics, Proteomics and 

Bioinformatics (ASGPB) core at University of Hawaiôi at Manoa using the following sequencing 

primers: 

Table 3. 9: pENTR PGM5 sequencing primers 

Primer Sequence 

PGM5 seq 1F 5ô-ACATGTGTTTAGTCGAGGTTAAA-3ô 

PGM5 seq 2F 5ô-CAGAGTGTGCTGTCGTCCAT-3ô 

PGM5 seq 3F 5ô-GAGTTTGCTGACAGGACCCA-3ô 

PGM5 seq 4F 5ô-GCACTGGGTCTGATCACCTC-5ô 

PGM5 seq 5F 5ô-CAGATTCACGAGAGGACCGG-3ô 

PGM5 seq 6F 5ô-CGGTGGGACATTTGAGTTGC-3ô 

PGM5 seq 7F 5ô-AGGTGTCATTCTATTCTGGGGG-3ô 
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Transposon enhanced pronuclear microinjection 

Oocytes were harvested from the oviducts of superovulated female mice. Therefore, an 

intraperitoneal injection of 5 IU of equine chorionic gonadotropin (eCG) was followed by an  

injection of 5 IU of human chorionic gonadotropin (hCG) 48 hours later, and matured oocytes 

were collected 13ï15 hours post-hCG injection. These oocytes were then separated from 

cumulus cells using 0.1% bovine testicular hyaluronidase (359 U/mg solid) in HEPES-CZB 

medium. To introduce the construct into the male pronucleus of the oocyte, the tip of a large-bore 

pipette (2 ɛm) was placed in contact with the zona pellucida (ZP). A Piezo pulse was then 

applied to penetrate the pipette into the cytoplasm. Subsequently, another Piezo pulse was used 

to breach the pronuclear membrane. Finally, the construct was inserted into the pronucleus, and 

the pipette was withdrawn. 

To perform the oviduct transfer, three microdrops of M2 media were added to a petri dish and 

covered with mineral oil. A pseudopregnant female mouse was anesthetized using Avertin via i.p. 

injection, and the caudal dorsal area of the mouse was shaved and sterilized using povidone 

iodine solution. Next, the mouse was placed under the dissecting microscope with the ventral 

side down and a 5 mm skin incision was made. Next, the skin was separated from the body wall 

by blunt dissection. Another incision through the body wall was made. The white fat pad 

surrounding the ovaries was pulled through the incision, and the ovary was then positioned for 

easy access to the oviduct. Next, a transfer pipette was loaded with oil from transfer dish, 

followed by drawing of a 2-5 mm air bubble into the pipette, then media with embryos. The 

bursa surrounding the oviduct was then torn open with two pair of forceps allowing access to the 

infundibulum. The tip of the loaded pipette was slid in and blown into until the air bubble was 

visible within the oviduct. Lastly, the ovary/fat pad and uterus were placed back into the 

abdominal cavity, followed by closing of the body wall and skin.  
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Copy number assay 

Genomic DNA was isolated from the tail snips of the offspring, and transgene copy number 

assay by duplex Taqman real-time PCR (Thermo Fisher Scientific) was performed to determine 

the number of transgenes. TaqMan Copy Number Assay is run in a duplex real time PCR 

reaction, containing a VIC-labeled reference assay (4458370), as well as a FAM-labeled target 

assay (Integrated DNA Technologies, see Table 2.4). Here, a reference assay that detects 

transferrin receptor (TFRC), and a target assay detecting the terminal repeat elements (TRE) of 

the piggyBac system was used. The assay then determines the copy number of a target sequence 

relative to a reference sequence. A positive control with known copy number was used.  

 

Table 2. 4: Copy number assay probes and primers 

Reagent nmoles Sequence 

Probe 2.5 5ô-/56-FAM/ACGCCTCACGGGAGCTC/36-TAMSp/-3ô 

Primer 1 5.0 5ô-GCTGTGCATTTAGGACATCTCAGT-3ô 

Primer 2 5.0 5ô-GTGACACTTACCGCATTGACAAG-3ô 

 

For all experiments, age and sex-matched male and female of 6-8 weeks of age were used. 

iPGM5 mice with one copy of the transgene were used, litter mates without transgene were used 

as control group.  

 

PGM5 KO mice 

PGM5wt/fl chimeras with one wildtype (WT) and one floxed PGM5 allele were purchased from 

Cyagen and mated to generate PGM5fl/fl  mice on a C57BL/6 background. CMV-Cre+/- transgenic 

mice purchased from Jackson Laboratory were mated with PGM5fl/fl  to generate 

PGM5wt/fl::CMV-cre+/- mice. Finally, the PGM5wt/fl::CMV-cre+/- mice were further mated with 

PGM5fl/fl  to generate PGM5fl/fl ::CMV-cre+/- mice to delete PGM5 in all tissues.   



 

ум 
 

CMV-cre was confirmed by PCR amplifying a ~100bp product (forward: 5ô-

GCGGTCTGGCAGTAAAAACTATC-3ô; reverse: 5ô-GTGAAACAGCATTGCTGTCACTT-

3ô).  

PCR conditions were as follows:  

Table 3. 10: PCR conditions for genotyping CMV-cre 

Time Temperature [ÁC] 

3 min 95 

30 sec 95 

35 Cycles 1 min 51 

1 min 72 

2 min 72 

Ð 4 

 

PGM5fl/fl  mice were confirmed by PCR that amplified a 231 bp product in the WT allele and a 

300 bp product in the mutant allele (forward: 5ô-CTCTTACATTGGTGCAGAAACGC-3ô; 

reverse: 5ô-AACAAATCTCCAGGCTCGTCAATA-3ô). For the detection of excised alleles 

leading to one detectable band for knockouts, the following PCR primers were used: forward 5ô-

CTCTTACATTGGTGCAGAAACGC-3ô, reverse 5ô-ACTGAAGAGGCTAAGTGAACCAA-

3ô. 

PCR conditions were as follows: 

Table 3. 11: PCR conditions for genotyping PGM5 fl/fl 

Time Temperature [ÁC] 

5 min 95 

30 sec 95 

35 Cycles 30 sec 55 

30 sec 72 

2 min 72 

Ð 4 
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For all experiments, age and sex-matched male and female of 6-8 weeks of age were used. 

PGM5fl/fl mice were used as control group.  

All animal protocols were approved by the University of Hawaii Institutional Animal Care and 

Use Committee (IACUC) and were conducted in accordance with the NIH guidelines. A 

maximum of five pathogen-free mice were kept in one cage at 21 °C with free access to rodent 

chow and water. Animals were exposed to a period of 12 h light and 12 h dark.  

 

Cells 

SNU449 cells were obtained from Dr. Chenôs laboratory (University of Hawaiôi Cancer Center). 

HEK293 cells from our laboratory were used. Cells were cultured in RPMI 1640 medium 

supplemented with 10% fetal bovine serum (FBS) and 1% Anti-Anti (Gibco, 15240-062) and 

were maintained at 37°C and 5% CO2. 

 

In vitro genome editing and transfections 

HEK293 cells were used for transient transfection of pENTR PGM5. SNU449 cells were 

transfected with the pGENIE PGM5 plasmid to make stable cell lines. Cells were transfected 

with Lipofectamine 3000 (Thermo Fisher Scientific).  

For SNU449 stable transfection, cells were harvested 24h post transfection, stained with 7-AAD, 

and live cells were single-sorted using FACSaria (BD Bioscience) into 96-well plates containing 

complete RPMI medium. After ~3 weeks, live clones were screened by adding 2 ɛg/mL of DOX. 

48hrs later, to check for overexpression of our transgene, a total volume of 100 ɛL of Luciferin 

was added to the media. Luciferase positive clones were transferred into 24 well plates and 

further expanded.  
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Cell proliferation assay 

To investigate differences in proliferation between WT and PGM5-overexpressing liver cancer 

cells, SNU449 clones were grown to 80-90% confluency in culture dishes and then trypsinized, 

resuspended and plated into 3 separate 96-well plates at a concentration of 5,000 cells/well and 

treated with or without DOX at the time of plating.  After 48h, the remaining cells were treated 

again with DOX. Plates were collected after 24, 48 and 72 hours of incubation, media was 

removed, and plates were wrapped in parafilm and stored at -80Á C. After all plates had been 

collected and frozen overnight, plates were thawed and cells were lysed and quantified according 

to the manufacturerôs protocol (CyQUANTÈ Kit, Thermo Fisher Scientific.). The fluorescence 

intensity was measured using a plate reader (Molecular Devices, Inc.) and the exact cell count 

was calculated based on a previously recorded standard curve using WT SNU449 cells. 

 

In vivo experiments 

Transgene induction 

To induce expression of our transgene in the cells, 2 µg/ mL DOX was added to the culture 

media. 48hrs later, to check for overexpression of our transgene, a total volume of 100 ɛL of 

Luciferin was added to the media and Luciferase expression was measured using the IVIS 

machine (Perkin Elmer).  

To induce expression of our transgene in the animals, iPGM5 mice were injected 

intraperitoneally with either 5µg/g DOX or PBS (controls). 48hrs later, to check for 

overexpression of our transgene, a total volume of 100 ɛL of Luciferin was injected into the 

peritoneum of the mice by using a 27G needle mounted on a disposable 1 mL syringe. After 5-10 

min, mice were anesthetized using Isoflurane and were put into the IVIS machine (Perkin Elmer) 

where luciferase activity was measured.  
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Hydrodynamic tail vein injection to induce liver cancer 

Cancer formation in the mouse liver was induced by combining hydrodynamic injections and 

Sleeping Beauty-mediated somatic integration as previously described [32]. A total volume of 2 

mL saline (0.9% Sodium Chloride Irrigation UPS, SteriCare Solutions) containing 20 µg of 

AKT, 20 µg of N-RAS and 0.8 µg per oncogene of Sleeping Beauty plasmid was injected into 

the tail vein in ~7 seconds.  

For iPGM5 mice, transgene induction was initiated the day after hydrodynamic tail vein 

injection, every 48 hours by injection of 5µg/g DOX (ALX -380-273-G005, Enzo Life Sciences) 

intraperitoneally, for a period of 5 weeks until livers were harvested.  

 

AngioSense 

In order to investigate changes in vasculature, 2 nmol/100 µL 1xPBS of AngioSense 750 (Perkin 

Elmer), a near-infrared labeled fluorescent macromolecule, was injected retro-orbitally 24 hours 

prior to harvesting tumor livers. Therefore, mice were anesthetized with Isoflorane, and put on a 

heating map to keep body temperature stable. A drop of ophthalmic anesthetic was placed on the 

eye that received the injection to provide additional procedural analgesia.  Fluorescent signal in 

the whole animal and livers (ex vivo) was detected using IVIS Lumina with the following 

settings: 745 ex/ICG em (standard Lumina filter set) or 745 ex/800 em (optional 700 series 

filter).  

 

Isolation of tissue 

To collect organs, mice were asphyxiated with CO2 and a small incision was made in the 

abdominal skin to open the mouse by pulling the skin with both hands to each side of the mouse. 

The abdominal cavity of the mouse was opened, and livers were excised in an equivalent manner 

from each mouse. Livers were weighed and photographed.  
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Statistical analyses 

Unpaired Studentôs t test was performed to compare the means of two different groups. Paired T 

test was performed when comparing the same groups with different conditions. To compare the 

means of each group for experiments involving three or more groups, one-way ANOVA was 

used with Tukey post-test. A two-way ANOVA was used when testing how two independent 

variables, in combination, affect a dependent variable. All comparisons were considered 

significant at *p < 0.05. Statistical analyses were carried out using GraphPad Prism. 

  



 

ус 
 

3.5 Figures 

 

Figure 3. 1: Preparation of PGM5 gene and expression vector backbone 

(A) Schematic of excision of expression vector and PGM5 gene with restriction enzymes I-sceI and FsceI 

and subsequent ligation to generate the intermediate plasmid PGM5 Up Step1. (B) Expression vector 

pENTR Lat1 Upregulation used as backbone, digested with I-SceI and FseI. Theoretical and experimental 

gel electrophoresis show successful digestion. The upper band shows the digested backbone of 7376 bp 

that was used in the following steps. (C) PGM5 PCR amplification, digested with I-SceI and FseI. 

Schematic of experimental gel electrophoresis showing a successful digestion. The band shows the 

digested PCR product of 1767 bp that was used in the following steps to clone into the expression vector 

backbone. 
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Figure 3. 2: Transformation of intermediate plasmid and restriction enzyme digest 

(A) After ligation of PGM5 PCR product and expression vector backbone, the resulting intermediate 

plasmid PGM5 Up Step 1 was transformed into competent E. coli, grown on agar plates containing 

Kanamycin, and subject to colony PCR. (B) Positive colonies were grown and expanded in LB broth 

overnight, plasmid was isolated using Maxi Prep, and subsequently digested with BsrgI. Colonies with 

right digestion pattern were used in subsequent steps to generate pENTR PGM5 plasmid.  
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Figure 3. 3: Changing the promoter of the intermediate plasmid 

(A) Schematic of excision intermediate plasmid PGM5 Up Step 1 and the expression vector pENTR 

EPT1 containing the promoter of interest gene with restriction enzymes XbaI and MluI and subsequent 

ligation to generate pENTR PGM5. (B) Intermediate plasmid PGM5 Up Step was used as backbone, 

digested with XbaI and MluI. Theoretical and experimental gel electrophoresis show successful digestion. 

The upper band shows the digested backbone of 7436 bp that was used in the following steps. (C)  

pENTR EPT1, digested with XbaI and MluI. Theoretical and experimental gel electrophoresis show 

successful digestion. The band shows the digested PCR product of 1706 bp that was used in the following 

steps to clone into the expression vector backbone to generate pENTR PGM5.  
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Figure 3. 4: Transformation and restriction enzyme digest of pENTR PGM5 plasmid 

(A) After ligation of intermediate plasmid backbone and digested promoter from pENTR EPT1 plasmid, 

the resulting pENTR PGM5 plasmid was transformed into competent E. coli, grown on agar plates 

containing Kanamycin. Positive colonies were growth-expanded in LB broth overnight, and plasmid 

isolated using Maxi Prep. (B) Schematic of experimental digestion of pENTR PGM5 with restriction 

enzyme Isce-I to confirm successful ligation.  
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Figure 3. 5: RNA sequencing results of pENTR PGM5 plasmid 

The pENTR PGM5 plasmid was subject to Sanger sequencing to confirm integrity of the PGM5 gene. 

Sequencing was carried out by the University of Hawaiôi Advanced Studies in Genomics, Proteomics and 

Bioinformatics (ASGPB) core. Five different sequencing primers within the PM5 open reading frame 

were designed using Integrated DNA Technologies (IDT) PrimerQuestÊ Tool. We chose primers that 

were about 500 base pairs apart from each other resulting in overlapping sequences. Sequences were then 

aligned with the pENTR PGM5 plasmid sequence using SnapGene. Results confirm that the pENTR 

PGM5 expression plasmid contained the intact murine PGM5 gene sequence. Seq = Sequence primer 
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Figure 3. 6: LR Clonase reaction of pENTR PGM5 and pmhyGENIE-3 

(A) pENTR PGM5 with aTTL1 and aTTL2 sited, pmhyGENIE-3 with aTTR1 and aTTR2 sites. (B) 

Schematic of LR Clonase reaction resulting in one plasmid containing aTTB1 and aTTB2 sites. (C) 

Resulting pGENIE PGM5 after LR Clonase reaction.  
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Figure 3. 7: Restriction enzyme digestion of GENIE3 PGM5 plasmid 

(A) pGENIE PGM5 plasmid map showing restriction enzyme recognition sites of BsrGI, BglII, XbaI and 

HindIII. (B) Gel electrophoresis of pGENIE PGM5 digest with aforementioned restriction enzymes and 

real digest confirming correct pattern. 
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Figure 3. 8: Transfection of HEK293 cells with pENTR PGM5 

HEK293 cells were transiently transfected with pENTR PGM5 and treated with to luciferin substrate. 

Luciferase activity was observed in cells treated with DOX.  
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Figure 3. 9: Transfection of SNU449 cells with GENIE3 PGM5 

(A) SNU449 cells were transfected with GENIE3 PGM5, single-sorted to obtain homogenous colonies of 

positive clones. Live clones were then growth-expanded and subject to luciferin to determine positive 

stable clones. Positive clones are luciferase positive. (B) Western blot analysis confirmed overexpression 

of PGM5 in positive clones.  
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Figure 3. 10: Generation of iPGM5 mice 

(A) GENIE-3 PGM5 plasmid generated to induce the overexpression of PGM5 in vivo. This 

pmhyPiggyBac was used to integrate the transgene into the mouse genome. Luciferin was used as reporter 

gene. (B) Generation of iPGM5 mice via te-PNI. (C) DOX was injected intraperitoneally into iPGM5 

mice and WT mice. PBS was used as vehicle control. Luciferin was injected 24 hours after DOX 

injections to scan for transgene expression. Luciferase activity was detected in iPGM5 mice with and 

without DOX. (D) Western blot analysis shows an upregulation of PGM5 in transgenic mice.  
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Figure 3. 11: PGM5 overexpression in SNU449 cells does not decrease proliferation in vitro 

(A) SNU449 cells were transfected with GENIE3 PGM5, single-sorted to obtain homogenous colonies of 

positive clones. Live clones were then growth-expanded and subject to luciferin to determine positive 

stable clones. (B) Positive clones show luciferase activity. (B) Western blot analysis confirmed 

overexpression of PGM5 in positive clones. (C) CyQuant proliferation assay was performed on WT 

controls and positive clones to determine the effect of overexpressing PGM5 in SNU449 cells. No effect 

was observed after 24, 48 and 72 hours.  

 


























