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Abstract 

 

The glycoprotein stanniocalcin-1 (STC1) is a paracrine factor in mammals which 

plays roles in various (patho)physiological functions, such as inflammation and 

carcinogenesis.  Considerable numbers of studies showed dysregulation of STC1 

expression in different types of human cancers.  A previous study from our group, 

using clinicopathological data of 216 hepatocellular carcinoma (HCC) patients 

revealed greater STC1 gene expression in tumors than the paired normal samples.  

However, patient samples with greater STC1 level exhibited smaller tumor size.  

In fact, multiple cell types, growth factors and matrix components in tumor 

microenvironment (TME) control cancer progression.  Emerging evidence 

support the important role of infiltrating immune cells on tumor progression.   

Among those, tumor associated macrophages (TAM) in TME is known to be an 

essential driver of tumor inflammation and progression, exerting a yin-yang 

influence to determine if the tumor is suppressed or paving the way to metastasize.  

Hepatocellular carcinoma (HCC) is mainly caused by chronic inflammation.  

With hindsight, the roles of STC1 in inflammation and carcinogenesis were 

documented.  However, the observation on the negative correlation of STC1 

expression with tumor size in HCC patients and the roles of STC1 on the 

interactions between tumor cells and macrophages are not clear. 

In Chapter 2, the inverse correlation of STC1 expression with tumor size was 

addressed.  Human metastatic HCC cell line, MHCC97L which was stably 

transfected with empty vector (P) and STC1 (S1) were used.  Nude mice xenograft 

model showed that tumor size and volume formed from S1 cells were significantly 

smaller than that from P cells.  The observation agreed with the clinical data 

aforementioned.  In vitro studies demonstrated S1 cells had lower plating 

efficiency, migratory and proliferative potential, illustrating a lower tumorigenicity.  

Biochemical analyses on the rate of glycolysis, extracellular O2 consumption, ATP 

production and Western blot studies on mTOR/p70S6K/rpS6 pathway showed the 

S1 cells adopted a lower energy metabolism.  The data may explain the negative 

correlation between STC expression level and tumor size. 

In cancer microenvironment, infiltration of host immune cells, especially 

macrophages, contributes to inflammation and tumor progression.  In Chapter 3, 

it was hypothesized that cancer cell-derived STC1 alter macrophage functions.  

Therefore, the effects of STC1-overexpressing MHCC97L on macrophages were 
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studied.  To mimic their interactions, Boyden chamber insert model was adopted 

to co-culture MHCC97L (97L/P and 97L/S1) and THP-1.  Our data illustrated 

97L/S1 suppressed migratory response of THP-1, with or without the addition of 

monocyte chemoattractant protein-1 (MCP-1) as the chemoattractant.  

Quantitative PCR showed downregulation of cytokine/chemokine receptors (CCR2, 

CCR4, CSF-1R) in THP-1 when co-cultured with 97L/S1.  This prompted us to 

study the alterations of pathways related to cell motility in THP-1 by 97L/S1.  

Transcriptomic analysis detected 1784 differentially expressed genes (DEGs) 

between THP-1 cells co-cultured with 97L/P and 97L/S1.  Ingenuity Pathway 

Analysis (IPA) prioritized an inhibition of RhoA signaling, which is known to 

stimulate cell motility.  Western blotting analysis supported the IPA prediction 

and the cell migration data to show a significant reduction of MLC2 

phosphorylation, leading to impaired formation of stress fibers, cell contraction and 

cell motility. 

The preceding chapters focused on cancer cell-derived STC1 on HCC cells or 

THP-1 derived macrophages.  In Chapter 4, it was hypothesized that macrophage-

derived STC1 may also play a role in macrophage differentiation and inflammation, 

which modulate tumorigenicity of HCC during macrophage-cancer cell interactions.  

Thus, the roles of endogenous STC1 in macrophage differentiation and functions 

were investigated.  Using human leukemia monocytic cell line THP-1, a pilot 

study showed a treatment with phorbol 12-myristate 13-acetate (PMA) significantly 

upregulated STC1 expression and pro-inflammatory cytokines.  In follow-up 

studies, THP-1 was pharmacologically stimulated to differentiate into (i) classically 

activated macrophages (CAM)/ M1 state, and (ii) alternatively activated 

macrophages (AAM)/ M2 state.  Greater STC1 expression was found to be 

associated with CAM.  To examine the role of STC1 in CAM, siRNASTC1 was 

used for gene knockdown.  Conditioned medium collected from siRNASTC1-

treated CAM inhibited migration of HCC cell line Hep3B.  Transcriptomic 

analysis of siRNASTC1-treated CAM revealed an upregulation on TBC1D3G gene, 

which is involved in the release of extracellular vesicles (EVs) in macrophage to 

mediate inflammation.  This study demonstrated the association between STC1 

and macrophage-mediated inflammation.  

Collectively, the above studies elucidated the influence of STC1 on cancer cell 

metabolism, macrophage differentiation and function.  It warrants further 

investigations to unravel the therapeutic potential of STC1 in inflammation and 

carcinogenesis. 
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Chapter 1  

Literature Review 

 

1.1.  Stanniocalcins 

1.1.1. Fish Stanniocalcins 

Stanniocalcin (STC) was first characterized as a polypeptide hormone secreted 

from the Corpuscles of Stannius (CS), a unique endocrine gland located on the 

ventral surface of kidneys in bony fish (Stannius, 1839).  CS was thought to be an 

equivalent of adrenal gland as in mammals due to its anatomical location, but this 

assumption was disproved due to the absence of steroid-producing tissues in the 

glands (Ogawa, 1967).  Under transmission electron microscopy, secretory 

granules were evidenced in CS and synthesized at rough endoplasmic reticulum.  

Removal of CS (stanniectomized, STX) in fish resulted in alterations to body 

mineral content, such as increased serum Ca2+ level (hypercalcemia), and decreased 

plasma Na+ and Cl- levels (Fontaine, 1964; Chan et al., 1967).  Elevated Ca2+ level 

was observed in STX-fish gills of fish in both seawater and freshwater conditions.  

The hypocalcemic responses in seawater-adapted fish were faster and more 

significant than freshwater-adapted fish, indicating the hypercalcemic action of CS 

was dependent of water calcium levels.  On the contrary, administration of CS 

homogenate into STX-fish reversed the increase of plasma Ca2+ levels (Chan, 1972; 

Fenwick & Forster, 1972; Pang, 1973; Fenwick & So, 1974).  The data suggested 

that substance(s) released from CS glands targeted on fish gills to regulate branchial 

Ca2+ uptake from ambient water.  One of the major principles in the CS gland was 

later identified as a 50 kDa disulfide-linked polypeptide hormone, namely 

stanniocalcin (STC) (Wagner et al., 1986, 1988; Lafeber et al., 1988; Hulova & 
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Kawauchi, 1999).  The amino acid sequence alignment of salmon and Australian 

eel STCs are shown below, which have about 68% identity with each other.   

 

Fig 1.1. Amino acid sequence alignment of salmon STC (Salmo salar 

XP_014015632.1) and Australian eel STC (Anguilla australis AAB91483.1).  

Salmon STC 1 M P L R T G L F L L M V L I A S A Y E L D Q N E S 25 

eel STC 1 M L R M S G L I L T L V L V T A A Y E Q D E S E P 25 

                            

Salmon STC 26 Y S P R R A R F S A N T P S D V A R C L N S A L Q 50 

eel STC 26 L S P R T A R F S A S S P S D V A R C L N G A L Q 50 

                            

Salmon STC 51 V G C G A F A C L E N S T C D T D G M H D I C K S 75 

eel STC 51 V G C S A F A C L D N S T C N T D G M H E I C R S 75 

                            

Salmon STC 76 F L Y S A A K F D T Q G K A F V K E S L K C I A N 100 

eel STC 76 F L H G A A K F D T Q G K T F V K E S L K C I A N 100 

                            

Salmon STC 101 G I T S K V F P T I R R C S T F Q R M I S E V Q E 125 

eel STC 101 G I T S K V F L T I R R C S S F Q K M I S E V Q E 125 

                            

Salmon STC 126 E C Y S K L D I C T I A R I N P D A I G E V A Q L 150 

eel STC 126 E C Y S K L D L C S V A Q S N P E A M G E V A Q V 150 

                            

Salmon STC 151 P S H F P N R F Y G K L L Q S L M D C D E E T V D 175 

eel STC 151 P S Q F P N R Y Y S T L L Q S L L T C D E D T V E 175 

                            

Salmon STC 176 L V R A S M V S R L G P E M T I L F Q L L Q N K P 200 

eel STC 176 Q V R A G L V S R L E P E M G V L F Q L L Q T K A 200 

                            

Salmon STC 201 C P S A A A A I A A A V P T G V E G R G S L Q W S 225 

eel STC 201 C P P S A A G G T G P V G A G G S W R - - - - W P 221 

                            

Salmon STC 226 M G P H M Y K I Q P G L R N R D S A S H L G K K R 250 

eel STC 222 M G P P M F K I Q P N L R S R D P T H L F A K K R 246 

                            

Salmon STC 251 A T G D S S                    256 

eel STC 247 S T - - S S                    250 
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Regulation on Ca2+ uptake is crucial for fishes because calcium levels in ambient 

water varies from 0.01 mM to 10 mM (Yeung et al., 2012).  Moreover, disturbance 

of Ca2+-homeostasis may disrupt normal physiological functions.  STC secretion 

is known to be stimulated by extracellular Ca2+ levels (Wagner et al., 1989) via an 

activation of membrane associated calcium-sensing receptor (CaSR) (Radman et 

al., 2002; Greenwood et al., 2009).  As a hypocalcemic factor, STC functions to 

regulate Ca2+ uptake in fishes through inhibiting branchial and intestinal Ca2+ 

uptake, but stimulating renal Pi excretion (Sundell et al., 1992; Lu et al., 1994).  To 

reveal the mechanistic clues, using zebrafish embryos, STC was found to reduce 

Ca2+ uptake via downregulation of epithelial Ca2+ channel (Tseng et al., 2009).  

Other than Ca2+-regulating function, reduction of plasma Na+ and Cl- levels as a 

result of dexamethasone injection, was also found to induce STC secretion in 

freshwater rainbow trout (Pierson et al., 2004).  However, the physiological 

significance of the correlation is not known.  In 2005, another fish STC paralog, 

named as STC2, was identified in Japanese puffer and zebrafish, yet not much study 

was conducted to reveal its detailed physiological functions (Luo et al., 2005).  

Retrospectively, STC was renamed as STC1.  Fig 1.2 shows the amino acid 

sequences alignment of zebrafish STC1 and STC2, which have about 36% identity 

with each other.  Together, these studies underlined the importance and actions of 

fish STC1 on the regulation of Ca2+ homeostasis, especially as a hypocalcemic 

factor.   
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Fig 1.2. Amino acid sequence alignment of Danio rerio STC1 (NP_001038922.1) 

and STC2 (NP_001014827.1).  

zSTC2 1 M L I K F T L S L L L L S V L G E V V G T D N A D 25 

zSTC1 1 M P P R T G - - L L L L A V L - - I A S A Y E L D 21 
                            

zSTC2 26 V H E S H P E K P A S Q K G R L S L Q N T A E I Q 50 

zSTC1 22 Q N E S Y - - - - S P R R A R F S H N S P S D V A 42 
                            

zSTC2 51 H C L V S A G D V G C G V F E C F E N N S C E I R 75 

zSTC1 43 R C L N S A L Q V G C G A F A C L E N S T C D T D 67 
                            

zSTC2 76 G L Q E I C M T F L H N A G K F D S Q G K S F I K 100 

zSTC1 68 G M H D I C K S F L Y S A A K F D T Q G K A F V K 92 
                            

zSTC2 101 D A L K C M A H G L R H K F S C I S R K C L A I K 125 

zSTC1 93 E S L K C I A N G I T S K I F L T V R R C S T F Q 117 
                            

zSTC2 126 D M V F Q L Q R E C Y M K H N L C S A A K D N V N 150 

zSTC1 118 R M I S E V Q E E C Y S K L D I C T V A K S N P G 142 
                            

zSTC2 151 V M V E M I H F Q D L F P K G P Y V E L V N I L L 175 

zSTC1 143 A I A E V A K L P S H F P N R F Y G K L L Q S L M 167 
                            

zSTC2 176 G C G Q E V K E A I T R S V R L Q C E Q N W G A L 200 

zSTC1 168 E C D E E T V D L V R A N L L T R L G P E I T I L 192 
                            

zSTC2 201 C D S L S F C T S M T A A P A S G G H E R R S A L 225 

zSTC1 193 F Q L L Q N K P C P S A A V P T G M E T R G G W R 217 
                            

zSTC2 226 T S H S D G E H H K S A R Q G D K E K P G K A G F 250 

zSTC1 218 W S V S P N G Y K N Q P N L R N R D A S N L F G K 242 
                            

zSTC2 251 N T Q M R I R S Q G M R R A S L D A V V A E Q E D 275 

zSTC1 243 K R S I G D S S                  250 
                            

zSTC2 276 S K I S D I R R                  283 
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1.1.2. Mammalian Stanniocalcins 

Since CS gland is absent in mammals, it was questioned whether STC1 gene 

remains in mammalian genomes and functionally conserved.  Intriguingly,  

Lafeber reported that fish STC1 exerted parathyroid hormone (PTH)-like bone-

resorbing effect in mouse calvarias (Lafeber et al., 1989), suggesting that fish STC1 

was functional in the mammalian system.  Using salmon STC1 antiserum, STC1-

immunoreactivity was detected in human kidney extracts while positive 

immunostaining in human renal tubules were reported.  The observations 

supported the presence of STC1-like protein in humans (Wagner et al., 1995).  

Two years later, human STC1 cDNA was cloned using SV40-transfected human 

bronchial fibroblast cultures (BFT-3B, -31 and -3K).  The human homolog shows 

56-66% homology to fish STC1.  The gene encodes 247 amino acids and was 

mapped at human chromosome 8p11.2–p21 (Chang et al., 1995, 1996).  A second 

human STC, STC2 was later cloned and identified from the EST database (dbEST) 

of the National Center for Biotechnology Information.  Human STC2 gene 

encodes 302 amino acid residues, sharing 34% identity with both eel STC1 and 

human STC1.  The gene is located at chromosome 5q35.1, and has same exon-

intron boundaries as human STC1 (Chang & Reddel, 1998; Ishibashi et al., 1998; 

White et al., 1998).  The identification of human STCs led to subsequent studies 

addressing its origin and tissue expressions.   
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Fig 1.3. Alignment of amino acid sequence of human STCs (hustc1, hustc2), mouse 

STCs (mustc1, mustc2), Australian eel (Anguilla australis) STC1 (eel stc) and coho 

salmon (Oncorhynchus kisutch) STC1 (cohostc) (Chang & Reddel, 1998).   
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Unlike fish STC1, mammalian STC1 is widely expressed in various tissues,  

including kidney, brain, adrenal gland, heart, testis, ovary etc. (Chang et al., 1995; 

Varghese et al., 1998), while mammalian STC2 was found in spleen, prostate, testis, 

ovary, small intestine, colon etc. (Chang & Reddel, 1998).  Because of the 

ubiquitous expression pattern, mammalian STCs are believed to act as 

paracrine/autocrine factors.  In a pharmacokinetic experiment of injecting 

recombinant human STC1 in rat, a rapid distribution (T1/2α: 1 minute) and clearance 

(T1/2β: 60 minutes) of STC1 was measured, implying that the hormone was rapidly 

metabolized and was not circulated (DeNiu et al., 2000).  Subsequent experiments 

demonstrated STC1 binding activity in mammalian red blood cells and glomerular 

filtrate, suggesting STC1 can in fact be circulated and transported to distant targets, 

and was removed from circulation via kidney (James et al., 2005).  STC1 being 

undetectable in mammalian serum may be due to masking of its epitopes when 

STC1 was sequestered inside red blood cells (Denko et al., 2003; James et al., 2005).  

Intriguingly, STC1 became detectable in mouse sera during gestation and lactation 

(Deol et al., 2000), and in human during pregnancy (Juhanson et al., 2016).  The 

mechanism of this change in mode of action requires further investigation.  After 

all, mammalian STC1 is still considered as a paracrine/autocrine factor due to its 

ubiquitous expressions, which enables it to exert various local biological functions 

in different body tissues.   

  

Regulatory Functions of Mammalian STCs in Calcium/Phosphate and Water 

Homeostasis.  

The detection of STC1 in human renal nephron indicated a similar anatomical 

embryonic origin as in fishes since CS gland is derived from primitive renal tubules 
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(Garrett, 1942; Kaneko et al., 1992; DeNiu et al., 1998).  To mirror the 

physiological function of STC1 in fishes, an early study using recombinant human 

STC1 (hSTC1) demonstrated its inhibitory action on gill calcium transport.  The 

observation implied that hSTC1 could exert similar biological function as fish 

STC1 in fishes, suggesting the hSTC1 might have Ca2+-regulatory function in 

mammals (Olsen et al., 1996).  Moreover, the ability of hSTC1 to inhibit calcium 

absorption and stimulate phosphate absorption in swine and rat intestine supported 

the involvement of STC1 in Ca2+-homeostasis (Madsen et al., 1998).  Human 

STC1 also increased phosphate reabsorption by an elevated rate of Na/Pi 

cotransport in rats, but there was no net change in plasma Ca2+ level (Wagner et al., 

1997).  Human STC2, on the contrary, inhibited phosphate uptake by reducing 

expression of Na/Pi cotransporter gene (NaPi-3) in opossum kidney cells (Ishibashi 

et al., 1998).  However, STC1(-/-) and STC2(-/-) null mice did not support the 

physiological functions of mammalian STCs on mineral homeostasis as the animals 

showed normal Ca2+ and Pi levels (Chang et al., 2008).   

Although mammalian STCs may not exert functions in plasma Ca2+/Pi 

homeostasis, numerous reports demonstrated the involvement of mammalian STC1 

in cellular calcium and osmotic regulation.  STC1 was detected in mouse 

chondrocytes and osteoblasts, which suggested the possible role of STC1 in bone 

formation (Yoshiko et al., 1999).  In a fetal rat calvaria (RC) cell model, 

overexpression of recombinant human STC1 stimulated bone mineralization via 

elevated osteopontin and osteocalcin mRNA expressions, and increased phosphate 

uptake via upregulation of type III Na/Pi transporter Pit1 (Yoshiko et al., 2003).  

In addition to its cellular Ca2+/Pi functions, STC1 expression was induced in 

response to cellular tonicity.  Using rat kidney cells MDCK-1, STC1 secretion was 
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stimulated by NaCl-induced hypertonicity (Sheikh-Hamad et al., 2000; Sazonova 

et al., 2008).  Upon water deprivation in rat, renal STC1 mRNA level was 

increased (Turner et al., 2010).  As the consequence of water deprivation, 

hypertonicity and hypovolemia stimulated cortical and medullary STC1 gene 

expression respectively (Turner et al., 2011), via the action of arginine vasopressin 

(AVP) (Law et al., 2012).  These observations indicated the involvement of STC1 

in extracellular fluid (ECF)-balance.  On the other hand, interaction of STC2 with 

ER Ca2+ sensor STIM1 was reported to inhibit store-operated Ca2+ entry (SOCE) 

after ER stress (Zeiger et al., 2011).  Collectively, mammalian STCs are found to 

take part in ion homeostasis and osmotic regulation.  

 

Regulatory Functions of Mammalian STCs in Mitochondria 

Identification of STC1 binding site in mitochondria, intervention on oxidative 

phosphorylation and electron transport chain evidenced the regulatory roles of 

mammalian STC1 on mitochondrial functions.  Interestingly, mitochondria in 

human STC1-overexpressing mice exhibited enlarged mitochondria in skeletal 

muscles (Filvaroff et al., 2002).  Enlarged mitochondria may be related to 

apoptosis (Teranishi et al., 1999; Chiche et al., 2010), but no further investigation 

was carried out.  Although the relationship between STC1 and enlarged 

mitochondria is not clear, STC1 binding and its involvement in mitochondrial 

functions were supported by different studies.  In competitive binding 

experiments of cell fractionation studies and immune-gold electron microscopy, 

high density of STC1 binding site was found in mitochondria and cell membranes 

in rat kidneys and livers.  STC1 content of isolated rat mitochondria remained 

unchanged after digestion of the outer mitochondrial membrane by proteinase K 
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and digitonin, indicating the majority of STC1 was confined to mitoplast 

(McCudden et al., 2002).  Competitive ATP binding on ATP binding cassette 

(ABC) near the N-terminal of STC1 was also identified (Ellard et al., 2007), 

implying the function of STC1 in regulation of ATP production.  STC1 was 

described to stimulate electron transport chain, which takes place in mitochondria 

and contributes to ATP synthesis.  By adding human recombinant STC1 into sub-

mitochondrial particles of bovine heart, a concentration-dependent stimulatory 

effect on electron transfer (by monitoring disappearance of NADH) was observed 

(McCudden et al., 2002).  Ellard et al. also illustrated that recombinant human 

STC1 increased NADH oxidation, as well as exerted concentration-dependent 

stimulation on oxygen consumption in rat isolated mitochondria and mouse kidney 

cells (Ellard et al., 2007).  Although the rate of electron transport chain was 

elevated by STC1, ATP production was not increased accordingly.  ATP synthesis 

and ADP:O ratio in liver and muscle mitochondria was reduced by STC1 (Ellard et 

al., 2007).  It may be explained by the upregulation of uncoupling protein 2 

(UCP2).  UCP2 protein level was increased by STC1 in macrophages, which 

consequently suppressed superoxide generation (Wang et al., 2009).  UCP2 

uncouples oxidative phosphorylation by allowing mitochondrial proton leakage 

during electron transport chain, resulting in decreased proton gradient, subsequent 

ATP synthesis and ROS production (Korshunov et al., 1997; Rousset et al., 2004).  

Taken together, the above findings indicated STC1 had stimulatory effect on 

cellular respiration, but at the same time reduced ATP production by uncoupling 

oxidative phosphorylation.  These studies can somehow correlate with the energy 

wasting phenotype in STC1-overexpressing transgenic mice, which showed 

elevated oxygen and food consumption, shorter glucose clearance time, and lower 
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body weight (Filvaroff et al., 2002).  This led to further investigations on STC1 

influence on growth and development. 

 

Growth, development and reproductive functions 

STC1-overexpressing transgenic mice showed a reduction in body sizes which 

was not recovered after weaning (Filvaroff et al., 2002; Varghese et al., 2002).  

STC1-transgenic mice had shorter vertebrae, narrower growth plate and more 

cartilage matrix than wild-type mice.  When compared to younger wild-type mice 

of the same weight, STC1-transgenic mice had 51% less cartilage matrix synthesis, 

thus indicating the dwarfism phenotype was not due to a delay of early development.  

Indeed, it was suggested to be caused by impaired bone formation and muscle mass.  

Further experimental studies illustrated that STC1-transgenic mice exhibited 

alterations on osteoblast and osteoclast activity.  As measured by mineral 

deposition rate, osteoblast activity was reduced in STC1-transgenic mice.  On the 

other hand, osteoclast activity showed broader distribution in skull and cartilage 

matrix, while relative cortical bone thickness were increased.  In addition, STC1-

transgenic mice had smaller skeletal muscle mass in relative to body weight.  To 

sum up, reduced rate of bone formation and smaller skeletal muscle mass may lead 

to the dwarfism of STC1-transgenic mice (Filvaroff et al., 2002).  In fact, the 

negative effect on growth by STC1 can be exerted via prenatally and postnatal 

maternal influence.   

Prenatal maternal influence may occur through transportation of STC1 from 

mother to fetus.  In ovine uterus, STC1 mRNA and protein expressions increased 

at endometrial glands after implantation.  STC1 protein was also found in 

placental areolae, uterine luminal fluid and allantoic fluid.  Presumably, STC1 
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secreted by endometrial gland might serve to regulate fetal growth, and was cleared 

from fetus through urachus into allantois (Song et al., 2006).  STC1 also exerted 

effects postnatally as the gain in body weight of both wild-type and STC1-

transgenic mice pups were significantly lower when nursed by STC1-transgenic 

mother mice (Varghese et al., 2002).  Postnatal maternal influence may affect pups 

growth via mammary gland development and milk content, as reported by Zaidi et 

al. using STC1 passive immunization of lactating mice (Zaidi et al., 2006).  STC1-

immunized mice which had lowered serum STC1 levels showed decreased alveolar 

areas in mammary glands.  Reduction of triglyceride levels in milk was also 

observed as a result of reduced lipoprotein lipase activity in mammary glands.  

Contrary to previous studies mentioned which demonstrated pups having less 

weight gain when nursed by STC1-transgenic mother mice, the weight gain of the 

pups declined and coupled with intestinal malabsorption when nursed by STC1-

immunized mother mice.  The discrepancy of the effect of maternal STC1 on 

pup’s growth may be due to unknown feedback mechanism in transgenic STC1 

overexpression and STC1 antibody immunization.  Nonetheless, the report by 

Zaidi et al. suggested the possible route of how maternal influence affects postnatal 

growth and development.  On the other hand, STC2-knockout mice were heavier 

and larger after weaning, and was independent of GH/IGF-1 pathway (Chang et al., 

2008).   

In addition to the effects of STC1 on body growth, other studies showed the 

potential functions of STC1 in reproductive system.  STC1 is highly expressed in 

mouse and human ovaries, and was upregulated significantly during gestation and 

nursing periods (Chang et al., 1995; Varghese et al., 1998, 2002; Deol et al., 2000).  

STC1 mRNA was induced by human chorionic gonadotropin (hCG) treatment, 
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implying the regulatory role of LH on STC1.  On the other hand, STC1 and STC2 

suppressed progesterone production accompanied by inhibition of FSH induced-

CYP11A and 3β-hydroxysteroid dehydrogenase expression (Luo et al., 2004, 2005).  

Collectively, STCs were widely involved in regulation of female reproductive 

hormones.  In male animals, STC1 expression in sertoli cells was induced by DEX 

via glucocorticoids receptors which is known to inhibit testicular function (Yazawa 

et al., 2000).  On the contrary, STC1 expression was suppressed by dibutyryl-

cAMP, which is known to promote spermatogenesis (Walker & Cheng, 2005), in 

both sertoli cells and Leydig cells.  These data suggested STC1 had negative 

effects on steroidogenesis and spermatogenesis (Li & Wong, 2008).  With the 

above evidence on diverse roles of mammalian STCs on physiological functions, 

hormonal regulation and growth suppression in human, cancer studies have 

propelled to the forefront in STCs research.  

 

Stanniocalcins and Cancers 

Stanniocalcins expression in cancers and clinical prognosis 

Numerous studies reported dysregulation, with most of them, upregulation of 

STCs expression in different cancer tissues.  For example, STC1 gene expression 

was increased in non-small cell lung cancer (Du et al., 2011), hepatocellular 

carcinoma (Fujiwara et al., 2000; Yeung et al., 2015), breast cancer (Wascher et al., 

2003) etc.  The greater STC1 expression in some cancer types was correlated with 

tumorigenesis and poor prognosis, for instance, leukemia (Tohmiya et al., 2004), 

colorectal cancer (Tamura et al., 2011), ovarian cancer (Liu et al., 2010), esophageal 

squamous cell carcinoma (Shirakawa et al., 2012) etc.  In human breast cancer and 

ovarian cancer, downregulation of STC1 were detected (Welcsh et al., 2002).  
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Similarly, STC2 was also upregulated and correlated with poor prognosis in various 

cancers, for example, gastric (Yokobori et al., 2010), colorectal (Ieta et al., 2009), 

esophageal squamous-cell cancers (Kita et al., 2011), and renal cell carcinomas 

(Meyer et al., 2009).  However in breast cancers, upregulation of STC2 was 

associated with better prognosis (Yamamura et al., 2004).  In general, alterations 

of STC1 and STC2 expressions are identified in cancers and thus are suggested to 

act as prognostic markers.   

 

Stanniocalcins and cell proliferation 

Sustaining proliferative signaling is one of the cancer hallmarks (Hanahan & 

Weinberg, 2011) which is crucial for enlargement and formation of tumor mass.  

STCs were shown to promote cell proliferation in breast (Daniel & Lange, 2009), 

ovarian (Liu et al., 2010) and gastric cancers (He et al., 2011).  Likewise, STC2 

stimulated cell proliferation in hepatocellular carcinoma (Wang et al., 2012), 

hypoxia ovarian (Law & Wong, 2010) and gastric cancers (Yokobori et al., 2010), 

but inhibited cell proliferation in breast cancers (Raulic et al., 2008) and 

neuroblastoma (Volland et al., 2009).  In highly proliferating solid tumors, 

hypoxia occurs in the core of the tissues, followed by nutrient deprivation which 

causes ER stress (Höckel & Vaupel, 2001).  To achieve further tumor progression, 

malignant cells are able to acclimatize in tumor microenvironments.  

To overcome hypoxia, angiogenic switch occurs to promote angiogenesis.  The 

master regulator, hypoxia-inducible factor-1 (HIF-1) plays an important role to 

stimulate expressions of its target genes involved in glucose metabolism (e.g. 

GLUT, PKM, GAPDH), iron metabolism (e.g. transferrin, erythropoietin), matrix 

metabolism (e.g. MMPs), angiogenesis (e.g. VEGF, TGFβ3) and apoptosis (e.g. 
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Bcl-2) etc. (Ke & Costa, 2006).  STC1 was found to be induced by HIF-1 on the 

hypoxia-responsive element (HRE) motif of STC1 gene with the recruitment of 

p300 (Yeung et al., 2005; Law et al., 2010).  Similarly, HIF-1 also induces STC2 

gene on the HRE expression motif of the promoter with the co-activators HDAC7 

and p300 (Law et al., 2008).  Both STC1 and STC2 exhibited positive roles on 

angiogenesis.  Angiogenic sprouting was promoted by STC1 via VEGF/VEGFR2 

(KDR) pathway through activation of PKCβII and ERK1/2 in gastric cancer (He et 

al., 2011; Law & Wong, 2013), whereas STC2 promotes angiogenic sprouting via 

VEGF/VEGFR2 (KDR) pathway and Ang-2 pathways (Law & Wong, 2013).  

STC2 was also found to stimulate endothelial invasion in HUVECs (Law & Wong, 

2010).  Taken together, STCs are responsible for cell survival under hypoxic 

environment. 

During ER stress, increased extracellular Ca2+ influx by store-operated Ca2+ entry 

(SOCE) after ER Ca2+ store depletion caused disruption of Ca2+ homeostasis.  

Upon ER stress induced by thapsigargin, STC2 was upregulated by ATF4 under the 

PERK arm of unfolded protein response (UPR), and reduced cell death (Ito et al., 

2004).  The interaction of STC2 with ER Ca2+ sensor STIM1 and the subsequent 

attenuation of SOCE may explain the anti-apoptotic effect.  Therefore, the action 

of STC2 to suppress SOCE reduced ER stress-induced apoptosis (Zeiger et al., 

2011).  In fact, STCs were reported to act as pro- or anti-apoptotic factor.  STC1 

expression was induced by tumor suppressor protein p53 in nasopharyngeal cancer 

cells (Lai et al., 2007) and by TSA-induced NF-ᴋB in colon cancer cells (Law et 

al., 2008).  STC1 downregulated prosurvival ERK1/2 signaling when being 

induced under oxidative stress in mouse embryo fibroblasts (MEFs) (Nguyen et al., 

2009).  In contrast, in ovarian cancer cells, STC1 elicited an anti-apoptotic role by 
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upregulation of antiapoptotic protein Bcl-2 and Bcl-XL (Liu et al., 2010).  When 

the tumor is able to overcome the above challenges in the tumor microenvironments, 

it continues to grow and metastasize to other parts of the body.   

 

Stanniocalcins and cancer metastasis 

Tumor metastasis is a crucial milestone in cancer progression and highly 

contributes to the mortality since the removal or treatment of metastasized cancer 

cells is much more challenging than benign tumors.  The involvement of STCs in 

tumor metastasis were reported by numerous laboratories using various cancer cell 

types.  STC1 promoted cell migration and anchorage-independent colony 

formation in ovarian cancer (Liu et al., 2010).  Similarly using hypoxic ovarian 

cancer, STC2- stably transfected cells possessed increased epithelial-mesenchymal 

transition (EMT) by downregulation of epithelial marker E-cadherin, and 

upregulation of mesenchymal markers N-cadherin and vimentin.  This was 

consistent with the more scattered and fibroblastic cell morphology.  Invasion, 

expressions of MMP2 and MMP9 were as well enhanced and upregulated (Law & 

Wong, 2010) via elevation of ROS and the activation of its downstream pERK1/2 

(Wu, 2006; Kumar et al., 2008).  STC1 knockdown in clear cell renal cell 

carcinoma resulted in reduced cell migration, expressions of mesenchymal markers, 

MMP2 and MMP9 activities and expressions (Ma et al., 2015).  STC2 increased 

invasion in neuroblastoma cells (SH-SY5Y) in vitro and in vivo.  Activity of 

MMP2 was enhanced using gel zymography in STC2-transfected SH-SY5Y.  

Using chick chorioallantoic membrane (CAM) model, tumor formed was not 

localized to the site where STC2-transfected cells were initially injected, as 
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compared to that from control transfected vector cells (Volland et al., 2009), thus 

indicating an increased migratory ability.   

On the contrary, using nude mice model, inoculation of hepatocellular carcinoma 

cells stably overexpressing STC1 resulted in smaller tumor size; in vitro 

experiments showed suppressed IL-6- and IL-8-induced migration as well (Yeung 

et al., 2015).  In STC2-overexpressing breast cancer model, EMT was suppressed 

via PKC/Claudin-1-mediated pathway with downregulation of mesenchymal 

markers ZO-1, Slug, Twist and ZEB1, as well as migratory ability, resulting in 

smaller xenograft tumor volume and lower amount of micrometastasis in lungs 

(Hou et al., 2015).   

This section has described that when compared to fish STC, mammalian STCs 

are more differentially expressed and exert more diverse functions such as osmotic 

regulation, mitochondrial functions, growth and development.  Recent research 

has been highlighting the roles of STCs in cancer development.  In the next two 

sections, we would focus on the interrelationships among STC1, hepatocellular 

carcinoma and tumor-associated macrophages.   

 

1.2.  Hepatocellular carcinoma 

1.2.1. Transmission, diagnosis, and treatments 

Hepatocellular carcinoma (HCC) is the sixth most common cancer, and also the 

second leading cause of cancer-related death by the year 2012 (Ferlay et al., 2015).  

Chronic hepatitis B infection is the main cause of HCC incidence, which can be 

transmitted horizontally (e.g. via intravenous drug usage, sexual contact, blood 

transfusion etc.) or vertically by maternal transmission (Yang & Roberts, 2010).  
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An almost 9-year population-based cohort study involving 22,708 Taiwanese men 

showed that the incidence of HCC on HBV carrier was 98.4 times higher than that 

of non-carrier (Beasley, 1988).  Hepatitis C is also the leading cause of HCC, 

which is transmitted mainly through blood (e.g. intravenous drug use, contaminated 

syringes, sex contact etc.) (Alter et al., 1999; Martínez-Bauer et al., 2008).  

Preventing chronic viral hepatitis by HBV vaccination and infection-control 

measures is the most effective way to prevent HCC.  Also, surveillance 

ultrasonography is recommended for individuals with high risk, for example HBV 

carrier, person with family history, or alcoholic liver disease (Yang & Roberts, 

2010).  When liver lesions are detected from surveillance ultrasonography, the 

patient would undergo Computed Tomography (CT) or Magnetic Resonance 

Imaging (MRI) procedures.  Liver lesion with diameter < 1cm is regarded as HCC 

according to the American Association for the Study of Liver Diseases (AASLD) 

(Yang & Roberts, 2010).  If HCC is diagnosed, stage-by-stage treatment plan is 

recommended to the patients.  During early stage (stage A), patient can undergo 

curative treatment such as liver transplantation or resection.  For intermediate 

stage (stage B), patient can undergo transcatheter arterial chemoembolization 

(TACE) which involves interventional radiology to restrict tumor's blood supply.  

In advanced stage (stage C), chemotherapy using sorafenib is recommended (Bruix 

& Sherman, 2005; Forner et al., 2010).  

 

1.2.2. Pathology 

Chronic infection with hepatitis viruses has been shown to induce inflammation 

which plays a major role on hepatocellular carcinoma development.  In fact, 

inflammation is one of the cancer hallmarks that promotes tumor formation 
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(Hanahan & Weinberg, 2011).  It is closely related to cancer initiation via intrinsic 

or extrinsic pathway (Mantovani et al., 2008).  The intrinsic pathway is caused by 

genetic alterations such as activation of oncogenes and subsequent stimulation of 

inflammatory transcriptional program.  The first study to demonstrate this 

relationship between oncogenes and inflammation was reported by Borrello et al., 

which showed expressions of oncogenes induced various inflammatory and tumor 

invasion genes, including chemokines, chemokine receptors, cytokines, MMPs etc.  

This revealed oncogene activation promotes and generates inflammatory 

microenvironment, even when the tumor itself is not inflammatory (Borrello et al., 

2005).  The extrinsic pathway is caused by smouldering inflammation due to 

chronic infection or persistent irritation (e.g. microbial infection, HBV infection, 

autoimmune disease) which increases risk of cancer (Mantovani et al., 2008).  

During smoldering inflammation, immune cells generate highly reactive oxygen 

and nitrogen species, which react to form a mutagenic agent, peroxynitrite (Maeda 

& Akaike, 1998).  The highly reactive compounds cause DNA damage and 

eventually neoplastic transformation (Capece et al., 2013).  This inflammatory 

microenvironment has been suggested as one of the cancer hallmarks because it 

induces genomic instability (Colotta et al., 2009).  Permanent genomic mutations 

are then established by repeated cycles of tissue damage, repair and interaction with 

reactive oxygen and nitrogen species (Coussens & Werb, 2002).  Tumor 

formation is also stimulated by growth factors (e.g. IL-6, TNFα) released by 

immune cells such as macrophages (Qian & Pollard, 2010).  Macrophages is one 

of the key components in inflammation and tumorigenesis, and is discussed below. 
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1.3.  Macrophages 

1.3.1. Macrophage differentiation and polarization 

Macrophages are differentiated from circulating monocytes which are originated 

from hematopoietic stem cells in bone marrow.  Monocytes express adhesion and 

chemokine receptors that enable them to migrate to infected or inflammatory tissues, 

where they are differentiated into macrophages to carry out various kinds of actions, 

such as phagocytosis (Geissmann et al., 2010).  Activated macrophages are 

commonly classified as two polarization states according to their responses to 

different stimuli: classically activated macrophages (CAM/M1 state) and 

alternatively activated macrophages (AAM/M2 state).    

M1 macrophages are activated by interferon gamma (IFNγ) or GM-CSF released 

by immune cells, or LPS from bacteria (Adams, 1989; Martinez & Gordon, 2014).  

They express nitric oxide synthase that metabolizes arginine into nitric oxide (NO) 

and citrulline which possess microbicidal activity (MacMicking et al., 1997; Rath 

et al., 2014).  M1 macrophages are characterized by Th1 responses, such as 

expressing pro-inflammatory cytokines (e.g. TNFα, IL-6, IL-12), killing pathogens 

by the release of reactive oxygen species (ROS) and nitric oxides (NO).  IFNγ 

induces expression of opsonin, lysosomal cathepsins and MHC molecules to 

promote macrophage action and antigen presentation (Laha et al., 1995; Boehm et 

al., 1997).  IFNγ also stimulates the activity of 2,3-dioxygenase (IDO), which 

catalyzes the decyclization of tryptophan, resulting in depletion of this essential 

amino acid for microorganisms in macrophages (Carlin et al., 1989).  All these 

studies evidence that M1 macrophages are vital on immediate immune response by 

inflammation and pathogen killing.   
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M2 macrophages express arginase that hydrolyzes arginine into ornithine and 

urea.  The downstream pathways of these products are responsible for tissue repair 

and cell proliferation (Pesce et al., 2009; Rath et al., 2014).  M2 macrophages are 

further classified into three subtypes, namely M2a, M2b and M2c, which are 

activated by different stimuli.  M2a polarization is stimulated by IL-4 or IL-13 

produced by immune cells such as mast cells and basophils (Stein, 1992).  In 

particular, IL-4 upregulates scavenger receptors (e.g. CD206) and C-type 

membrane lectins in macrophages (Martinez et al., 2006).  M2a cells suppress 

inflammation via downregulation of pro-inflammatory cytokines (e.g. TNFα, IL-6, 

IFNγ) and superoxide (Martinez et al., 2008); as well as promote fibrogenesis, 

tissue repair and cell proliferation through expressions of fibronectin, coagulation 

factor XIII and IGF-1 (Gratchev et al., 2001; Törocsik et al., 2005).  M2b 

polarization is stimulated by LPS or IL-1β via TLR4 or IL-1R, as well as by immune 

complex recognized by FcγR in macrophages (Sutterwala et al., 1998; Bowie & 

O’Neill, 2000).  M2b cells express high levels of CCL1, IL-10 and low IL-12 

expressions.  Moreover, M2b cells promote Th2 humoral immune response, 

which is characterized by production of IL-4 and IL-13 by Th2 cells, and 

stimulation of antibody production (Anderson & Mosser, 2002; Edwards et al., 

2006; Sironi et al., 2006).  At the same time, M2b macrophages produce 

inflammatory cytokines TNFα, IL-6 and IL-1β, meaning that they are not as anti-

inflammatory as M2a cells do (Martinez et al., 2008).  M2c polarization is 

stimulated by IL-10, glucocorticoids or TGFβ, which are produced by leukocytes 

in response to inflammation and infection.  Expressions of pro-inflammatory 

cytokines (e.g. TNFα, IL-6) and antigen presenting mediators (e.g. costimulatory 

molecules and MHCII) were suppressed (Martinez et al., 2008).  
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1.3.2. Homeostasis between M1 and M2 macrophages in immunity 

M1 and M2 macrophages orchestrate to strike a balance in body immunity.  In 

normal tissues under pathogenic challenges, wounding, or sterile inflammation by 

tissue damage, local expressions of growth factors and chemokines stimulate the 

recruitment of monocytes and induce differentiation into macrophages (Murray & 

Wynn, 2011).  When pathogens are phagocytosed and recognized by macrophages, 

inflammatory M1 immune response is triggered.  However, prolonged secretion 

of ROS and NO by M1 macrophages may cause damage to tissues.  M2 

macrophages, which exhibit anti-inflammatory functions are then activated to 

suppress M1 macrophage activity, as well as promote tissue repair and regeneration 

via release of growth factors (e.g. TGFβ and PDGF), angiogenic factors and 

proteases (Shimokado, 1985; Roberts et al., 1986; Arnold et al., 2007; Biswas & 

Mantovani, 2010; Barron & Wynn, 2011; Murray & Wynn, 2011).  Nevertheless, 

if this homeostasis happens in tumor site, growth of tumor would be promoted. 

 

1.3.3. Other functions of macrophages 

One of the main roles of macrophages is to phagocytose dead cells and foreign 

particles.  Unique molecules called pathogen-associated molecular patterns 

(PAMPs) possessed by foreign particles and pathogens are absent in normal body 

cells, so they are recognized and attached by surface receptors on macrophages 

(Janeway, 1992).  These surface receptors include (i) endocytic pattern-

recognition receptors (e.g. scavenger receptors, mannose receptor) that directly 

bind to PAMPs, (ii) signaling pattern-recognition receptors (e.g. toll-like receptor 

TLR) that recognize PAMPs and initiate signaling cascades for immune response, 

and (iii) opsonic receptors (e.g. Fc receptors) that recognize and bind to Fc regions 
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of opsonized particles (Kato et al., 2008; Nimmerjahn & Ravetch, 2011; Rosales & 

Uribe-Querol, 2013).  Upon attachment of foreign particles onto macrophages, 

invagination of cell membrane occurs in macrophages.  The foreign particles are 

then internalized and form phagosome (Freeman & Grinstein, 2014).  After that, 

fusion of phagosome and lysosome results in the formation of phagolysosome.  It 

is highly acidic and contains various kinds of hydrolytic enzymes and microbicidal 

molecules that act to degrade ingested particles (Masson et al., 1969; Babior, 2004; 

Kinchen & Ravichandran, 2008; Marshansky & Futai, 2008).  Other than 

pathogens, macrophages engulf body cells in other biological processes.  For 

instance, apoptotic and dying cells bind to macrophages to promote phagocytic 

ingestion by the latter (Savill et al., 2002); macrophages engulf erythrocyte nuclei 

during erythropoiesis (Skutelsky & Danon, 1972); and remove senescence and 

damaged red blood cell in the spleen (Mebius & Kraal, 2005).  Other than cleaning 

dead cells, macrophages are also involved in tissue morphogenesis and regeneration.  

Null mutation on Csf1 gene, which is responsible for recruitment of macrophages, 

resulted in defects such as delayed pancreatic morphogenesis and impaired 

branching in mammary gland (Pollard, 1997).  In Csf1- and sp11- null nude mice, 

osteopetrosis occurred, thus revealing that osteoclasts, macrophages that are 

responsible for bone resorbing, are crucial to form cavity in bones for hematopoiesis 

(Pollard, 2009).  Macrophages also promote tissue regeneration in response to 

wounding in colon and liver by interacting with colonic epithelial progenitors for 

regeneration (Pull et al., 2005) and specifying hepatic progenitor cells into 

hepatocytes, respectively (Boulter et al., 2012). 

In summary, under normal circumstances, macrophages maintain body 

operations, such as the well-known phagocytotic activity.  They are polarized to 
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M1 or M2 in response to different stimuli and carry out “fight” or “fix” actions 

respectively (Mills, 2012).  They are also involved in morphogenesis and tissue 

regeneration.  Nonetheless, under pathogenic situations, macrophages can as well 

promote malignancy.    

 

1.3.4. Tumor associated macrophages 

Macrophages, inflammation, and cancer initiation 

Inflammation leads to inflammatory-associated transcriptional activation, 

resulting in secretion of inflammatory mediators, cytokines, chemokines, as well as 

the recruitment of immune cells (Mantovani et al., 2008).  Among the immune 

cells recruited to the site of inflammation, macrophages play a crucial role in diverse 

aspects ranging from inflammation, cancer initiation to tumor progression.  

Macrophages that are recruited to the tumor site involving in various stages of 

cancer initiation and progression are categorized as tumor-associated macrophages 

(TAMs) (Mantovani et al., 1992).  Generally, M1-like TAMs are considered to 

have antitumor effect by destroying tumor cells during inflammation (Mantovani et 

al., 2008).  M2-like TAMs, on the contrary, are often correlated with protumoral 

role by suppressing local immune response, promoting angiogenesis, invasion, and 

metastasis.  

During chronic or prolonged inflammation or infection, such as hepatitis B 

infection, the continuous generation of ROS and NO by macrophages react with 

DNA to cause genetic instability.  In addition, cytokines and growth factors 

produced by TAMs promote mutation and tumor formation (Balkwill et al., 2005; 

Karin et al., 2006; Pang et al., 2007; Lin & Karin, 2007; Meira et al., 2008; Colotta 

et al., 2009).  After the establishment of tumor, local immune response for tumor 
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resistance is suppressed by immunological regulatory M2-like TAMs by 

downregulation of immunological activation (e.g. via inhibiting cytotoxic T cell 

actions and response by secreting IL-10 and CCL22) (Kuang et al., 2009).  As a 

result, tumor growth is promoted.  

 

Macrophage in tumor angiogenesis and migration 

Insufficient supply of nutrients and oxygen to large tumor mass due to an 

increased diffusion distance leads to hypoxia (Liao & Johnson, 2007).  

Angiogenesis is a crucial process to sustain tumor survival and growth.  TAMs are 

attracted by chemokines (i.e. VEGF, CSF-1 and CCL2) and accumulate in hypoxic 

areas (Barleon et al., 1996; Hiratsuka et al., 1998; Dineen et al., 2008; Murdoch et 

al., 2008).  They express hypoxia-inducible factors (HIFs) which lead to activation 

of angiogenic genes (Talks et al., 2000; Burke et al., 2002; Lewis & Murdoch, 2005).  

TAMs also produce angiogenic factors and proteases such as MMPs and COX2 

(Lewis et al., 1995) to allow endothelial cell migration.  Once new vessel network 

is established, oxygen and nutrients can be delivered to the tumor efficiently, 

metastasis is thus enabled.  

TAMs contribute to tumor cell migration via EGF-CSF-1 paracrine loop 

(Wyckoff et al., 2004).  Briefly, tumor cells produce CSF-1 to recruit TAMs, 

which synthesize EGF in return to promote tumor cells migration.  TAMs also 

assist tumor cell invasion and metastasis.  They produced osteonectin for collagen 

binding (Sangaletti et al., 2008), promoted collagen fibrillogenesis (Ingman et al., 

2006), and attracted tumor cells along collagen fibrils to blood vessels.  In addition, 

TAMs accumulate at the intravasation edge on the abluminal side to aid invasion 

and metastasis by production of various proteases (Egeblad & Werb, 2002; 
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Wyckoff et al., 2007; Gligorijevic et al., 2009).  Taken together, both 

macrophages and STC1 (as described in the previous section) have significant roles 

on tumor development.  A number of literatures have in fact introduced links 

between these two cancer-associated mediators.  

 

Stanniocalcin-1 in inflammation and macrophages 

STC1 plays roles in different kinds of inflammatory diseases.  STC1 was 

demonstrated as a downstream target of inflammatory cytokine IL-8 (Yeung et al., 

2015) and IL-6 via MAPK pathway (Westberg et al., 2007).  STC1 protein which 

was localized in macrophages was differentially expressed and upregulated in rat  

obstructive uropathy kidneys (Kanellis et al., 2004), an inflammatory renal disease 

that results in chemokines production and macrophage infiltration (Kluth et al., 

2004; Misseri et al., 2004).  Using STC1 transgene mouse model, macrophage 

infiltration in response to anti-GBM GN (anti-glomerular basement membrane 

glomerulonephritis disease) and deposition of complement component 3 (C3) in 

glomeruli was reduced.  This was in line with less tissue destruction and 

inflammatory responses in kidneys when compared with wildtype mice.  This 

observation suggested that STC1 may play a protective role against inflammatory 

renal injury (Huang et al., 2009).  Similar observations were demonstrated using 

STC1 transgene mouse that were subjected to renal ischemia/reperfusion (I/R) 

injury.  STC1 overexpression sustained kidney morphology and functions, 

stabilized endothelial permeability, suppressed macrophage infiltration, inhibited 

I/R-induced MAPKs expressions and ROS production (Huang et al., 2012).  

During cardiovascular inflammation, TNFα-mediated superoxide production and 

activation of NF-κB and JNK pathways were blocked by STC1 (Chen et al., 2008).  
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In murine macrophage cell culture model (RAW264.7), recombinant human STC1 

upregulated UCP2 protein level, reduced superoxide production UCP2-dependently 

and attenuated LPS-induced superoxide production in macrophages (Wang et al., 

2009).  The above demonstrated STC1 exerted protective role from tissue damage 

during inflammation by reducing superoxide generation and macrophage 

infiltration.          

The migratory and invasive ability of macrophage, which is crucial for their 

infiltration to the tumor site, was inhibited by STC1.  Addition of recombinant 

human STC1 protein suppressed chemokinesis and chemotaxis of human 

monocytic cell line U937 and murine macrophage-like RAW264.7 cell towards 

monocyte chemotactic protein-1 (MCP-1) and stromal cell-derived factor-1α (SDF-

1α) dose-dependently.  Intracellular calcium, which acts as second messenger 

during ligand binding to chemokine receptors, was found to be reduced by STC1 in 

RAW264.7, so it was suggested to be the possible reason for the diminished MCP-

1-and SDF-1α-mediated chemotaxis (Kanellis et al., 2004).  The same group has 

also demonstrated that recombinant STC1 attenuated human primary macrophages 

transmigration across IL-1β-activated endothelium cells (HUVEC) (Chakraborty et 

al., 2007).  This was probably due to alterations in endothelial cell gene and 

protein expressions, as STC1 also reduced permeability of TNFα-induced human 

coronary artery endothelial cells (HCAEC) and upregulated expressions of tight 

junction proteins ZO-1 and claudin-1 (Chen et al., 2008).  In human hepatocellular 

carcinoma cell line Hep3B, the pro-migratory action of inflammatory cytokines IL-

6 and IL-8 was counteracted by STC1 (Yeung et al., 2015).  

Taken together, STC1 may be anti-inflammatory and exerts protective role to 

injured tissues by suppressing macrophage chemotaxis, attenuating infiltration of 
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macrophage via endothelial tight junction maintenance, and reducing superoxide 

production during inflammation. 
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Research Objectives and Hypothesis 

 

Inflammation is a leading cause of carcinogenesis in hepatocellular carcinoma 

(HCC), while macrophages play crucial roles in inflammation and cancer 

development.  A previous study using clinicopathological data demonstrated a 

negative correlation between STC1 expression and HCC tumor size, however, the 

underlying mechanism was not clear.  STC1 has also been revealed to exert anti-

inflammatory role by suppression of inflammatory cytokines and macrophage 

functions.  The relationship and interactions between STC1, macrophages and 

HCC were yet to be elucidated.  We hypothesized that STC1 suppressed HCC 

tumorigenicity and altered macrophage functions.  In this study, we aimed to (1) 

delineate the underlying mechanism of suppressed tumor growth in STC1-

overexpressing HCC cell line MHCC97L, (2) to reveal the effects of STC1 in HCC 

on macrophage motility; and (3) to identify the roles of STC1 in macrophage and 

its interactions with HCC.  

 

 

 

 

 

 

 

 



30 

 

Chapter 2  

Effects of Stanniocalcin-1 Overexpression on Tumorigenicity and 

Metabolism of Hepatocellular Carcinoma 

 

2.1. Introduction 

Stanniocalcin-1 (STC1) is a fish hypocalcemic hormone that targets on fish gills 

to inhibit Ca2+-transport.  The mammalian homolog of the hormone was cloned in 

the screening of cancer-related gene (Chang et al., 1995) and was identified in the 

transcriptional profiling of serum-starved human fibroblasts (Iyer et al., 1999).  

The data implicated that the hormone is likely involved in growth-related processes 

and metabolism.  Interestingly, an early STC1-transgenic mouse model showed 

dwarfism phenotypes (Varghese et al., 2002).  In mammals, the hormone is 

broadly expressed in various body tissues and is recognized as a paracrine/autocrine 

factor.  Recent works have revealed the association of STC1 expression with 

various pathological mechanisms and diseases phenotypes, in particular 

inflammation, tumor growth and metastasis (Chang et al., 2003; Yeung et al., 2012).  

Significant upregulations of STC1 were reported in tumors under hypoxic or 

oxidative stress (Yeung et al., 2005; Nguyen et al., 2009).  Considerable numbers 

of studies have also shown differential expressions of STC1 in paired human tumors 

and normal tissues.  Increased STC1 expression was mostly detected in human 

tumor samples of colorectal cancers and hepatocellular carcinomas (Fujiwara et al., 

2000; Tamura et al., 2011), non-small cell lung cancer (Du et al., 2011), ovarian 

cancer (Liu et al., 2010), breast carcinoma (Wascher et al., 2003; McCudden et al., 

2004; Joensuu et al., 2008) and leukemia (Tohmiya et al., 2004).  Many laboratory 

experiments have revealed that STC1 expression was associated with tumorigenesis 

in renal (Ma et al., 2015), breast and ovarian cancers (Welcsh et al., 2002; Liu et 
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al., 2010).  However, the association of greater expressions of STC1 in tumors, 

linking to either poor or good prognosis is not conclusive (Yeung et al., 2012).   

Current evidence supports the association between STC1 expression and 

tumorigenesis.  The involvement of STC1 in the processes of tumor growth, 

epithelial-mesenchymal transition (EMT) and apoptosis in various types of cancer 

were suggested (Lai et al., 2007; Law et al., 2008; Liu et al., 2010; Ching et al., 

2012; Ohkouchi et al., 2012; Pena et al., 2013; Chang et al., 2015; Ma et al., 2015).  

Our previous study using clinicopathological data of hepatocellular carcinoma 

(HCC) showed significantly greater expression of STC1 in tumors versus paired 

normal samples (Yeung et al., 2015).  However, an inverse correlation (p = 0.008, 

216 patient samples) of STC1 expression with tumor size was observed.  Using 

STC1-overexpressing metastatic HCC cell line (MHCC97L) in the study, the 

negative correlation was established.  Yet, the underlying molecular mechanism 

on how STC1 reduced tumor masses is not clear.  In fact, the dwarfism phenotypes 

in STC1-overexpressing transgenic mice may provide some clues on the role of 

STC1.  Transmission electron microscopy of the STC1 transgenic mouse tissues 

revealed the enlargement of mitochondria (Filvaroff et al., 2002), suggesting the 

effects of STC1 on cell metabolism.  Later studies in characterization of STC1 

receptor suggested that mitochondria is a target of STC1, which uncoupled the 

process of oxidative phosphorylation (McCudden et al., 2002; Ellard et al., 2007) 

and activated mitochondrial antioxidant pathways (Sheikh-Hamad, 2010).  With 

the benefit of hindsight, in this study lentiviral-based overexpression approach was 

applied to monitor tumor growth in nude mice xenograft and to characterize in vitro 

functional implications of STC1.  Using the metastatic HCC cell line (MHCC97L), 

biochemical and molecular pathway analyses were performed to elucidate the 
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effects of STC1-overexpression on the epithelial phenotype, tumorigenicity and 

metabolism of the cells.   
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2.2. Materials and Methods 

2.2.1. Cell Culture 

Metastatic hepatocellular carcinoma cell line MHCC97L and human embryonic 

kidney cell line HEK293FT were cultured in high glucose Dulbecco’s modified 

Eagle’s medium (DMEM) (Gibco; Life Technologies) supplemented with 10% 

heat-inactivated fetal bovine serum (Gibco; Life Technologies) and antibiotics (25 

U/mL penicillin and 25 μg/mL streptomycin) (Life Technologies).  The cells were 

maintained in a humidified, 5% CO2 incubator at 37 °C.  

 

2.2.2. Lentiviral Overexpression of STC1 in MHCC97L Cells 

Human STC1 cDNA that encodes the wild-type full-length protein was cloned 

into pENTR/SD/D-TOPO (Life Technologies) according to the manufacturer’s 

instructions.  STC1 insert was then sub-cloned into the expression vector 

pLenti6.3/TO/V5-DEST (Life Technologies) using Gateway LR Clonase II Plus 

Enzyme Mix (Life Technologies).  HEK293FT cells were seeded into 100 mm 

dishes overnight, followed by co-transfection of the ViralPower Packaging Mix 

with pLenti6.3/TO/V5-DEST-STC1 or pLenti6.3/TO/V5-DEST using 

Lipofectamine 2000 (Invitrogen).  Supernatants containing virus were collected 

after 48 hrs and stored at -80 °C.  MHCC97L were seeded into 6-well plate 

overnight, then transduced with lentiviral particles and 6 μg/mL polybrene (Sigma-

Aldrich) for 24 hrs.  The stably infected cells were selected using 4 μg/mL 

blasticidin (Life Technologies) for over 2 weeks.  STC1 overexpression were 

verified by qPCR and western blotting. 
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2.2.3. Xenograft Animal Model  

Two hundred microliters of MHCC97L/P (P) or MHCC97L (S1) cells (2 x 106 

cells) were subcutaneously inoculated in the right franks of 6-week-old male 

BALB-c nude mice (n = 10) using 29-gauge needles.  Tumor volumes were 

measured twice per week and calculated by the equation [(width2 x length) / 2].  

When the average volume of inoculated tumor in the control group was about 700 

mm3, all the mice were sacrificed.  In this experiment, the tumor samples were 

collected and weighed on day 32.   

 

2.2.4. Total RNA Extraction and Real-time PCR  

Total RNA was extracted by TRIZOL Reagent (Gibco/BRL) according to the 

manufacturer's instructions.  Total RNA with ratio of A260/A280 > 1.8 was used 

to synthesize cDNA by SuperScript VILO Master Mix (Invitrogen; Life 

Technologies).  Real-time PCR was performed using Fast SYBR Green Master 

Mix (Applied Biosystem) and StepOne Real-Time PCR System (Applied 

Biosystem). The primer sequences of human STC1 (5’-

TGAGGCGGAGCAGAATGACT -3’, 5’-CAGGTGGAGTTTTCCAGGCAT-3’) 

and β-actin (5’-GACTACCTCATGAAGATCCTCACC-3’, 5’-

TCTCCTTAATGTCACGCACGATT-3’) were used.  Gene expression levels 

were calculated by the ‘ΔΔCt method’ and were normalized using β-actin transcript 

levels.   
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2.2.5. Western Blot Analysis 

Cells were lysed in cold radioimmunoprecipitation assay (RIPA) buffer (150 mM 

NaCl, 50 mM Tris-HCL, pH 7.4, 2 mM EDTA, 1% NP-40, and 0.1% SDS) and 

sonicated by Bioruptor Plus (Diagenode), followed by centrifugation at 12000 g for 

10 min at 4 oC.  Supernatant was collected, and protein concentration was 

measured using DC Protein Assay Kit II (Bio-Rad).  Absorbance at 750 nm was 

determined using a microplate reader (Bio Tek, ELX800).  Protein lysates were 

resolved in SDS-PAGE and transferred onto PVDF membranes (Bio-Rad).  The 

membrane was blocked in 5% non-fat milk in PBST for 1 hr and probed with 

primary antibodies followed by HRP-conjugated secondary antibodies (Supp. 

Table 2.1).  Specific bands were visualized by WESTSAVE Up (AbFrontier). 

 

2.2.6. Colony Formation Assay 

P and S1 cells were seeded in 6-well plates (n = 6, 500 cells/well) in complete 

DMEM high glucose medium.  After 10-day incubation, cells were fixed with ice-

cold methanol for 10 min at -20 oC, and stained with 0.5% crystal violet (Farco 

Chemical Supplies) in 20% methanol at room temperature for 10 min.  Colony 

images were captured using light microscopy and counted by Image J. 

 

2.2.7. Boyden Chamber-based Cell Migration Assay  

Migration assay was performed in 24-well cell culture inserts (Falcon) with 8 µm 

pore size membrane.  P and S1 cells were trypsinized from 100 mm plates, then 

washed with serum-free DMEM twice.  The cells were seeded into the inserts in 

serum-free medium with or without 100 ng/mL hepatocyte growth factor (HGF, 
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Gibco), whereas the lower chambers of the wells were filled by the medium 

containing 10% FBS.  After 24-hr incubation at 37 oC, the cells on the top side of 

the insert membranes were removed by cotton swabs.  The cells migrated to the 

bottom side of the insert membrane were fixed with ice-cold methanol at -20 oC for 

10 min, then stained with 0.5% crystal violet (Farco Chemical Supplies) in 20% 

methanol at room temperature for 10 min.  Migrated cells were captured using 

light microscopy and counted by Image J.  

 

2.2.8. MTT Assay  

Cells were seeded in quadruplicate in 96-well plate.  After overnight incubation, 

the medium was removed and was replaced by MTT solution (250 µg/mL in PBS, 

Molecular Probes).  The cells were incubated in a 37 oC incubator for 4 hrs.  

Insoluble formazan salts were then dissolved in DMSO (Sigma).  Absorbances at 

540 nm and 690 nm were detected by the microplate reader. 

 

2.2.9. Flow cytometry Annexin V/PI  

Cell suspension was washed with cold PBS twice according to the 

manufacturer’s instruction (BD Pharmingen), then resuspended in 1X binding 

buffer (1 x 106 cells/mL).  One hundred microliters of cells were then transferred 

to 5 mL flow tube, followed by the addition of FITC Annexin V and PI, and 

incubated for 15 min in dark at room temperature.  Additional 400 µl 1X binding 

buffer was added before flow cytometry analysis.  
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2.2.10. Coulter Counter Cell-sizing  

Cell suspension was washed and resuspended in 10 mL PBS.  Cell size was 

determined by Coulter Counter (Beckman) with aperture diameter of 100 µm.  

Five hundred microliter of cell suspension were analyzed.  Ten thousand cells 

were counted for each measurement. 

 

2.2.11. ATP Determination Assay 

Cells were seeded in quadruplicate in 24-well plates.  After overnight 

incubation, cells were lysed and centrifuged at 10,000 g for 2 min at 4 oC.  

Supernatant was mixed with ATP standard reaction solution (Molecular Probes) 

according to the manufacturer’s instructions and luminescence was measured 

(VICTOR X4, Perkin Elmer).  Cellular ATP levels were normalized by protein 

concentrations.  

 

2.2.12. Glycolysis Assay  

Cells were seeded in triplicate in 96-well plates.  After overnight incubation, 

culture medium was removed, and the cells were washed with a respiration buffer 

according to the manufacturer’s instruction (Abcam).  Glycolysis reagent was 

added to each sample-wells.  Fluorescent signal was measured by dual-read time-

resolved fluorescence at Ex340nm and Em615nm (VICTOR X4, Perkin Elmer) every 2 

min for 2 hrs at 37 oC.  
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2.2.13. Extracellular Oxygen Consumption Assay.  

Cells were seeded in triplicate in 96-well plates.  After overnight incubation, 

medium was replaced by fresh culture medium, extracellular O2 consumption 

reagent was added to each sample-well according to the manufacturer’s instruction 

(Abcam).  The wells were promptly sealed with mineral oil.  Fluorescent signals 

were measured by dual-read time-resolved fluorescence at Ex340nm and Em642nm 

(VICTOR X4, Perkin Elmer) every 2 min for 2 hrs at 37 oC.  

 

2.2.14. GSH/GSSG-Glo Assay  

Cells were seeded in quadruplicate in 96-well plates.  After overnight 

incubation, cells were lysed with total glutathione or oxidized glutathione lysis 

reagents, followed by luciferin generation and luciferin detection reagents 

according to the manufacturer’s instructions (Promega).  Luminescence was 

measured (VICTOR X4, Perkin Elmer), and the ratio of total glutathione to 

oxidized glutathione was calculated. 

 

2.2.15. Statistical Analysis  

Statistical analysis was conducted using SigmaPlot version 12.0.  Data were 

evaluated by the Student’s t-test or one-way analysis of variance (ANOVA) 

followed by Duncan’s multiple range test.  All data are presented as statistical 

mean  SD.  A p-value < 0.05 was used as the cutoff for statistical significance.   
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2.3. Results 

2.3.1. STC1-overexpressing MHCC97L cells formed smaller tumor size 

STC1 overexpression was established in the metastatic human hepatocellular 

carcinoma (MHCC97L) using lentivirus approach.  The S1- derived xenografts in 

immunodeficient mice exhibited significantly lower tumor volume starting from 

day 22 to 33 of post-inoculation (Fig 2.1A).  On day 33, the dissected tumor 

masses from the mice inoculated with wild-type MHCC97L (P) or 

MHCC97L/STC1 (S1) were shown (Fig 2.1B).  In vitro measurement of the tumor 

sizes showed consistent data as in vivo that the tumor volume and weight were 

significantly lesser in the S1 xenografts (Fig 2.1C-D).   

 

2.3.2. Effects of STC1 on MHCC97L migratory and proliferative abilities 

When comparing the cell morphology between P and S1 cells, the P cells showed 

elongated fibroblast-like phenotype (Fig 2.2A).  The S1 cells however exhibited 

the morphology to be more polygonal in shape.  Quantitative real-time PCR and 

western blot analysis showed a remarkable increase in the levels of STC1 transcript 

and protein in S1 cells, illustrating the high efficacy of the viral infection (Fig 2.2B).  

Colony formation assay showed significantly lower plating efficiency of S1 cells 

(Fig 2.2C).  Microscopic examination of the cell colonies also illustrated that S1 

cells were more tightly packed as compared with the P cells.  Western blot analysis 

showed that the S1 cells had greater expression levels of β-catenin, N-cadherin and 

E-cadherin (Fig 2.2D).  Boyden chamber assay revealed that the migratory 

responses of S1 was significantly lesser than P cells with or without the addition of 

the hepatocyte growth factor (HGF) (Fig 2.2E). 
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2.3.3. STC1 reduced MHCC97L cell size  

In cytological and molecular characterization, MTT assay data presented 

significantly lower cell proliferation of S1 cells (Fig 2.3A).  Annexin V-PI flow 

cytometry revealed no significant difference in percentages of apoptotic or PI+ cell 

populations (Fig 2.3B).  Interestingly, the use of a Coulter counter for cell-sizing 

exhibited significantly smaller cell size of S1 as compared with P cell population 

(Fig 2.3C).  S1 cells had the average cell diameter of 17.6 ± 2.19 μm, which were 

significantly smaller (p < 0.001) than P cells (19.6 ± 2.45 μm).  Since the 

phosphorylation of ribosomal protein (rp) S6 is an important determinant of cell 

size, we measured the cellular levels of the phosphorylated (Ser240/244) and total 

rpS6 using western blotting.  Figure 2.3D showed that S1 cells had significantly 

lower phosphorylation level of rpS6 (p-rpS6) as compared with P cells.  Moreover, 

significant reduction in the phosphorylation of the upstream regulatory kinase 

p70S6K (Thr389) and slight downregulation of phosphorylated mTOR (Ser2448) 

in S1 cells were observed.  Although an increase in the phosphorylation of 

p70S6K (Thr421/Ser424) at the C-terminal auto-inhibitory pseudosubstrate domain 

was evident, this was associated with a decrease in the activity of p70S6K (Le et 

al., 2003).  Therefore, the changes in the phosphorylation patterns at Thr389 at the 

linker domain and Thr421/Ser424 at C-terminal domain of p70S6K in the S1 cells 

supported the notion that the smaller cell size phenotype was linked to the 

inactivation of the p-p70S6K/p-rpS6 pathway.  This observation prompted us to 

the investigation of another functionally related kinase, AMP-activated protein 

kinase (AMPK). 
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2.3.4. STC1 reduced cellular metabolism 

AMPK negatively regulates mTOR/p70S6K pathway to control protein synthesis 

and cell growth (Hardie et al., 2012).  Western blot analysis showed a significantly 

greater level of p-AMPK (Thr172) in S1 cells (Fig 2.4A).  Cellular ATP level 

(Fig 2.4B), glycolytic and extracellular O2 consumption rates (Fig 2.4C) were 

significantly lower in S1 cells (p < 0.05, fit-regression analysis, Minitab).  

Significantly greater expression level of pyruvate dehydrogenase kinase (PDHK1) 

(Fig 2.4A), which negatively regulates pyruvate dehydrogenase (PDH) flux to 

reduce mitochondria-derived ATP was noted (Zhang et al., 2014).  The decreased 

cellular metabolism in mitochondrial respiratory pathway was accompanied with a 

significantly greater ratio of GSH/GSSG (Fig 2.4D).  
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2.4. Figures 
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Fig 2.2 
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Fig 2.3 

 

p70S6K 70, 85

p-70S6K (Thr389) 70, 85

p-p70S6K 

(Thr421/Ser424)
70, 85

32p-rpS6 (Ser240, 244)

P   S1  kDa

rpS6 32

289p-mTOR (Ser2448)

289mTOR

p-ERK1/2 42, 44

ERK1/2 42, 44

Actin 42

A

P:

19.6±2.45µmS1:

17.6±2.19µm

(p<0.001)

*

MTT Assay

P S1

P
e
rc

e
n
ta

g
e
 o

f 
c
e
ll 

v
ia

b
ili

ty
 (

%
)

0

20

40

60

80

100

120

R
el

at
iv

e 
%

 o
f 

o
p

ti
ca

l 
d

en
si

ty

* 2.9% 0.9%

96%

0.2%

1.8% 0.8%

97.2%

0.1%

P S1

C D

B



45 

 

Fig 2.4 
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Antibody  Vendor Cat. No. Host 

β-actin Sigma-Aldrich A2228 Mouse 

β-catenin Santa Cruz sc7963 Mouse 

E-cadherin Santa Cruz sc-8426 Mouse 

Vimentin Santa Cruz sc-7558 Goat 

N-cadherin Life Technologies 33-3900 Rabbit 

mTOR Cell Signaling Technology 2983 Rabbit 

p-mTOR (Ser2448) Cell Signaling Technology 2971 Rabbit 

AMPKα1 Cell Signaling Technology 5832 Rabbit 

p-AMPKα1 (Thr172) Cell Signaling Technology 2535 Rabbit 

70S6K Cell Signaling Technology 9202 Rabbit 

p-70S6K (Thr389) Cell Signaling Technology 9205 Rabbit 

p-70S6K (Thr421/Ser424) Cell Signaling Technology 9204 Rabbit 

rpS6 Cell Signaling Technology 2317 Mouse 

p-rpS6 (Ser240, 244) Cell Signaling Technology 2215 Rabbit 

PDHK1 Cell Signaling Technology 3820 Rabbit 

V5 Invitrogen 46-0705 Mouse 

Anti-Rabbit HRP Bio-rad 170-6515 Goat 

Anti-Mouse HRP Bio-rad 170-6516 Goat 

Anti-Goat HRP Santa Cruz sc-2020 Donkey 

 

Supp. Table 2.1. List of antibodies used 
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2.5. Figure Legends 

Fig 2.1. The growth of MHCC97L/P and MHCC97L/S1 tumors in 

immunodeficient mice 

(A) The measurement of tumor volumes of P- and S1- derived xenografts in mice 

against the days of inoculation.  From day 22 onwards until the end of the 

experiment (day 33), significantly smaller tumor volumes were recorded in S1-

derived xenografts (n = 10, *p < 0.05).  (B) The photomicrographs show the 

isolated P- and S- derived xenografts.  Panels (C) and (D) show the distributions 

of tumor weight and volume, respectively.  Significantly lower tumor volumes 

and weights were measured in S1- derived xenografts. 

 

Fig 2.2. Tumorigenicity-phenotype of MHCC97L/P (P) and MHCC97L/S1 (S1) 

in culture 

(A) Light micrographs show the elongated fibroblast-like and polygonal phenotype 

of P and S1 cells, respectively.  (B) The validation of the mRNA and protein 

expression levels of STC1 in S1 cells using real-time PCR and western blotting.   

(C) Representative images of cell colonies and plate-reads of P and S1 cells (left 

panel).  The statistical analysis of the colony form and plating efficiency (right 

panel).  (D) Western blot analysis show the expression levels of epithelial-

mesenchymal transition (EMT) proteins in P and S1 cells.  Significantly greater 

expression levels of β-catenin and E-cadherin were observed in S1 cells.  (E) 

Boyden chamber assay shows that the migratory responses of S1 was significant 

lesser than P cells with or without the addition of the hepatocyte growth factor (HGF, 

100 ng/mL).  Bars with the same letter are not significantly different according to 
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the results of one-way ANOVA followed by Duncan’s multiple ranges tests (p < 

0.05). 

 

Fig 2.3. Cytological and molecular characterization of MHCC97L/P (P) and 

MHCC97L/S1 (S1) in culture 

(A) MTT assay shows significant lower proliferative rate of S1 cells.  (B) Flow 

cytometry (annexin V-PI) shows no significant differences in the percentages of 

apoptotic or PI+ populations of P and S1 cells.  (C) Coulter counter for cell-sizing 

shows S1 exhibited significant smaller cell size as compared with P1 cell population.  

(D) Western blot analysis shows the expression levels of phosphorylated protein 

kinases in P and S1 cells.  Significantly lesser levels of p-p70S6K/p-rpS6 were 

observed in S1 cells.  

 

Fig 2.4. Metabolic effects of STC1 overexpression on MHCC97L (S1) in 

culture  

(A) Western blot analysis shows significantly greater levels of p-AMPKα and 

PDHK1 in S1 cells.  (B) ATP determination shows significantly lower cellular 

ATP levels in S1 cells.  (C) Glycolysis (left panel) and extracellular O2 

consumption (right panel) assays show significantly lower rates of metabolic 

processes in S1 cells.  (D) A greater GSH/GSSG ratio was measured in S1 cells. 
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2.6. Discussion 

Our previous study showed that STC1 was upregulated in the tumor tissues from 

the analysis of clinical data of 216 HCC patients (Yeung et al., 2015).  The 

observation implied the greater expression of STC1 being associated with poor 

prognostic outcome.  However, the same set of data showed tumors with greater 

expression level of STC1 (tumor/normal ≥ 2) being significantly smaller (p = 0.008) 

than the samples with lower STC1 level (tumor/normal < 2).  Using HCC cell line 

analysis, we showed the inhibitory actions of STC1 on the pro-migratory effects of 

IL-6/IL-8, the growth of tumor spheroids in culture and the development of tumor 

mass in nude mice model (Yeung et al., 2015).  The underlying mechanisms of 

smaller tumor mass in greater STC1 expression in HCC is not clear.   

In the present study, using the metastatic hepatocellular carcinoma (MHCC97L, 

P) and STC1-lentivirus overexpressed cells (MHCC97L/STC1, S1), we identified 

that STC1-overexpression transformed P cells from fibroblast to epithelial 

phenotype (S1) in culture.  Greater expression levels of E-cadherin and β-catenin 

were evident in S1 cells.  Although β-catenin is able to form nuclear complexes 

with high mobility group transcription factors (the lymphoid enhancer binding 

factor (LEF)-1/T cell factor (TCF) family) to induce epithelial-mesenchymal 

transition, the upregulation of E-cadherin is known to inhibit β-catenin 

transcriptional activity (Behrens et al., 1996; Stockinger et al., 2001).  In addition, 

β-catenin is part of a protein complex that form adherens junctions for E-cadherin 

mediated cell adhesion in the maintenance of epithelial cell layers (Hartsock & 

Nelson, 2008).  Thus, the greater expression level of E-cadherin in S1 cells might 

lead to the epithelial phenotype.  In fact, the supporting role of STC1 in the process 

of re-epithelization in human keratinocytes was demonstrated (Yeung & Wong, 
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2011).  Moreover, in the present study the epithelial phenotype of S1 cells 

displayed in colony formation assay, with significantly lower plating efficiency.   

Using Coulter counter analysis, S1 cells showed significantly smaller cell size. 

The smaller cell size was associated with lower level of ribosomal protein S6 

phosphorylation (p-rpS6), cellular ATP contents and higher level of phosphorylated 

AMPKα.  The phosphorylation of rpS6 is known to be a positive regulator of cell 

size (Ruvinsky et al., 2005) and is regulated by the upstream kinase p70S6K (Blenis 

et al., 1991) and mitogen activated protein kinase (Pende et al., 2004).  Our data 

showed lower phosphorylation of p70S6K in S1 cells while no significant changes 

in the levels of phosphorylated ERK1/2.  Indeed, p70S6K-/- mice exhibited smaller 

cell and animal sizes (Shima et al., 1998).  Likewise, the overexpression of human 

STC1 in mice showed a growth retardation phenotype (Varghese et al., 2002; 

Johnston et al., 2010) in which a possible role of STC1 in mitochondrial function 

and cell metabolism was suggested (Filvaroff et al., 2002).  To address the role of 

STC1 in cell metabolism, experiments for the determination of cellular ATP level, 

glycolytic flux and extracellular O2 consumption were conducted.  S1 cells 

showed significantly lower cellular ATP level, which was associated with 

significantly lower rates of glycolysis and extracellular O2 consumption.  The low 

mitochondrial respiration, resulting in less reactive oxygen species was reflected by 

a greater ratio of GSH/GSSG (Ribas et al., 2014) in S1 cells.  The observation also 

aligned with the findings of other studies showing STC1 functions to uncouple the 

process of oxidative phosphorylation to reduce ATP synthesis (McCudden et al., 

2002; Ellard et al., 2007) via an increased expression of mitochondrial UCP2 

(Wang et al., 2009).  Moreover, the effect of STC1 on the stimulation of 

gluconeogenesis in rat and fish kidneys was suggested (Schein et al., 2015), which 
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is the endergonic process to consume cellular ATP.  The reduced cellular ATP 

levels could be detected by the key regulator in cellular energy metabolism, AMPK, 

a sensor of ADP/AMP/ATP ratio (Hardie et al., 2012).  Presumably, AMPK was 

activated under the low cellular ATP content in S1 cells, to block the 

phosphorylation of p70S6K (Krause et al., 2002).  Therefore, the greater level of 

phosphorylated AMPKα (p-AMPKα, Thr172) in S1 cells may explain the lower 

level of p70S6K in S1 cells, even though the p-mTOR was only slightly 

downregulated in S1 cells.  Intriguingly Pan and coworkers reported that the high 

STC1 expression in STC1 transgenic mice model was associated with high AMPK 

activity as compared with the corresponding wild-type and STC1 knockout animals 

(Pan et al., 2015), suggesting the functional relationship between STC1 and AMPK 

activity.  Taken together, the literatures and our data support the observation of 

small tumor mass of S1 cells in nude mice and the clinicopathological analysis 

(Yeung et al., 2015).  S1 cells exhibited lower cellular ATP levels and reduced p-

p70S6K/p-rpS6 signals, which are the possible causes of smaller tumor mass in 

nude mice.  

Collectively, the present study showed the smaller tumor xenografts in nude mice 

and cell size in STC1-overexpressed metastatic human hepatocellular carcinoma 

MHCC97L cells.  Follow-up experimental analysis underlined that S1 cells 

exhibited epithelial phenotype, lower plating efficiency, reduced migratory 

potential, and smaller cell size.  Western blotting analysis illustrated the 

downregulation of p-p70S6K/p-rpS6 pathway but an upregulation of AMPK 

pathway, supporting the phenotype of the smaller cell size.  The significantly 

lower glycolysis, O2 consumption and ATP production in the STC1-overexpressed 

cells attributed to the reduction of cellular energy metabolisms.   



52 

 

Chapter 3  

Effects of Stanniocalcin-1 overexpressing HCC on Macrophages 

in a Co-culture Model 

 

3.1. Introduction 

Human stanniocalcin-1 (STC1) is a glycoprotein that is widely expressed in 

various tissues.  Considerable numbers of clinical studies reported dysregulations 

of STC1 in different types of tumors.  Experimental studies, using different cancer 

cell models unraveled the roles of STC1 in cell proliferation/apoptosis, 

inflammation, migration and angiogenesis.  Genetic analysis showed that STC1 

gene is located at the metastatic susceptibility locus of 8p, which is associated with 

tumor progression and metastases (Chughtai et al., 1999; Macartney-Coxson et al., 

2008).  Notably, STC1 is a downstream target gene of HIF-1, the key 

transcriptional factor mediating inflammatory response and transformation in tumor 

microenvironment (TME) (Yeung et al., 2005; Taylor, 2008; Law et al., 2010; 

D’Ignazio et al., 2016).  In TME, the dynamics of cancer progression is attributed 

by interactions of genetics, immunological and various micro-environmental 

factors.  Among those, tumor associated macrophages (TAM) in TME is known 

to be an essential driver of tumor inflammation and progression.  Depending on 

the stages of tumorigenesis, TAM secrete various factors, exerting a yin-yang 

influence to determine if the tumor is suppressed or paving the way to metastasize.  

The consequence of the influence at TME could modulate responses of cancer cells 

to therapeutic treatments.  

Hepatocellular carcinoma (HCC) is the seventh most common cancer and the 

third most common cause of death from cancer worldwide (Ferlay et al., 2015), 
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which is mainly caused by chronic inflammation (Alter et al., 1999; Martínez-Bauer 

et al., 2008).  TAM infiltration and abundance in HCC is associated with good (< 

20%) or poor (> 80%) prognosis (Zhu et al., 2008; Ding et al., 2009; Kuang et al., 

2009; Chew et al., 2010).  Our previous study showed that STC1 was upregulated 

in the tumor tissues from the analysis of clinical data of 216 HCC patients, however, 

an inverse correlation of STC1 expression with tumor size was demonstrated.  

Using HCC cell line analysis, we showed the inhibitory actions of STC1 on the pro-

migratory effects of IL-6/IL-8, the growth of tumor spheroids in culture and the 

development of tumor mass in nude mice model (Yeung et al., 2015).  Tumor 

progression is strongly influenced by interactions of cancer cells with the 

infiltrating host cells.  With hindsight, the roles of STC1 in tumor cells were 

demonstrated.  However, the effects of tumor cells-derived STC1 on the 

differentiation and function of macrophages is not clear.  In the present study, 

using human leukemia monocytic cell line (THP-1) and STC1-overexpressed 

hepatocellular carcinoma cells MHCC97L (97L/S1), a Boyden chamber co-culture 

model was used to characterize the effects of HCC-macrophage interactions on 

macrophage migration.  
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3.2. Materials and Methods 

3.2.1. Cell Culture and Treatment  

Human leukemia monocytic cell line THP-1 was cultured in RPMI 1640 (Gibco, 

Life Technologies), whereas human hepatocellular carcinoma cell line MHCC97L 

was cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM) 

(Gibco, Life Technologies) and were maintained in a humidified, 5% CO2 incubator 

at 37°C.  The culture media were supplemented with 10% heat-inactivated fetal 

bovine serum (Gibco, Life Technologies) and antibiotics (25 U/mL penicillin & 25 

µg/mL streptomycin) (Life Technologies).  To induce THP-1 derived M0 

macrophages, the cells were treated with 5 nM phorbol 12-myristate 13-acetate 

(PMA) (Abcam) for 24 hrs.  

 

3.2.2. Total RNA Extraction and Real-time PCR  

Cellular total RNA was extracted by TRIZOL Reagent (Gibco/BRL) according 

to the manufacturer’s instructions.  Total RNA with ratio of A260/A280 > 1.8 was 

generally obtained and used to synthesize cDNA by SuperScript VILO Master Mix 

(Invitrogen; Life Technologies).  Real-time PCR was performed using Fast SYBR 

Green Master Mix (Applied Biosystem) and StepOne Real-Time PCR System 

(Applied Biosystem).  The primer sequences were listed in Supp. Table 3.1.  

 

3.2.3. Western Blot Analysis  

Cells were lysed in a cold radioimmunoprecipitation assay (RIPA) buffer (150 

mM NaCl, 50 mM Tris-HCL, pH 7.4, 2 mM EDTA, 1% NP-40, 0.1% SDS), then 

sonicated by Bioruptor Plus (Diagenode) and centrifuged at 12,000 g for 10 min at 
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4°C.  Supernatant was collected, and protein concentration in the supernatant was 

measured by DC Protein Assay Kit II (Bio-rad) at absorbance 750 nm using a 

microplate reader (BioTek).  The sample lysates were resolved in SDS-PAGE and 

transferred onto PVDF membrane (Bio-rad).  The membrane was blocked with 

5% non-fat milk in PBST for 1 hr and incubated with primary antibody, followed 

by HRP-conjugated secondary antibody (Supp. Table 3.2).  Specific bands were 

visualized using WESTSAVE Up (AbFrontier). 

 

3.2.4. Boyden Chamber-based Co-culture   

MHCC97L/P and /S1 cells were seeded in wells of culture plates.  After 

overnight incubation, MHCC97L cells were washed twice and replaced by serum-

free high glucose DMEM.  THP-1 cells in serum-free RPMI were seeded into cell 

culture inserts (Falcon) of (i) 0.4 µm pore size membrane for RNA and protein 

extraction; or (ii) 8 µm pore size membrane for migration assay.  PMA of 5 nM 

was added to THP-1 cells to induce differentiation and were placed on top of the 

wells containing MHCC97L cells.  In some experiments, 200 ng/mL of MCP-1 

(Invitrogen) was added to MHCC97L cells as chemoattractant for THP-1 migration.    

 

3.2.5. Boyden Chamber-based Co-culture Cell Migration Assay  

THP-1 cells on the top-side of the inserts were removed by cotton swabs, whereas 

cells migrated to the bottom side of membranes were fixed in ice-cold methanol at 

-20 oC for 10 min, followed by staining with 0.5% crystal violet (Farco Chemical 

Supplies) in 20% methanol for 10 min at room temperature.  Migrated cells were 

captured using light microscopy and counted by Image J. 
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3.2.6. Transcriptomic Analysis   

The quality of extracted RNA of THP-1 cells which were co-cultured with 

MHCC97L/P or MHCC97L/S1 was tested by Agilent 2100 Bioanalyzer system. 

Four replicates per treatment with RNA Integrity Number (RIN) > 8 were used for 

library construction and sequencing at the Beijing Genomics Institute (Wuhan, 

China) using BGISEQ-500RS sequencer.  Single-end reads of 50 bp read-length 

were sequenced and trimmed according to BWA’s–q algorithm as described 

previously (Wong et al., 2016).  Quality-trimmed sequence reads were mapped to 

human genome reference (GRCh38/hg38).  Read-count data were then subjected 

to differential expression analysis using edgeR package (Robinson et al., 2010).  

Genes with FDR < 0.05 were considered as differentially expressed genes (DEGs).  

The DEGs were subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) 

analysis using the Database for Annotation, Visualization and Integrated Discovery 

(DAVID) v6.8 (Huang et al., 2009a, 2009b) for biological processes analysis.  The 

data was also assessed by Ingenuity Pathway Analysis (IPA, QIAGEN Redwood 

City, www.qiagen.com/ingenuity) to identify altered gene networks and canonical 

pathways.  Canonical pathways with p < 0.05 were considered as statistically 

significant. 

 

3.2.7. Statistical Analysis   

Statistical analysis was conducted by SigmaPlot 12.0.  Data were analyzed 

Student’s t-test or one-way analysis of variance (ANOVA) followed by Duncan’s 

multiple range test.  Data are presented as means ± standard deviation (SD), and 

p-value < 0.05 was considered as statistically significant.   
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3.3. Results 

3.3.1. Effects of MHCC97L/S1 co-culture on migratory activities and 

chemokine signaling of THP-1 cells   

To explore whether MHCC97L/S1 exerted any effect on macrophage infiltration, 

Boyden chamber migration assay was conducted.  MHCC97L/S1 was found to 

suppress PMA-treated THP-1 migration (Fig 3.1A).  Similar results were obtained 

when a monocyte chemoattractant protein MCP-1 (200 ng/mL) was added to 

enhance THP-1 chemotactic migration (Fig 3.1B).  Given the suppressing effects 

of MHCC97L/S1 on MCP-1 mediated chemotactic migration, gene expression 

profiles of THP-1 (Fig 3.2A) and MHCC97L (Fig 3.2B) in the co-culture was 

examined.  THP-1 cells co-cultured with MHCC97L/S1, showed increased 

expressions of the M1 differentiation markers (TNFα and IL-6), but a 

downregulation of M2 marker (CD206) (p < 0.05) (Fig 3.2A, the upper panel).  No 

significant effects on the M2 marker, CD163 was detected.  Moreover, the mRNA 

levels of the receptors for the migratory cytokines MCP-1 in the THP-1 cells, CCR2 

and CCR4 were significantly reduced.  The transcript level of the receptor for 

another migratory cytokine, CSF-1R was also downregulated in the THP-1 cells 

(Fig 3.2A, the lower panel).  In MHCC97L cells, there were no noticeable changes 

in the expression levels of the CSF-1R ligand, CSF-1 and EGFR (Fig 3.2B).  The 

gene expression data supported the observation that STC1-overexpressing 

MHCC97L suppressed THP-1 response to migration. 
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3.3.2. Effects of MHCC97L/S1 co-culture on global gene expressions of 

THP-1 cells  

To further understand the inhibitory effects of STC1-overexpressing MHCC97L 

on THP-1 migration, transcriptomic analysis on the THP-1 cells co-cultured with 

either MHCC97L/P or MHCC97L/S1 in the presence of MCP-1 (200 ng/mL) were 

compared.  Quality-trimmed total clean reads of 24.05 M per sample were 

acquired from THP-1 cells co-cultured with either MHCC97L/P or MHCC97L/S1.  

A total of 9.6 Gb of clean bases were retrieved while a total of 17,480 genes were 

detected, in which 1784 differentially expressed genes (DEGs) (p < 0.05) were 

identified.  There were 820 upregulated genes and 962 downregulated genes 

(Supp. Fig 3.1A & Excel File 3.1).  The DEGs were then subjected to KEGG 

pathway classification and functional enrichment (Supp. Fig 3.1B).  The top 3 

pathways involved signal transduction (363 genes), immune system (268 genes) 

and cancer overview (201 genes).  Pathways functional enrichment results further 

highlighted the alteration of cytokine-cytokine receptor interaction, TNF signaling 

pathway, chemokine signaling pathway and NF-B signaling pathway (Fig 3.3A).  

Based on the altered KEGG pathways, 11 candidate genes associated with cell 

motility and macrophage functions were chosen (log2 fold change > 1.5, p-value < 

0.05, Supp. Excel File 3.2) for validation by real-time PCR assays.  Results of 

PCR validation showed 10 out of 11 candidate genes agreed with the transcriptome 

analysis (Fig 3.3B).      
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3.3.3. Effects of MHCC97L/S1 co-culture on RhoA-mediated pathways in 

THP-1 cells 

Ingenuity Canonical Pathway (IPA) analysis revealed that the MHCC97L/S1-co-

culture treatment significantly modulated 137 pathways (p < 0.05), in which 106 

were stimulated and 31 were inhibited (Supp. Excel File 3.3).  The canonical 

pathways associated with an inhibition of macrophage migration included (i) 

RhoA- (z-score: -1.941) and (ii) integrin- signaling pathways (z-score: -0.378).  

The gene associated with the two pathways were listed in Supp. Table 3.3.  The 

pathway with the lowest and negative z-score was likely associated with the 

reduced migratory activity of THP-1 cells when co-cultured with MHCC97L/S1.  

RhoA signaling pathway was therefore selected for further 

investigation.  According to IPA analysis, 16 DEGs were associated with RhoA 

signaling pathway, whereas most of the genes contributed to or exhibited 

decreasing RhoA activity.  Eleven pairs of specific primers were designed for PCR 

validation; nine of them matched the results of transcriptomic analysis (Fig 3.4A).  

Since IPA showed the MHCC97L/S1 inhibited the RhoA pathway in the co-

cultured THP-1 (Fig 3.4B), western blotting was conducted to examine the effector 

proteins of the two major RhoA downstream pathways, including the (i) Rho kinase 

(ROCK)/MYPT1/MLC2 and the (ii) ROCK/LIMK1/cofilin.  Our data showed a 

significant increase of MYPT1 phosphorylation at Thr696 and reduction of 

phosphorylated MLC2 at Ser19 in THP-1 cells co-cultured with MHCC97L/S1 (Fig 

3.4C, the left panel).  No significant change in the phosphorylation of the effector 

proteins, LIMK1 and cofilin were observed (Fig 3.4C, the right panel).  The 

western blot data agreed with the IPA and the Boyden chamber data to illustrate the 

inhibitory effects of MHCC97L/S1 on the migratory activities of THP-1. 
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3.4. Figures 
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Fig 3.2  
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Fig 3.3 
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Fig 3.4 
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Supp. Fig 3.1 
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Gene Sequence 

GAPDH 
5'-GGACCTGACCTGCCGTCTAG-3', 

5'-TAGCCCAGGATGCCCTTGAG-3' 

STC1 
5'-TGAGGCGGAGCAGAATGACT-3', 

5'-CAGGTGGAGTTTTCCAGGCAT-3' 

TNFα 
5'-GGGCCTGTACCTCATCTACT - 3', 

5'-TAGATGGGCTCATACCAGGG-3' 

IL-6 
5'-AGCCCACCGGGAACGAAAGA - 3', 

5'-TGTGTGGGGCGGCTACATCT-3' 

CD163 
5'-CCAACAAGATGCTGGAGTGAC -3', 

5'-TGACAGCACTTCCACATTCAAG -3' 

CD206 
5'-GCGGAACCACTACTGACTA - 3', 

5'-GTTGTTGGCAGCTTTTCCTC-3' 

CCR2 
5'-CCCTGTATCTCCGCCTTCAC-3', 

5'-TGTACTGGGGAAATGCGTCC-3' 

CCR4 
5'-AATACAAGCGGCTCAGGTCC-3', 

5'-CTTGCACAGACCTAGCCCAA-3' 

CSF-1R 
5'-GAACATCCACCTCGAGAAGAAA-3', 

5'-GACAGGCCTCATCTCCACAT-3' 

EGF 
5'-GTCTTGACTCTACTCCACCCC-3' 

5'-CTCGGTACTGACATCGCTCC-3' 

CSF-1 
5'-TGGACGCACAGAACAGTCTC-3' 

5'-ATTCAGTCAAGGGTCTGCGG-3' 

EGFR 
5'-CCCTGACTCCGTCCAGTATT-3' 

5'-CTGCGTGAGCTTGTTACTCG-3' 

ITGA1 
5'-GGGTGCTTATTGGTTCTCCG-3', 

5'-CCTCCATTTGGGTTGGTGAC-3' 

ITGB8 
5'-GCATTATGTCGACCAAACTTCA-3', 

5'-GCAACCCAATCAAGAATGTAACT-3' 

CCL2 
5'-GATCTCAGTGCAGAGGCTCG-3', 

5'-GGGTCAGCACAGATCTCCTT-3' 

CCL4 
5'-CTGCCTCCAGCGCTCTC-3', 

5'-ACCAAAAGTTGCGAGGAAG-3' 

CCL20 
5'-GCTGCTTTGATGTCAGTGCT-3', 

5'-GCAGTCAAAGTTGCTTGCTG-3' 

IL-1α 
5'-TCTTCTGGGAAACTCACGGC-3', 

5'-GTGAGACTCCAGACCTACGC-3' 
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IL-1β 
5'-CTGAGCTCGCCAGTGAAATG-3', 

5'-CATGGCCACAACAACTGACG-3' 

IL-8 
5'-AAGCCACCGGAGCACTCCAT -3', 

5'-CACGGCCAGCTTGGAAGTCA-3' 

CCR5 
5'-CTATGAGGCAACCACAGGCA-3', 

5'-CCTCTATGGGACCCCTTTGC-3' 

ITGA3 
5'-GAGGACATGTGGCTTGGAGT-3', 

5'-GTAGCGGTGGGCACAGAC-3' 

NGEF 
5'-AGCTTTTCCAGGACAGGACG-3' 

5'-GGAGCTCATAGGAGTTGGGC-3' 

LPAR5 
5'-GAGCAACACGGAGCACAG-3', 

5'-GACAGATGGCTGCCAAGG-3' 

SEPTIN5 
5'-CGCCAAAGCTGACTGTCTTG-3' 

5'-CATCCTCGTCCGAGTCACAC-3' 

SEPTIN3 
5'-GTGAGTTTGCCCTGCTTCG-3' 

5'-GTGGTCGTCATGGGTTACTG-3' 

SEPTIN11 
5'-CTTGTTCCAACCACCGCTTG-3' 

5'-CAGCTGGATGCCTTTCGTTG-3' 

PLXNA1 
5'-CTTCGTCATGGACAACGTGC-3', 

5'-AGCACCGTGTAGTTGAGTCG-3' 

RND3 
5'-GTGGGAGACAGTCAGTGTG-3', 

5'-GAAGTGTCCCACAGGCTC-3' 

DLC1 
5'-CACACTGCGTGAAACTGCTC-3' 

5'-GAAAGAAGTCCGTCCCCGTT-3' 

ARHGAP5 
5'-GCGGATTCCATTTGACCTCC-3', 

5'-TAACTTCCTCCCATGGCTGC-3' 

CDC42EP2 
5'-CCGTGGAACGAGTGTTTCCT-3' 

5'-CGACTGCCACGCTTCAGATA-3' 

NRP2 
5'-CGTTCCGGAGAGATTGCCA-3' 

5'-GCTCCAGTCCACCTCGTAT-3' 

 

Supp. Table 3.1. List of primers used 
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Antibody Vendor Cat. No. Host 

β-actin Sigma-Aldrich A2228 Mouse 

STC1 Sigma-Aldrich HPA023918 Rabbit 

MYPT1 Cell Signaling 2634T Rabbit 

p-MYPT1 (Thr696) Cell Signaling 5163T Rabbit 

MLC2 Cell Signaling 8505T Rabbit 

p-MLC2 (Ser19) Cell Signaling 3671T Rabbit 

LIMK1 Cell Signaling 3842S Rabbit 

p-LIMK1 (Thr508) Cell Signaling 3841T Rabbit 

Cofilin Cell Signaling 5175T Rabbit 

p-Cofilin (Ser3) Cell Signaling 3313T Rabbit 

Anti-mouse HRP Cell Signaling 7076V Horse 

Anti-rabbit HRP Cell Signaling 7074V Goat 

 

Supp. Table 3.2. List of antibodies used 
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-log(p-value) Ratio z-score 

1.42 0.129 -1.941 

 

Gene Dysregulation log2 Fold Change P-value 

NRP2 Up 3.27314176 7.42E-134 

ARHGAP5 Up 2.83789180 7.21E-07 

DLC1 Up 2.39135882 2.60E-07 

RND3 Up 1.56546810 7.66E-170 

PLXNA1 Up 1.36694442 1.38E-203 

PLEKHG5 Down -3.35016926 3.93E-98 

NGEF Down -2.73699963 4.45E-25 

EPHA1 Down -2.44298799 2.44E-12 

LPAR5 Down -2.42764276 2.17E-49 

CDC42EP2 Up 2.90406796 9.48E-73 

CDC42EP3 Up 1.04678229 1.09E-66 

SEPT3 Down -1.24641714 3.32E-33 

SEPT4 Down -2.52272705 5.93E-13 

SEPT5 Down -1.92666262 4.69E-65 

SEPT6 Down -1.11420505 6.99E-61 

SEPT11 Up 1.05535521 1.46E-111 

 

Supp. Table 3.3. (A) DEGs of RhoA signaling 
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-log(p-value) Ratio z-score 

2.89 0.142 -0.378 

 

Gene Dysregulation log2 Fold Change P-value 

SRC Up 4.82989996 0 

ITGB8 Up 3.94529167 8.05E-101 

ITGA1 Up 3.52242617 2.76E-105 

ARHGAP5 Up 2.83789180 7.21E-07 

TSPAN7 Up 1.81326911 3.90E-30 

RND3 Up 1.56546810 7.66E-170 

PIK3R5 Up 1.56119542 2.20E-182 

RHOQ Up 1.48613923 6.32E-187 

BCAR1 Up 1.32023167 7.61E-57 

ITGA6 Up 1.25399025 1.34E-82 

ITGAV Up 1.22316028 1.41E-147 

RHOB Up 1.21737315 6.58E-38 

MRAS Up 1.16146970 9.02E-165 

RAPGEF1 Up 1.01054481 1.64E-139 

CAPN3 Down -1.00578888 6.59E-30 

TSPAN5 Down -1.01022034 4.24E-10 

ACTN1 Down -1.01457879 6.64E-79 

FGFR3 Down -1.03282071 0.00094534 

ITGAD Down -1.07327108 0.010799 

ITGA2B Down -1.07645637 0.01412158 

ITGAM Down -1.12940469 4.18E-106 

VCL Down -1.13100355 6.46E-107 
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ITGA7 Down -1.26004981 4.11E-42 

ITGB7 Down -1.54246244 9.97E-161 

PAK5 Down -1.60622860 3.13E-19 

CAPN11 Down -1.69975609 0.0003719 

ITGA11 Down -1.71111615 1.54E-41 

ITGA3 Down -1.84693700 3.88E-76 

PIK3C2B Down -2.04112075 3.21E-83 

TSPAN2 Down -2.24591757 6.15E-19 

CAPN6 Down -2.62361634 3.86E-14 

 

Supp. Table 3.3. (B) DEGs of Integrin signaling 
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3.5. Figure Legends 

Fig 3.1. Effects of STC1-overexpressing MHCC97L (MHCC97L/S1) on THP-

1 migration in Boyden chamber   

MHCC97L/S1 co-culture inhibited THP-1 migration (A) without and (B) with 200 

ng/mL chemoattractant MCP-1, as compared with the wild-type MHCC97L/P.  

 

Fig 3.2. Gene expressions of THP-1/MHCC97L in co-culture 

(A) Upper panel: Upon MHCC97L/S1 co-culture, the M1 cytokine/marker TNFα 

and IL-6 were significantly upregulated.  The M2 marker CD163 was unaffected, 

whereas CD206 was significantly downregulated.  Lower panel: the 

cytokine/chemokine receptors CCR2, CCR4 and CSF-1R in THP-1 were 

significantly downregulated.  No noticeable changes in EGF transcript levels were 

detected.  (B) No significant difference in gene expression levels of CSF-1 and 

EGFR were observed between MHCC97L/P and MHCC97L/S1 after co-cultured 

with THP-1. 

 

Fig 3.3. Transcriptomic analysis on THP-1 in MHCC97L/S1 co-culture   

(A) An enriched KEGG pathway.  X axis represents the enrichment factor.  Y 

axis represents the pathway name.  The color indicates the q-value (high: white, 

low: blue), the lower the q-value indicates the more significant in the enrichment.  

Point size indicates DEG number (The bigger dots refer to larger numbers).  The 

Rich Factor refers to the value of the enrichment factor, which is the quotient of the 

foreground value (the number of DEGs) and background value (total Gene amount). 



72 

 

The larger the value, the more significant of the enrichment.  (B) A comparison of 

transcriptome data and qPCR validation of 11 DEGs (*p < 0.05).   

 

Fig 3.4. The validation of IPA-predicted RhoA pathway of THP-1 cells in 

MHCC97L/S1 co-culture 

(A) A comparison of 11 RhoA pathway-associated DEGs between transcriptome 

data and PCR validation.  (B) A schematic diagram of RhoA pathway shows the 

downstream targets, including ROCK/MYPT1/MLC2 and ROCK/LIMK/cofilin 

pathways.  (C) The left panel: In ROCK/MYPT1/MLC2 pathway, 

phosphorylation of MYPT(Thr696) was increased, whereas that of MLC2 (Ser19) 

was decreased (p < 0.05).  The right panel: In ROCK/LIMK/cofilin pathway, 

phosphorylation of LIMK1 (Tht508) and cofilin (Ser3) were not statistically 

different between the treatment and control. 

 

Supp. Fig 3.1. Bioinformatic analysis of THP-1 transcriptomic data 

(A) Volcano plot of genes detected, including 820 upregulated (red) and 962 

downregulated (blue) DEGs.  (B) KEGG pathway graph shows the top 3 pathways 

with the highest number of DEGs were Signal transduction, Immune system and 

Cancers: Overview. 
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3.6. Discussion 

There is growing evidence of aberrant expression STC1 in different types of 

cancers.  The greater expression levels of STC1 in most human cancer tissues 

were commonly documented (Chang et al., 2003), although some exceptional cases 

in breast and ovarian cancers were reported.  The high expression level of STC1 

was also considered as a molecular marker for staging of various types of cancers 

and was suggested to be associated with poor prognosis.  However, the suggested 

staging and prognostic outcome are still not conclusive.  Larger sample size 

studies and additional mechanistic data on tumor microenvironment are still 

required to reveal the functions of STC1 in carcinogenesis.  In fact, tumor mass 

consists of heterogeneous population of cancer cells and different type of 

infiltrating immune cells, including tumor associated macrophages (TAM), 

dendritic cells and T/B cells.  Tumor progression is strongly influenced by 

interactions of cancer cells with the infiltrating host cells, which secrete various 

factors to determine whether the tumor is suppressed or to metastasize.  The 

outcome of the interaction could shape therapeutic responses and resistance of 

cancer cells in TME, justifying the importance of investigating tumor-macrophage 

interaction.  

In this study, we demonstrated that STC1-overexpressing human hepatocellular 

carcinoma cells (MHCC97L/S1) suppressed the migratory activity of the human 

monocytic cells (THP-1) and induced the cells towards M1 differentiation.  In the 

Boyden chamber experiments with or without the monocyte chemoattractant 

protein-1 (MCP-1/CCL2), our data showed THP-1 cells co-cultured with STC1-

overexpressing cancer cells showed significant reduction in migration.  MCP-1 is 

a key chemokine that regulate macrophage infiltration.  The secretion of STC1 
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from MHCC97L/S1 seemed to reduce the response of the THP-1 cells to this 

chemokine.  Quantitative real-time PCR analysis revealed a significant reduction 

in the expression levels of the chemokine receptors, CCR2 and CCR4.  This 

elucidates the observed responses of THP-1 cells.  A recent report demonstrated a 

reduction of CCL2/CCR2 signaling inhibited macrophage infiltration and M2-

polarization in hepatocellular carcinoma.  Xenograft tumors derived from 

hepatocellular carcinoma cell lines in mice treated with CCR2 antagonist revealed 

less macrophage infiltration (Li et al., 2017).  Moreover, other studies using 

CCR2-deficient mice showed that bone marrow macrophages inclined towards M1 

polarization and displayed greater expressions of inflammatory cytokine (Sierra-

Filardi et al., 2014).  The same source of macrophages treated with CCR2 

antagonist resulted in reduced gene expressions of M2-associated genes and 

cytokines.  In addition to MCP-1 receptor, in this study, the expression level of 

another macrophage migration cytokine receptor, macrophage colony stimulating 

factor-1 receptor (CSF-1R) was also significantly reduced in THP-1 cells by 

MHCC97L/S1 co-culture.  Presumably, it reduced the response of the cells to 

CSF-1 secreted by the cancer cells, which was reported to contribute to macrophage 

migration (Wyckoff et al., 2004).  The research groups of Chakraborty and 

Kanellis reported a similar observation, in which recombinant STC1 inhibited 

chemokinesis in macrophage-like RAW264.7 and human monoblast-like (U937) 

cells towards monocyte chemotactic protein-1 and stromal-derived factor-1 via 

reduction of intracellular Ca2+ levels (Kanellis et al., 2004; Chakraborty et al., 2007).  

Furthermore, STC1 was found to exert inhibitory effects on the transmigration of 

macrophages and T-lymphocytes, but not on the transmigration of the neutrophils 

and B-lymphocytes.  In STC1 transgenic mouse model, the mice exhibited 

reduced macrophage infiltration in the glomeruli (Huang et al., 2009).  
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Collectively, our data agreed with the previous studies in demonstrating the effects 

of STC1 on the reduction of macrophage infiltration.  However, this is the first 

report to show the STC1 inhibitory effects influenced by cancer cells.  

In fact, macrophage is one of the major components in TME and coordinate 

various aspects of immunity.  Generally, macrophages can exert dual influences 

on tumorigenesis by suppressing or enhancing tumor development via their pro- or 

anti-inflammatory responses.  In TME, macrophage endotype can be reversibly 

transformed in response to environmental cues, including hypoxia, extracellular 

matrix and signals from other infiltrated host cells.  In most solid tumors, 

increased infiltration with TAMs is known to be associated with poor prognosis in 

cancer.  With hindsight, STC1 inhibition on macrophage chemokinesis would 

reduce macrophage infiltration and presumably inhibit tumor development. 

Intriguingly, STC1 is a HIF-1 target gene and its expression is stimulated in hypoxia. 

Our previous studies demonstrated that the inoculation of STC1-overexpressing 

MHCC97L cells in a nude mice xenograft model demonstrated reduction in tumor 

mass and volume (Yeung et al., 2015; Leung & Wong, 2018).  Using HCC cell 

line analysis (Hep3B and MHCC97L), we showed the inhibitory actions of STC1 

on the growth of tumor spheroids in culture (Yeung et al., 2015).  Furthermore, 

we demonstrated that THP-1 co-cultured with MHCC97L/S1, was induced towards 

M1-polarization, which is considered pro-inflammatory, thus supporting the 

observation of smaller tumor size led by STC1-overexpression.  However, it 

warrants further investigations on the effects of STC1 on macrophage endotype.   

Transcriptomic analysis revealed a global effect of cancer-derived STC1 on the 

modulation of cytokine-cytokine receptor interaction, chemokine signaling and an 

inhibition of RhoA pathway in THP-1 cells.  IPA revealed cancer-derived STC1 
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inhibited RhoA signaling pathway that is associated with monocyte/macrophage  

motility (Worthylake et al., 2001; Worthylake &Burridge, 2003; Honing et al., 2004; 

Kim et al., 2006).  The upregulation of PLXNA1, NRP2, ARHGAP5, RND3, 

DLC1 inhibited RhoA activity (Durkin et al., 2007; Healy et al., 2008; Li & Zhang, 

2004; Shimizu et al., 2008; Wong et al., 2003), while the downregulation of EPHA1, 

NGEF, LPAR5, PLEKHG5 led to suppression of RhoA activity (DeToledo et al., 

2001; Shamah et al., 2001; Komachi et al., 2009; Yamazaki et al., 2009).  The 

upregulated expressions of CDC42BP2 and CDC42BP3 and decreased expressions 

of septins (septin 3,4,5,6) supported the reduced RhoA activity, yet septin 11 was 

upregulated (Joberty et al., 2001).  Since the relationship between Rho pathway 

and MCP-1-dependent chemotaxis in THP-1 was previously demonstrated (Ashida 

et al., 2001), we decided to characterize this pathway to identify the molecular 

targets of STC1, in relating to the reduced THP-1 migratory activity.  We focused 

on the two downstream signaling pathways, i) ROCK/MYPT1/MLC2 and ii) 

ROCK/LIMK1/cofilin, of the Rho-associated protein kinase (ROCK), which was 

apparently inhibited due to the reduced upstream RhoA activity as predicted in IPA 

and the exhibited functional outcome of THP-1 cells.  Western blot analysis 

revealed the upregulation of phosphorylated MYPT1, the regulatory subunit of 

MLC phosphatase.  The phosphorylation of MYPT1 at Thr696 is known to inhibit 

the catalytic type 1 phosphatase subunit (PP1c), resulting in an inhibition of MLC 

phosphatase activities.  Presumably, the reduced MLC phosphatase activities 

would lead to an increase in the phosphorylation of MLC2, which is responsible for 

an interaction of actin and myosin which promotes formation of stress fibers and 

increase cell migration (Amano et al., 1996; Kimura et al., 1996).  However, our 

western blot data showed a significant reduction in the level of phosphorylated 

MLC2.  The inconsistence of p-MYPT1 and p-MLC2 levels might be explained 
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by a reduction of MLC kinase (MLCK) activities in THP-1 cells co-cultured with 

MHCC97L/S1, leading to a reduced MCL2 phosphorylation.  Other than 

ROCK/MYPT1/MLC2 pathway, RhoA also regulates ROCK/LIMK/cofilin 

pathway.  LIMK consists of LIMK1 and LIMK2, which are activated by ROCK 

via phosphorylation at Thr508 and Thr505 respectively (Ohashi et al., 2000; Sumi 

et al., 2001).  Previous studies showed their roles on actin cytoskeletal dynamics 

through phosphorylation of cofilin which is one of the members of actin-binding 

proteins ADF/cofilin family (Arber et al., 1998; Yang et al., 1998).  For the p-

LIMK1/p-cofilin pathway in our study, phosphorylation of cofilin was not 

noticeably reduced in spite of an elevated p-LIMK1 level.  Indeed, other than 

LIMK1, cofilin can also be activated by integrin signaling (Toshima et al., 2001), 

which however was downregulated in this study as predicted by IPA.  Shi and co-

workers using ROCK1-/- mice-derived mouse embryonic fibroblasts (MEFs) 

reported that ROCK1-/- resulted in increased p-cofilin but no effect on p-MLC2.  

On the other hand, ROCK2-/- reduced phosphorylation of both MLC2 and cofilin 

(Shi et al., 2013).  This demonstrated the distinct roles of ROCK1 and ROCK2 on 

the phosphorylation of downstream effector proteins.  Another study by Vemula 

et al. revealed that bone marrow-derived macrophages (BMMs) derived from 

ROCK1-/- mice showed elevated migratory ability in response to MCP-1.  This 

was due to reduced interactions between ROCK1 and PTEN, leading to activation 

of the downstream targets (e.g. Akt, GSK-3β, cyclin D1) and migratory activity 

(Vemula et al., 2012).  In our study, the reduced RhoA activity was predicted in 

IPA on the basis of transcriptomic data, the activities of RhoA, ROCK1 and 

ROCK2 had not yet been determined.  With hindsight, the deregulation of Rho-

signaling and the downstream targets would affect cell motility, however there are 

multiple pathways involved to determine the functional outcome.  Nonetheless, 
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the significant reduction of p-MLC2 agreed with the IPA prediction and the reduced 

migratory ability of THP-1 cells.   

In summary, the present study using the Boyden chamber model, showed the 

inhibitory effects of STC1-overexpressing MHCC97L on inhibiting the migration 

of THP-1 cells.  Target-PCR analysis showed significant reduction in the 

expression levels of the chemokine (CCR2 and CCR4) and cytokine (CSF-1R) 

receptors.  IPA analysis revealed the inhibition of RhoA pathway, which was 

supported by Western blot data.  The downregulation of the 

ROCK/MYPT1/MLC2 pathway was identified.   

 

 

 

 

 

 

 

 

 

 

  



79 

 

Chapter 4  

The Role of Stanniocalcin-1 on Macrophage Differentiation and 

Function 

 

4.1. Introduction 

Inflammation is one of the cancer hallmarks and is an important component to 

promote tumor progression.  In wound healing, the presence of growth survival 

factors in inflammatory environment enhances cell proliferation and tissue 

regeneration.  However, in cell proliferation with sustained mutagenic assault, the 

inflammatory environment would potentiate neoplastic risk.  With hindsight, the 

activation of inflammatory responses would result in the formation of tumor-prone 

environments, where infiltration of different types of immune cells secrete various 

growth factors and cytokines to promote or suppress tissue remodeling in the tumor 

microenvironment (TME).  One of the important components of tumor stroma 

include macrophages, which play crucial roles in tumor progression.  

Macrophages, in response to environmental cues in TME, can reversibly alter their 

endotype to antagonizing cytotoxic actions of immune cells or synergistically 

augment antitumor reactions.  Macrophages can be generally classified into two 

categories: classically activated macrophages (CAM/M1) and alternatively 

activated macrophages (AAM/M2).  In general, M1 macrophages are considered 

to be pro-inflammatory and exhibit antitumor effects.  On the contrary, M2 

macrophages are often correlated with protumoral role by suppressing local 

immune response, promoting angiogenesis, invasion, and metastasis (Mantovani et 

al., 2008).  Clinical and experimental data indicated that cancer tissues with high 

infiltration of tumor-associated macrophages were associated with poor prognosis 

and resistance to therapeutics.  An understanding on the factors responsible for 
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macrophage-homing and differentiation is recognized to be an important 

immunotherapeutic strategy.  

Human stanniocalcin-1 (STC1), an autocrine/paracrine factor, is suggested to 

play roles in carcinogenesis and inflammation.  Early clinicopathological studies 

showed its differential expressions in paired normal and tumor tissues. 

Experimental characterization on the roles of STC1 in the cancer hallmarks like 

proliferation, apoptosis and angiogenesis in different cancer cell models were 

described.  Later studies revealed significant increases of STC1 expression under 

oxidative stress and in hypoxic tumor microenvironment.  Other studies also  

demonstrated the involvement of STC1 in wound healing (Yeung & Wong, 2011), 

and exerting inhibitory effect on TNF in human artery endothelial cells (Chen et 

al., 2008).  Intriguingly, an anti-inflammatory role of STC1 on inhibition of ROS 

generation and macrophage-homing response was reported (Huang et al., 2012, 

2009).  STC1 was found to suppress inflammation by reducing levels of pro-

inflammatory cytokines and chemokines production, as well as attenuating 

functions of macrophages by inhibition of their response to chemoattractant, 

infiltration, motility and transendothelial migration (Kanellis et al., 2004; 

Chakraborty et al., 2007; Huang et al., 2012; Tang et al., 2014; Pan et al., 2015).  

Collectively, these studies suggested the involvement of STC1 in both 

inflammation and tumor microenvironment.   

Macrophages and STC1 are known to be crucial in inflammation and 

carcinogenesis; however, the role of STC1 in macrophage differentiation and 

function is not clear.  We hypothesized that STC1 may play a role in 

differentiation and inflammatory functions of macrophages and thus modulate 

tumorigenicity of hepatocellular carcinoma cells during macrophage-cancer cell 
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interactions.  In the present study, using leukemia monocytic cell line THP-1-

derived macrophages, we aimed to characterize the role of STC1 in macrophage 

differentiation and functions.  Using Boyden chamber system, effects of STC1 on 

THP-1 and on THP-1/Hep3B co-culture were investigated. 
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4.2. Materials and Methods 

4.2.1. Cell Culture and Stimulation  

Human leukemia monocytic cell line THP-1 was cultured in RPMI1640 (Gibco; 

Life Technologies), whereas human hepatocellular carcinoma cell line Hep3B was 

cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, 

Life Technologies). They were supplemented with 10% heat-inactivated fetal 

bovine serum (Gibco; Life Technologies) and antibiotics (25 U/mL penicillin and 

25 µg/mL streptomycin) (Life Technologies) and maintained in a 5% CO2 incubator 

at 37 oC.  

To generate THP-1 derived macrophages, THP-1 was treated with 5 nM phorbol 

12-myristate 13-acetate (PMA) (Abcam) for 24 hrs.  To induce M1 polarization, 

THP-1 was treated with 5 nM PMA for 6 hrs, then added 20 ng/mL IFNγ (Gibco; 

Life Technologies) and 100 ng/mL LPS (Invitrogen; Thermo Fisher Scientific) for 

the following 18 hrs.  To induce M2 polarization, THP-1 was treated with 5 nM 

PMA for 6 hrs, then added 20 ng/mL IL-4 (Gibco; Life Technologies) and 20 ng/mL 

IL-13 (Gibco; Life Technologies) for the following 18 hrs.  

 

4.2.2. Total RNA Extraction and Real-time PCR  

Cellular RNA was extracted by TRIZOL Reagent (Gibco/BRL) according to 

manufacturer’s instructions.  The ratio of A260/A280 of total RNA was > 1.8 

which was then used to synthesize cDNA by SuperScript VILO Master Mix 

(Invitrogen; Life Technologies).  Real-time PCR was performed using Fast SYBR 

Green Master Mix (Applied Biosystem).  The primer sequences were listed in 

Supp Table 4.1. 
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4.2.3. Western Blot Analysis  

Cells were lysed by cold radioimmunoprecipitation assay (RIPA) buffer (150 

mM NaCl, 50 mM Tris-HCL, pH 7.4, 2 mM EDTA, 1% NP-40, 0.1% SDS), then 

sonicated by Bioruptor Plus (Diagenode) and centrifuged at 12,000 g for 10 min at 

4 oC.  Cell pellet was discarded and protein concentration in the supernatant was 

measured by DC Protein Assay Kit II (Bio-rad) at absorbance 750 nm using a 

microplate reader (BioTek).  Protein lysate was resolved in SDS-PAGE and 

transferred onto PVDF membrane (Bio-rad).  The membrane was blocked with 

5% non-fat milk in PBST for 1 hr and incubated with primary antibody followed 

by HRP-conjugated secondary antibody (Supp. Table 4.2).  Specific bands were 

visualized using WESTSAVE Up (AbFrontier). 

 

4.2.4. STC1 Knock-down by siRNA  

To generate STC1 gene knockdown on THP-1, siGLO and ON-TARGET Human 

STC1 siRNA (Dharmacon) was used.   

ON-TARGET plus non-targeting Pool: ON-TARGET plus Human STC1 siRNA: 

UGGUUUACAUGUCGACUAA,  

UGGUUUACAUGUUGUGUGA,  

UGGUUUACAUGUUUUCUGA,   

UGGUUUACAUGUUUUCCUA; 

AAACGCACAUCCCAUGAGA,  

GGGAAAAGCAUUCGUCAAA,  

GUACAGCGCUGCUAAAUUU,  

CAACAGAUACUAUAACAGA. 

 

Briefly, 1×105 THP-1 cells were seeded in 24-well plate, then transfected with 

50 nM siRNA and 0.5 µl Lipofectamine 2000 Transfection Reagent (Invitrogen; 

Life Technologies) in antibiotic-free complete medium.  After 6-hr incubation, 
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cells were treated with 5 nM PMA to induce differentiation and incubated for 

further 18 hrs. 

 

4.2.5. Boyden Chamber-based Co-culture Cell Migration Assay  

Conditioned medium from siRNA-treated M1/M2 polarized THP-1 was 

collected and transferred to new well plate.  Hep3B cells were seeded on cell 

culture inserts (Falcon) of 8 µm pore size membrane, then put on top of the 

conditioned medium and incubated for 15 hrs.  After incubation, Hep3B cells on 

the top-side of the inserts were removed by cotton swabs, whereas cells migrated 

to the bottom side of membranes were fixed in ice-cold methanol at -20 oC for 10 

min, followed by staining with 0.5% crystal violet (Farco Chemical Supplies) in 

20% methanol for 10 min at room temperature.  Migrated cells were captured 

using light microscopy and counted by Image J. 

  

4.2.6. Transcriptomic Analysis  

Total RNA of THP-1 cells treated with siRNACTRL and siRNASTC1 was extracted 

by TRIZOL Reagent (Gibco/BRL) according to manufacturer’s instructions.  

RNA quality was measured by Agilent 2100 Bioanalyzer system.  Four replicates 

per treatment with RNA Integrity Number (RIN) > 8 were used for library 

construction and sequencing at the Beijing Genomics Institute (Wuhan, China) 

using BGISEQ-500RS sequencer.  Single-end reads of 50 bp read-length were 

sequenced and trimmed according to BWA’s–q algorithm as described previously 

(Wong et al., 2016).  Quality-trimmed sequence reads were mapped to human 

genome reference (GRCh38/hg38).  Read-count data were then subjected to 
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differential expression analysis using edgeR package (Robinson et al., 2010).  

Genes with FDR < 0.05 were considered as differentially expressed genes (DEGs). 

 

4.2.7. Statistical Analysis  

Statistical analysis was conducted using SigmaPlot version 12.0.  Data were 

evaluated by the Student’s t-test or one-way analysis of variance (ANOVA) 

followed by Duncan’s multiple range test.  All data are presented as statistical 

mean ± SD.  A p-value < 0.05 was used as the cutoff for statistical significance. 
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4.3. Results 

4.3.1. Dose- and time-dependent effects of PMA on M0 differentiation and 

STC1 expression 

THP-1 monocytes were stimulated to differentiate into macrophages by 

treatments with increasing doses (2.5 – 100 nM) of phorbol 12-myristate 13-acetate 

(PMA).  The cells were transformed from suspension to differentiated phenotype 

in adherent form.  Fig 4.1A showed the representative untreated and 5 nM PMA 

stimulated THP-1 cells at 24-hr and 48-hr.  To characterize the classically 

activated M1 (CAM) and alternatively activated M2 (AAM) endotypes, the mRNA 

expression levels of macrophage cytokine/marker, M1 (TNF) and M2 (CD163, 

CD206) were measured.  Apparently, dose- and time-dependent inductions in the 

expression levels of the cytokine/marker were noted at 24-hr (Fig 4.1B) and 48-hr 

post-treatment (Fig 4.1C).  The induction was accompanied by significant 

elevations of STC1 mRNA and protein expression (Fig 4.1D).  

To define the effect of PMA on STC1 expression and macrophage differentiation, 

an experiment with an intermitted removal of PMA after 24 hrs post-treatment, was 

conducted.  Cells were treated with 5 nM PMA for 24 hrs, followed by another 24 

hrs of incubation in PMA free medium maintained the differentiated phenotype, as 

compared with the control (Fig 4.2A, the left panel).  However, the extent of 

differentiation was comparatively lesser than the cells maintained in PMA-medium 

for 48 hrs, with or without washing step at 24-hr (Fig 4.2A, the right panel).  The 

observation showed that the intermitted removal of PMA caused a reduction of cell 

spreading, suggesting further differentiation was inhibited.  When comparing the 

mRNA expression levels of M1, M2 cytokine/marker and STC1, the cells with the 

intermitted removal of PMA exhibited significant lower expression levels of the 
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M1 cytokine, TNF and STC1 transcripts (Fig 4.2B), suggesting a correlation 

between PMA treatment, STC1 gene expression and M1 differentiation. 

Intriguingly the expression levels of the M2 markers CD163 and CD 206 were 

comparable to the cells incubated in PMA-medium for 48 hrs, revealing the 

induction in CD163 level was not dependent on the incessant PMA stimulation.        

 

4.3.2. Effects of STC1-knockdown on the expression of macrophage markers 

in M0 differentiation 

To identify the role of STC1 expression on macrophage differentiation, THP-1 

cells were transfected with either siRNACTRL or siRNASTC1 prior to 5 nM PMA 

treatment.  Photomicrographs of cells under different combinations of siRNA 

transfection and PMA treatments were shown in Fig 4.3A.  Comparatively, there 

was no noticeable differences in the cell phenotypes, when transfected with 

siRNACTRL or siRNASTC1 in the control (Fig 4.3A, the left panel) and the PMA 

treated cells (Fig 4.3A, the right panel).  Fig 4.3B showed the transfection 

efficiency as illustrated by siGLO treatment.  The transfection of siRNASTC1 in 

PMA-induced THP-1 cells significantly reduced the endogenous expression levels 

of STC1, and the macrophage differentiation cytokine/marker TNF, IL-6 and 

CD163 (Fig 4.3C) as compared to siRNACTRL-transfected cells.  No noticeable 

effect on the M2 marker CD206 was noted.  The data suggested that the change of 

STC1 expression might be associated with macrophage differentiation, and was 

possible related to the function of CAM.  
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4.3.3. STC1 expression in pharmacologically-induced M1 (CAM) and M2 

(AAM) endotypes  

To address the association of STC1 expression in M1 and/or M2 endotypes, using 

different growth factors, THP-1 cells were targeted to differentiate into CAM (M1) 

or AAM (M2).  The expression levels of different M1/M2 cytokines/markers and 

STC1 were measured and was compared with the undifferentiated THP-1.  Upon 

the respective stimulation, CAM and AAM cells showed distinct morphology (Fig 

4.4A).  M1 cells exhibited epithelial-like phenotype, whereas both M0 and M2 

cells showed adherent round-shaped morphology.  The M1 and M2 differentiation 

were identified by quantifying the expression levels of the respective cell fate 

markers.  Expressions of M1 cytokines (TNFα & IL-6) were prominently induced 

in CAM (TNFα: ~150-fold; IL-6: ~5000-fold) as compared with the levels in AAM 

(TNFα: ~2.5-fold; IL-6: ~14-fold) (Fig 4.4C).  On the other hand, the expression 

levels of the M2 markers in AAM cells (CD163: ~350 folds; CD206: ~8 fold) were 

significantly greater, as compared with that in CAM (CD163: ~110-fold; CD206: 

~2.5-fold) (Fig 4.4D).  Under M1 differentiation, STC1 gene expression was 

remarkably increased by 800-fold, whereas in M2 differentiation, the induction was 

about 10-fold (Fig 4.4B).  The greater induction of STC1 gene expression in CAM 

cells suggested its predisposition to M1 macrophage functions.   

 

4.3.4. Effects of conditioned media from siRNASTC1-transfected THP-1 on 

Hep3B migration   

To test the effects of STC1 knockdown in THP-1 on HCC cell migration, 

conditioned media from the siRNASTC1- and siRNACTRL-treated CAM and AAM 

were collected and added to the lower chambers of transwells as the 
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chemoattractant for Hep3B migration.  The efficiency of siRNA delivery was 

validated by siGLO transfection (Fig 4.5A) and STC1 expression was measured by 

PCR (data not shown).  Cell migration showed that incubation of Hep3B cells in 

the condition medium from siRNASTC1-transfected CAM led a significant reduction 

in the percentage of migrated cells as compared with the control (Fig 4.5B).  STC1 

knockdown in AAM cells showed no noticeable effects on the migration of Hep3B 

cells (Fig 4.5C).     

 

4.3.5. Effects of STC1 knockdown on global gene expression in CAM  

THP-1 cells were transfected with siRNASTC1 prior the M1 differentiation 

protocol.  In the transcriptomic analysis of these STC1-knockdown cells, quality-

trimmed Illumina reads of about 26.3M were acquired from each sample of 

siRNACTRL- or siRNASTC1-transfected CAM.  The volcano plot showed that only 

two genes were significantly affected (Fig 4.6A).  Consistently to the STC1 

knockdown, STC1 transcript was significantly downregulated, whereas the 

upregulated gene was TBC1D3G.  Real-time PCR analysis validated the 

deregulation of STC1 and TBC1D3G (Fig 4.6B).   
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4.4. Figures 
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Fig 4.2  
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Fig 4.3 
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Fig 4.4 
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Fig 4.5 
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Fig 4.6 

PCR validation

STC1 TBC1D3G

R
e
la

ti
v
e
 m

R
N

A
 e

x
p
re

s
s
io

n
 l
e
v
e
l

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

siCtrl-M1 

siSTC1-M1 

Transcriptome data

X Data

STC1 TBC1D3G

R
e
la

ti
v
e
 m

R
N

A
 e

x
p
re

s
s
io

n
 l
e
v
e
l

0

1

2

3

4

5

siCtrl-M1 

siSTC1-M1 

*

*

*

*

(A)

(B)

TBC1D3G

STC1



96 

 

Gene Sequences 

GAPDH 
5'-GGACCTGACCTGCCGTCTAG-3', 

5'-TAGCCCAGGATGCCCTTGAG-3' 

Actin 
5'-GACTACCTCATGAAGATCCTCACC-3', 

5'-TCTCCTTAATGTCACGCACGATT-3' 

STC1 
5'-TGAGGCGGAGCAGAATGACT-3', 

5'-CAGGTGGAGTTTTCCAGGCAT-3' 

CD163 
5'-CCAACAAGATGCTGGAGTGAC -3', 

5'-TGACAGCACTTCCACATTCAAG -3' 

CD206 
5'-GCGGAACCACTACTGACTA - 3', 

5'-GTTGTTGGCAGCTTTTCCTC-3' 

TNFα 
5'-GGGCCTGTACCTCATCTACT - 3', 

5'-TAGATGGGCTCATACCAGGG-3' 

IL-6 
5'-AGCCCACCGGGAACGAAAGA - 3', 

5'-TGTGTGGGGCGGCTACATCT-3' 

TBC1D3G 
5'-AACCCCGGAAGATACCAGA-3', 

5'-TTCCTTAATGTCCCGCTTATG-3' 

 

Supp. Table 4.1. List of primers used 

 

 

Antibody Vendor Cat. No. Host 

β-actin Sigma-Aldrich A2228 Mouse 

STC1 Sigma-Aldrich HPA023918 Rabbit 

CD163 AbD serotec MCA1853 Mouse 

Anti-Mouse HRP Cell Signaling 7076V Horse 

Anti-Rabbit HRP Cell Signaling 7074V Goat 

 

Supp. Table 4.2. List of antibodies used 
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4.5. Figure Legends 

Fig 4.1. Dose- and time-dependent effects of PMA on THP-1 differentiation 

and STC1 expression  

(A) Cell morphology of THP-1 changed from suspension to adherent phenotype 

after 5 nM PMA treatment.  Gene expressions of CD163, TNFα, CD206 and STC1 

of THP-1 were upregulated after (B) 24-hr and (C) 48-hr PMA treatments.  (D) 

Western blotting showed elevated STC1 and CD163 protein expressions after PMA 

treatments.  

 

Fig 4.2. Intermitted PMA removal abrogated STC1 gene expression 

(A) Cell morphology of THP-1 (left panel) without PMA (Ctrl), intermitted PMA 

removal after 24 hrs of PMA treatment (P+W), (right panel) 48-hr PMA treatment 

(P) and replenishment of fresh PMA after 24 hrs of PMA treatment (P+W+P).  (B) 

Gene expressions of THP-1 after the above treatments.  

 

Fig 4.3. Effects of STC1-knockdown on the expression of macrophage markers 

in THP-1 differentiation  

(A) Cell morphology of THP-1 transfected with siRNACTRL or siRNASTC1 with or 

without PMA.  (B) Transfection efficiency of siRNA was shown by siGLO (blue: 

DAPI; red: siGLO).  (C) Gene expressions of STC1, M1 and M2 markers after 

siRNA treatments.  Significant elevations in STC1, IL-6, TNFα and CD163 were 

observed. 
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Fig 4.4. Expression of STC1 and M1/M2 markers in pharmacologically 

induced differentiation of THP-1 

(A) Both M0 and M2 cells showed adherent round-shaped morphology, whereas 

M1 cells showed epithelial-like phenotype.  (B) Gene and protein levels of STC1 

were upregulated after M1- and M2- polarization.  (C) Transcript levels of M1 

markers in M1- and M2- polarized THP-1.  (D) Transcript levels of M2 markers 

in M1- and M2-polarized THP-1. 

 

Fig 4.5. Effects of conditioned medium (CM) from STC1 knockdown CAM on 

Hep3B migration  

(A) Transfection efficiency of siRNA was shown by siGLO (blue: DAPI; red: 

siGLO).  (B) Conditioned medium from siRNASTC1-transfected CAM inhibited 

Hep3B migration, whereas the medium from (C) AAM had no noticeable effect on 

Hep3B migration.  

 

Fig 4.6. Transcriptomic analysis on STC1 knockdown CAM 

(A) Volcano plot of dysregulated genes.  STC1 was the downregulated DEG, and 

TBC1D3G was the upregulated DEG.  (B) Transcriptomic validation by qPCR. 
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4.6. Discussion 

Current evidence suggests the anti-inflammatory function of STC1 by 

demonstrating its inhibitory action on the production of pro-inflammatory 

cytokines and chemokines, and suppression on macrophage functions via inhibiting 

their responses to chemoattractant, infiltration, motility and transendothelial 

migration (Kanellis et al., 2004; Chakraborty et al., 2007; Huang et al., 2012; Tang 

et al., 2014; Pan et al., 2015).  In this chapter, we focused on the involvement of 

STC1 in differentiation and function of THP-1 cells, through studying its 

association with CAM and AAM, as well as the effect on transwell cell migration 

of a hepatocellular carcinoma cell line Hep3B.   

PMA treatment stimulated the expression levels of STC1 transcript and protein 

in differentiated THP-1 cells.  PMA is a protein kinase C (PKC) activator, a 

common reagent used to induce differentiation of monocytic THP-1 into 

macrophages (Blumberg, 1988).  It was reported that PMA-activated PKC 

downstream pathway, NF-κB signaling was involved in megakaryocytic 

differentiation in myelogenous leukemia cell line K562, with the evidence that a 

pretreatment with NF-κB inhibitor (PDTC) suppressed the expression levels of 

megakaryocytic lineage marker CD61 (Kang et al., 1996).  Similarly, using HT29 

cells, an induction of TSA-induced STC1 expression and STC1 promoter-driven 

luciferase activity were inhibited by NF-κB inhibitor parthenolide, suggesting 

STC1 is one of the NF-κB target genes (Law et al., 2008).  Moreover, STC1 is 

generally demonstrated to be highly expressed in terminally differentiated 

mammalian cells, such as neural differentiation (Zhang et al., 1998), hematopoietic 

differentiation (Serlachius et al., 2002, 2004) and adipocyte differentiation 

(Serlachius & Andersson, 2004).  With hindsight, the observation of STC1 gene 
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activation in cell differentiation is commonly established.  However, the question 

is on the role of STC1 in a particular differentiated cell type.  Since macrophages 

can be polarized into different functional phenotypes (CAM/M1 and AAM/M2), 

which can confer pro- or anti-inflammatory activities, this prompted us to address 

the association between STC1 and macrophage endotypes.  Intriguingly, the 

intermitted removal of PMA after 24-hr treatment resulted in abolishment of STC1 

and TNFα gene upregulation.  Phenotypic change in cell differentiation was also 

halted.  Since TNFα is a M1 cytokine while CD163 is a M2 marker, the observed 

changes suggested the involvement of STC1 in cell differentiation and presumably 

related to CAM function.  To further address the role of STC1 in PMA-induced 

differentiation, STC1 knockdown experiment was conducted.  Transcript levels of 

M1 cytokines TNFα, IL-6 were downregulated after STC1 siRNA knockdown.  

The observations suggested a correlation between STC1 and THP-1 differentiation, 

possibly M1 polarization.           

To address if there was differential association of STC1 in M1 and M2 

polarization, we adopted a standard protocol to differentiate THP-1 to M1 or M2 

endotypes.  The identity of the differentiated macrophages was characterized 

using macrophage cytokine/markers.  Our data, were consistent with the 

PMA/siRNASTC1 experiments, illustrating STC1 gene expression was closely 

associated with M1 polarization.  To characterize the possible role of STC1 in 

CAM, the transwell study was applied to test the effects on HCC cell migration.  

Our data showed a significant reduction of migrated cells cultured in the 

conditioned medium from siRNASTC1-transfected CAM.  In the same transfection 

using AAM, no significant difference in tumor cell migration was observed, with 

respect to the corresponding control.  To underpin the possible molecular target 
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leading the observed functional effects, transcriptomic analysis of siRNASTC1-

transfected CAM identified the upregulation of a gene, TBC1D3G that regulates 

the release of extracellular vesicles (EVs) in macrophages to mediate inflammation 

and tissue repair (Qin et al., 2019).  In fact, TAMs secrete EVs, mostly associated 

with M1 polarization signature to enhance inflammation, accompanied with a more 

favorable patient prognosis (Cianciaruso et al., 2019).  In the present study, the 

knockdown of STC1 led to the suppression of cancer cell migration.  Apparently, 

the high expression levels of STC1 in M1 cells might be associated with the 

function of TBC1D3G to promote cancer cell motility and invasion.  Nevertheless, 

the potential role of macrophage-derived EVs in tumors is still poorly studied.  It 

warrants further investigation on the interaction between STC1 and TBC1D3G on 

the regulation of macrophage-derived EVs. 
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Conclusion 

 

Human stanniocalcin-1 (STC1) exerts various physiological functions ranging 

from cellular metabolism, osmotic regulation, and inflammation to cancer 

progression.  The profile of its expression is found to be correlated with tumor 

development and patient survival rate.  Thus, the expression of STC1 was 

suggested to be a prognostic marker for different cancer types.  Our previous study 

using clinical samples from 216 hepatocellular carcinoma (HCC) patients, reported 

tumors with higher expression level of STC1 (tumor/normal ≥ 2) were smaller than 

those with lower STC1 level (tumor/normal < 2).  To address this observation, in 

Chapter 2, we aimed to elucidate the underlying mechanism of this correlation.  In 

the in vivo nude mice xenograft study, STC1-overexpressing MHCC97L cells 

(97L/S1) exhibited smaller tumor mass.  In in vitro studies, our data showed the 

lower migratory and proliferative abilities in 97L/S1 cells.  Cellular metabolic 

studies revealed that STC1-overexpresion reduced ATP production and inhibited 

p70S6K/rpS6 signaling (a positive regulator of cell size).  Collectively, these 

results explained the slower tumor growth and smaller tumor size in STC1-

overexpression.  However, in tumorigenesis, lymphocyte infiltration exerts many 

types of assisting functions to regulate proliferation, invasion, survival, and 

metastasis of tumor cells.  Of which, macrophage is the crucial immune cell 

involved in tumor-associated inflammation, one of the major driving factors in the 

development of HCC.  Therefore, in Chapter 3, the study aimed to delineate the 

effects of cancer-derived STC1 on macrophage functions.  Using Boyden chamber, 

the co-culture of PMA-induced differentiated human monocytic cells (THP-1) and 

97L/S1 showed inhibition of macrophage migration.  The inhibition was 

accompanied with the downregulation of cytokine receptors CCR2, CCR4 and 
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CSF-1R mRNA expression in the differentiated THP-1.  The alterations in 

cytokine-cytokine receptor interactions was confirmed using transcriptomic 

analysis.  The inhibition of RhoA signaling as suggested by IPA analysis was 

revealed by western blotting, which showed suppressed Rho-associated protein 

kinase (ROCK)/MLC2 pathway.  Other than reduced cell motility, THP-1 was 

found to incline towards pro-inflammatory M1 polarization in the co-culture with 

97L/S1 cells.  The data provided evidences to illustrate the interaction of cancer-

derived STC1 with associated macrophages, to affect inflammatory responses.   

 

The final experimental chapter investigated the roles of STC1 on the 

differentiation of THP-1.  The stimulation of STC1 gene expression was found to 

be highly correlated with M1-differentiation, as illustrated by the study of THP-1 

differentiation and STC1 knockdown experiments.  Transcriptomic analysis 

revealed that STC1 knockdown in M1 cells upregulated TBC1D3G mRNA 

expression.  The gene functions as a mediator to regulate the release of anti-

inflammatory extracellular vesicles (EVs), in affecting the activities of STAT3.  

The data further evidenced the roles of macrophage-derived STC1 to cancer cell 

motility.  

 

Further investigations on how STC1 affects the payloads of EVs from M1 cells, 

would provide us insight into the role of STC1 in tumor-associated macrophages in 

the regulation of inflammation and tumor progression.  Moreover, an investigation 

on the association of tumor-associated M1 and M2 cells, the spatiotemporal 

expression of STC1 in tumor tissue sections of HCC patients, would help to 

understand their imitated relationship, de novo.  
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