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CHAPTER 1

Introduction
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Liver organization and function

number of functions including, synthesis, storage and redistribution of carbohydrates,

fats, and vitamins. Also, the liver produces large numbers of serum proteins including

albumin, acute-phase proteins, enzymes and cofactors (1). Anatomically and

functionally, the liver can be divided into hepatic lobules which are functional units and

hexagonal in shape (Figure 1), (2).

Bile c<ma!icu!us

Central vein

Portal vein

Figure 1.Liver organization structure. Magnified portal area (A), and Liver lobule (B).

Each lobule has a central vein (terminal hepatic venule), which is a tributary of hepatic

vein at the centre, and portal area at the angles of the hexagon. Portal area contain

bile ducts, branches of portal vein, the hepatic artery, nerves and lymph vessels, all

supported by a collagenous stroma. The limiting plate forms the outer boundary of the
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portal area and is made up of mainly fibrous connective tissues as well as fibroblasts.

From this area, portal vein and hepatic artery project into the liver parenchyma.

The bile canaliculi, a modified portion of hepatocyte membranes in two adjacent

hepatocytes forms lumen for bile secretion and these canaliculi collect bile from

hepatocytes and drain into cholangioles (canal of Hering). Just outside the limiting plate,

cholangioles converge into bile duct. The canal of Herring is lined with low cuboidal

epithelial cells, where as bile duct are lined with high cuboidal epithelial cells. Within the

canal of Herring, other cells considered to be hepatic progenitor also called oval cells in

rodents, are found

Hepatocytes are the major cell type in the liver and are arranged in branching plates

radiating from the central vein. Hepatic plates are separated by vascular sinusoids

where blood from the terminal afferent branches of hepatic artery and portal vein mixes

and flows to the central vein. The liver also has non-parenchyma cells which include

endothelial cells, Kupffer cells, lymphocytes and stellate cells. The gap between

endothelial cells and hepatocytes is called space of Disse. Within these spaces and

between hepatocytes at the edge of space of Disse other cells called hepatic stellate

cells, also known as Ito cells can be found. These cells at a resting state store vitamin A,

and during liver regeneration these cells produces supporting tissues stroma to the

newly formed hepatocytes and biliary cells. However, in case of massive hepatocyte

necrosis and or chronic liver injury, these cells become a principle source of collagen

type 1 contributing to liver fibrosis (3).
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proliferate in response to toxic injury, infection, or surgical reduction of liver mass. This

compensatory liver growth as it involves replacement of the missing liver tissue to

regain the original mass. A wide variety of genes are differentially expressed during liver

regeneration. For convenience, these genes are divided into three categories:

cytokines, growth factors, and genes with metabolic functions (4). Early responses t?

decrease in liver mass include induction of cytokines and growth factors, an event

called ‘priming’. During this phase liver mRNA and serum levels of tumour necrosis

factor alpha (TNF-o) as well as interleukin-6 (IL-6) increases (5). Other genes activated

during this phase includes nuclear factor-kappa B (NF-kB) and signal transducer and

activator of transcription 3 (STAT3) (6,7).This was further confirmed by an observation

that DNA replication is inhibited by anti-TNF antibodies (1), IL-6 and TNF receptor type I

(Tnfrl) Knockout in mice (7, 8).

Primed hepatocytes and biliary cells, mobilizes energy and nutrients required for

progression from resting state (GO) into the cell cycle (G1). Growth factors involved

includes epithelial growth factorduring the next phase called ‘proliferative phase’,

(EGF), transforming growth factor a (TGFa), heparin binding EGF like growth factor

(HB-EGF), growth hormone (GH), insulin growth factor binding protein 1 (IGFBP1) (9),

thyroid hormone (T3) and Serotonin (5-hydroxytryptamine, 5-HT). While 5HT can play

multiple roles as a neural transmitter, growth factor and as a hormone (10), T3 doesn’t
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have direct role in neural transmission but plays more supportive roles in cell

proliferation by supporting cellular metabolism (11).

T3 activity, depends on the binding to a nuclear thyroid hormone receptors (TRs) (TRa

and TR0), and both receptors preferentially bind to 3, 5, 3’-triiodothyronine (T3).

tetraiodothyronine or thyroxin (T4) which has relatively low binding affinity to TRs. The

availability of receptor-active T3 and thyroid hormone activity, depends on (mono) de­

iodination, where one iodine is removed from the outer ring, the process known as outer

ring de-iodination (ORD) or from the inner ring, inner ring de-iodination (IRD) of a

iodothyronine molecule. The de-iodination process can lead to activation as well as

inactivation of thyroid hormones. Outer ring de-iodination of T4 is the only way to

produce active T3 and therefore ORD is important as an activating pathway. However,

Inner ring de-iodination of T4 and T3 can only lead to inactive iodothyronines, namely

reverse T3 (rT3), and 3, 3’-diiodothyronine (T2) respectively. Therefore, IRD is

exclusively an inactivating pathway. The enzymes catalysing de-iodination of thyroid

hormones have first been described in rats. So far, three types have been identified:

iodothyronine de-iodinase type I (D1), type II (D2) and type III (D3). Type I is a

multifunctional enzyme that catalyses both ORD and IRD. Its preferred substrate is rT3

(above T4 and T3). Type II exclusively catalyses ORD, with a substrate preference for

T4 over rT3. Type III is a pure IRD enzyme with a substrate preference for T3 over T4.

Expression of these enzymes is tightly regulated depending on the metabolic status and

requirements of the cell (12).
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5-HT actions on cellular activities are mediated through receptors which belong to the

group of G-protein coupled receptors including 5-HT2A and B which are important for

liver regeneration through activation of the Akt pathway (13, 14-15).The action of

serotonin is potentiated with other growth factors (16). The main site of serotonin

synthesis in the body is the enterochromaffin cells located in the gastro intestinal

epithelial cells and synthesized serotonin is stored mainly in platelets by serotonin

transporter (SERT) re-uptake mechanism. Lack of SERT, abrogates the ability of

platelets to store serotonin (17), serotonin induced exocytosis, and consequent?/

impairs cell cycle progression (Figure 2) (18).

5-HT

[5-HT],
GDP

GEF GTPise

5 HI

Ca2<

Fig. 2. 5-HT Induced exocytosis of platelet a-granules.

Both 5HT (15) and T3 lead to induction of cyclin D1. For example, studies have shown

that treatment of rats with T3 caused an increase in cyclin D1 mRNA and protein levels

(19). D-type cyclins forms complex with cdk4 or cdk6 to drive the cells into G1 phase by
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phosphorylating the Retinoblastoma (Rb)-HDAC repressor complex which is normally

bound to the E2F-DP1 transcription factors. Phosphorylation of Rb by cdk4/6 and cdk2

dissociates the Rb from the repressor complex, leading to the release of bound E2F

from Rb. Freed E2F drive the transcription of S-phase genes encoding for proteins that

switch the cell status from G1 to S phase for DNA replication (20).

Breakdown of extracellular matrices accomplished by metalloproteinases from pericytes

in response to hepatocytes growth factor (HGF) stimulation, allows proliferating

hepatocyes to form avascular clusters. Stellate and endothelial cells proliferate later

than hepatocytes and also form clusters adjacent to hepatocyte. Later hepatic stellate

cells produce extracellular matrix and with stimulation of TGFp and hypoxia, cell

proliferation is terminated. Up regulation of Hypoxia induced factor (HIF-1), vascular

endothelial factor (VEGF), and basic fibroblast growth factor (b-FGF), stimulate

establishment of microcirculation and angiogenesis including proliferation and migration

of endothelial cells from neighbouring vessels and recruitment of endothelial precursor

cells (EPC) from bone marrow (9).

demonstrated that, the rat can survive 2/3 partial hepatectomy (21).Since then this

techniques involving removal 2/3 of the total liver have been improved and changed in

different ways reflecting change in knowledge, technology and to suit various research

needs (22-23). It is known that, after removal of 60-70% of the liver, the liver can grow

back to its original mass within two weeks in mice (24). This ability of the liver to
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to be a useful tool of studying molecularregenerate, not only have turned out

mechanisms underlying hepatocyte proliferation, aging and hepatic diseases but also

offer a promising tool to study the possibility of gene therapy to treat liver diseases such

fulminant liver failure and liver cancer. Different approaches have been used to study

genes involved in liver regeneration and or diseases. Among the methods used to

determine whether a particular gene of interest is essential for liver regeneration is

either to modify its expression by over-expressing the gene in transgenic mice,

functional inactivation or deletion (23). With advance in knowledge and technology, it is

nowadays possible to perform a targeted gene deletion or inactivation in specific: organ

of interest including the liver. In the liver, one of the methods used to achieve liver

specific gene deletion is by using a ere recombinase enzyme mediated excision at lox P

sites of the target gene(s) and a stop codon up stream of the lacZ reporter gene, driven

by albumin promoter (25). LacZ reporter gene present in Rosa 26 locus (R26) and

encoding p-galactosidase is exclusively expressed after the excision of a lox P-flanked

(floxed) stop codon, p-galactosidase, is an enzyme which specifically cleave 5-bromo-4-

chloro-3-indolyl-p-D-galactopyranoside (x-gal) to produce galactose and 5-bromo-4-

chloro-3-hydroxyindole. With immunohistochemical staining techniques, x-gal can be

oxidized into 5,5'-dibromo-4,4l-dichloro-indigo, giving the tissue expressing Cre and Lac

Z gene a blue colour. The tissue expressing LacZ reporter indicates successful excision

and recombination of lox P sites as well as deletion of the target gens. This type of gene

deletion can be organ specific, and is known as conditional gene deletion. In this thesis,

two approaches have been used, whereby rats with germ line deletion of SERT and

mice with liver specific conditional deletion of p53 and Rb were used to study liver
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regeneration, and the role of tissue repair in liver carcinogenesis respectively (Chapter 2

and 3).

preparation for chromosome duplication (G1), chromosome duplication (S), pre-mitotic

phase (G2), and mitotic (M) phases. G1/S restriction point is a checkpoint which DNA is

checked for errors and repaired before duplication, whereas G2/M check point checks

for any damage or duplication errors before progression to mitotic phase. These check

points are regulated by Retinoblastoma (Rb) and protein 53 (p53) (26). Rb play role in

inducing cell cycle arrest in an event of DNA damage to facilitate repair, as well as

arresting proliferation to maintain tissue homeostasis. Exposure of mouse fibroblasts

which are Rb-proficient to DNA damaging agents, induce cell cycle arrest at 4N DNA

content, where as Rb-deficient cells by-pass this mitotic block and accumulate higher

ploidy (26-27). On the other hand, upon DNA damage, p53 can directly induce cell cycle

arrest through induction of cdk inhibitor p21

eliminate the damaged cells by p53 mediated apoptosis (26, 28). This indicates that,

p53 and Rb work synergesticaly, and cells lacking one or both of these proteins are

likely to by-pass cell cycle control mechanism, and are more prone to carcinogenesis.

However, the integrity and function of these proteins depends on other protein networks

(Figure 3) (26). For example, the Cdk2 inhibitor, p27

levels in quiescent cells and suppress expression of Cyclin E-Cdk 2 activity important

for progression of the cell cycle after entry into G1 phase.
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Mitogenic stimulation which induces Cyclin D1 expression regulates its assembly with

is then

phosphorylated by Cyclin E-Cdk2 in late G1 leading to its degradation to allow S-phase

entry. Other players in regulation of p53, Rb-E2F pathways are the INK4 family of

are tumour prone and develop wide spectrum of cancers by continuous activation of

Cyclin D-Cdk4/Cyclin E-Cdk2 complexes. The INK4a locus encodes a gene product, in

part from an alternative reading frame (ARF) that overlaps sequence encoding

.The ARF protein in mouse (p19‘

the effect of murine double minute (mdm2), a negative regulator of p53. Inhit' •ion of

mdm2 can lead to either stimulation of apoptotic signals or p53 mediated induction of

Cdk inhibitors, and Rb dependent cell cycle arrest to allow DNA repair before

progression to next phase of cell cycle, Figure (5)(26), (26-30).

'[Apoptosis:p53

Figure 3. Rb and p53 Regulate Cell Cycle Checkpoint Controls
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Development and progression of liver cancer is a mult-step process, and involves

complex mechanisms. Hepatocellular carcinoma (HCC) is among the important primary

liver cancers, which has been linked to various aetiologies, and most of them involves

either inactivation of tumour suppressor genes, and or inducing chronic cycles of

necrosis and regeneration. (Figure 4) (31), (32-35). Involvement of hepatocyte

proliferation in hepato-carcinogenesis has been linked to telomere attrition in absence of

cell cycle check points, the situation which contributes to ploidy and accumulation of

mutations (36).

| Inflammation}L<.
lntlatrmation|

| Necrosis |

faI Regeneration I

t lepatocelldar carcinoma

Figure. 4. Mechanisms of hepatocarcinogenesis. The suspected mechanisms of

hepatocarcinogenesis for the various risk factors are shown. Commonalities are

indicated using the same colour. In addition to these mechanisms, hepatitis B virus

(HBV) and aflatoxin B1 share the characteristic of affecting the genome.HBV and HBC

can integrate into the host genome and Aflatoxin B1 is a mutagen.
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Although hepatocyte proliferation plays part in carcinogenesis, the mechanism and

condition under which liver regeneration contributes to HCC remains a subject to be

investigated .In this thesis the, the ability of liver regeneration to induce liver cancer in

absence of chronic liver diseases or chemical induced DNA damage have been

investigated (Chapter 2)
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ABSTRACT

Hepatocellular carcinomas are often associated with mutations of the tumor

suppressor genes p53 and Retinoblastoma (Rb). To determine whether mutations of

p53 and Rb can cause liver cancer, we deleted both genes specifically in the liver of

mice. Interestingly, simultaneously ablation of p53 and Rb in the liver was insufficient

to induce liver cancer, indicating that besides inactivating these tumor suppressors

other factors are required for cancer initiation. We therefore performed two

subsequent partial hepatectomies to induce liver regeneration in these mice.

Undifferentiated hepatocellular carcinomas in p53/Rb deficient livers were observed

with high incidence (>60%) 4-5 weeks after the second hepatectomy. Strikingly, all

tumours occurred at the same anatomic location, namely within the remaining liver

stump of the first hepatectomy. Some tumours metastasize to regional lymph nodes

and surrounding tissues and histologically the neoplastic cells resembled oval cells,

the progenitor cells of hepatocytes and bile duct cells. Surrounding non neoplastic

liver regions show marked oval cell proliferation particularly adjacent to the portal

triads. Expression analysis of tumour tissue revealed increase expression of alpha­

downstream partner of Rb, which is often upregulated in human hepatocellular

carcinomas. Our findings demonstrate that livers deficient of p53 and Rb induces

oval cell proliferation and undifferentiated hepatcellular carcinomas upon partial

hepatectomy.
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fetoprotein, an oval cell marker, as well as the transcription factor E2F1, a



human population, with differences in distribution, and incidences depending on

prevalence of associated risk factors (1,2).

Various aetiologies have been linked to HCC development, the most prominent of which

include chronic hepatitis B (HBV) and C (HCV) viral infections (3-5), chronic alcohol

consumption, and aflatoxin-B1-contaminated food. Most of these aetiologies are

capable of inducing chronic hepatitis, with repeated rounds of necrosis and

regeneration, as well as liver cirrhosis.

Aflatoxin-B1 induced hepatocarcinogenesis is mostly associated with carcinogenic

mutations (2, 6). Apart from causing chronic inflammatory reaction, HCV are capable of

evading host immune response by interacting with various factors involved in the

process such as tumour necrosis factor alpha (TNFa), and Interferon alpha (INF a).

Furthermore, HCV viral proteins, NS3 and NS4A can use their proteases to cleave

components of immune response (2, 7).

In addition to the risk factors described above, various genetic events have been linked

with the development of HCC (8, 9). Notably, protein 53 (p53), and Retinoblastoma

protein (Rb) tumour suppressor genes are either functionally inactivated, or deleted in

higher percentages of HCC. For example, oncoprotein gankyrin can target and

inactivate both p53 and Rb (10). In addition to that, there are reports indicating that,

HBV (4) and HCV (11) viral proteins, HBx and NS5 respectively, can bind and inactivate

p53 function whereas fungal toxin aflatoxin B1 is associated with increased mutation in
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Introduction
Hepatocellular carcinoma (HCC) is a primary cancer of the liver reported worldwide in



p53 codon 249 (2,9,12). Other frequent observations in majority of liver developing HOC

include increased ploidy (9-15), chromosome segregation defects (16), and telomere

attrition (17,18).

The reason as to why p53 and Rb are targets of functional inactivation or deletion is

most likely linked to their role in cell cycle control check points. Rb plays a critical role in

cellular proliferation control and inhibition of oncogenic transformation (15). by encoding

a nuclear phosphorylation protein (pRb) that negatively regulates G1-S phase of the cell

cycle through formation of a repressor complex with other proteins to inhibit E2F

transcription factors, and therefore inhibit E2F responsive genes, inc. -ding those

important for cell cycle progression (14,18-20).

This role in relation to cancer development is particularly important where cell cycle

arrest is required in an event of DNA damage to allow repair to take place. This

argument is supported by report that disruption of Rb accelerates G2-M progression in

the presence of DNA damage by elevating the expression of a set of mitotic regulatory

genes (21-22). On the other hand, p53 act as a break, it is activated in response to DNA

damage to induce cell cycle arrest by induction of Cyclin dependent kinase inhibitor

p21cip1 to allow DNA repair. Irreparable cells are eliminated by induction of p53

dependent apoptotic pathway. Loss of p53 control allows cells to escape p53 dependent

cell cycle arrest and apoptosis (22-24). Rb and p53 cell cycle control can also be

INK4a. Lack of functional p16

deregulates cell cycle control by causing persistent activation of cyclins, leading to

lead to induction of murine

double minute protein (mdm), a negative regulator of p53 (13, 25-26). Increased
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unregulated Rb phosphorylation, whereas loss of p19ARF

deregulated by lack of functional p16,NK4a and or p19ARF



expression of mdm causes increased p53 export from nucleus and becomes a target for

ubiquitin proteasome degradation pathway, and promotes carcinogenesis (26-27).

These examples can serve to indicate the central role played by p53 and Rb tumour

suppressors in the cell cycle control, and why many oncogenic processes target p53/Rb

pathways.

The link of liver regeneration in HCC development is based on among others, the

observations that many HCC are associated with repeated rounds of hepatocyte

necrosis and regeneration caused by chronic liver damage (2-6), and recurrence of

colorectal liver carcinoma in patients after surgical resection (28). It has been shown

that recurrence of colorectal liver carcinoma occurs during the late phase of liver

regeneration after partial hepatectomy (29), coinciding with cytokines mediated

regulation of re-establishment of liver structures in the newly regenerated liver tissues.

This cytokine network includes transforming growth factor-p (TGF-P), vascular

endocelial growth factor (VEGF), basic fibroblast growth factor (b-FGF), hypoxia

inducible factor-1 alpha (HIF1a), and the enzyme matrix metalloproteinases (MMPs).

They together regulate modelling of hepatic parenchyma, extracellular matrix formation,

angiogenesis and vasculogenesis (29-30). Despite of this advance in knowledge, the

mechanism involving liver regeneration in the liver carcinogenesis is poorly understood.

Moreover, mice with conditional knock out of p53 or Rb do not result in liver cancer (2,

15). To determine whether liver regeneration can promote development of HCC, we

have performed two rounds of partial hepatectomy (PH) in mice with conditional deletion

of p53 and or Rb in the liver. The choice of conditional knockout system was stemmed

on previous reports, that mice with germ line deletion of p53 have short life span due to
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development of thymic lymphoma and sarcoma. Similarly, mice with germ line deletion

of Rb die at early embryonic stage (31). In order to avoid complications associated with

germ line deletion of these proteins, we decided to use mice where p53, and or Rb have

been deleted conditionally in the liver.

Materials and methods

5-GGC GTG TGC CAT CAA TG -3’, Rb exon 19; 5’-CTC AAG AGC TCA GAC TCA

TGG-3’ with parameters; 95 °C for 3minutes, 45 cycles of 94 °C for 30 seconds, 57 °C

5’-GCG AAG AGT TTG TCC TCA ACC-3’, IMR316: 5’-GGA GCG GGA GAA ATG GAT

AT-3’, and IMR883: 5’-AAA GTC GCT CTG AGT TGT TAT-3’ with protocol of 94 °C for
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reverse 5-GAA GAC AGA AAA GGG GAG GG-3’, with parameters; 95 °C for 3minutes, 

45 cycles of 94 °C for 30 seconds, 58 °C for 30 seconds, and 72 °C for 1 minute 

followed by 72 °C for 3minutes and hold at 7 °C. For Rbf/f alleles (283 bp); Rb exon 18;

extracted from ear tissues obtained during ear notching (Figure 1B). Primer sequences 

and conditions are as follows: Cre+/' alleles (260 bp), forward primer: 5’-ATG CT CTG

Genotyping
Was done to confirm the presence of the desired transgenes using genomic DNA

for 30 seconds, and 72 °C for 50 seconds followed by 72 °C for 3minutes and hold at 7 0 

C. For LacZ reporter (R26f/f), 260 bp, a combination of three primers was used; IMR315:

TCC GTT TGC CG-3’, reverse primer: 5’-CCT GTT TTG CAC GTT CAC CG-3:, FOR 

parameters were 94 °C for 3minutes, 33 cycles of 94 °C for 30 seconds, 55 °C for 30 

seconds, and 72 °C for 45 seconds followed by 72 °C for 3minutes and hold at 7 0 C. 

For p53,/f band (584 bp); forward primer, 5-AAG GGG TAT GAG GGA CAA GG-3’,



3minutes, 35 cycles of 94 °C for 30 seconds, 60 °C for 30 seconds, and 72 °C for 1

minute followed by 72 °C for 3minutes and hold at 7 0 C

interval of 10 weeks. For first PH 60-70% of the liver was removed, LLL, RUL, and LUL

liver lobes (Figure 2A). Preparations, induction and maintenance for anaesthesia were

done as previously described (32), with oxygen flow rate of 0.4L/min, and air 0.3L/min.

All mice were injected with 0.01 mg Buprenophine hydrochloride per WOgrams of body

weight before starting surgery and at most 24 hours after surgery. Surgical techniques

for first PH involved midline incision of skin approximately 2-3 centimetres from xiphoid

region (2_SI.Fig 1A) followed by muscles and peritoneum along the linear alba. The

ligament which connects the RUL, LUL, gall bladder and diaphragm was dissected as

previously described (32). To externalize the RUL, LUL and LLL, gentle pressure was

applied above the xiphoid region with the middle fingers facing each other from either

directions pressing downwards at the junction of sternum and xiphoid cartilage, with the

thumbs gently pressing inwards and backwards from lateral sides to allow the LLL to be

externalized at the posterior end of the incision (2_S1. Fig 1B&C) with correct incision

size, allows the three liver lobes (RUL, LUL and LLL) to be exteriolized while keeping

other lobes and viscera inside the abdominal cavity (2_SI.Fig.1C). The exteriolized liver

lobes were laid on wet sterile gauze soaked in sterile physiological saline (2_SI.Fig.1D).

The ligament located on the visceral surface of the left lower lobe was severed to free

the lobe from other connections (2_SI.Fig.1E). This lobe was then ligated and resected

(2_SI.Fig.1F & G). The median lobes were ligated with one ligature at the common

33

Partial hepatectomy (PH)

Mice with age ranging between 9.5 to 14.5 weeks underwent two times PH at an



pedicle and resected (2_SI.Fig.1H). Redundant tissues and blood clots were removed

as previously described (32). Peritoneum, abdominal muscles and subcutaneous were

all closed in one layer using Polyglactin 910 (Vicryl, ® suture size 4-0, Johnson

Johnson, Belgium) and finally the skin was closed using same type of suture. During the

second PH, approximately 30% was removed involving the RLL. After midline incision,

the intestines were exteriolized to create enough space and access to the RLL.

Exteriolized intestines were protected from drying up with sterile gauze soaked in sterile

physiological saline. To prevent fat tissues, prostate glands or urinary bladder from

blocking access to the lobe, a small piece of sterile gauze, soaked in saline was gently

inserted in the space between the liver lobe and these organs. This also served to

absorb blood coming from resected liver lobe. Then a small ligament connecting the

base of RLL and hepatic artery underneath was cut to allow better positioning of the

ligature and prevent vascular damage during ligation and resection. After ligation and

lobectomy of RLL, the abdomen was cleaned, and the intestines were returned and

finally the incisions were closed in a similar manner as described in first PH. We did not

use the microscope during these surgical procedures.

immersed in liquid nitrogen cooled isopentane and then temporarily stored in liquid

nitrogen, before freezing in -80 °C. Staining to detect Lac Z expression was done on

freshly cut frozen sections 5pm thick, at -20 °C, and staining for x-gal was performed as

described in (33).
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Determination ofofLacZ reporter gene expression by X-gal staining

Liver samples for x-gal staining were embeded in Tissue-Tek OCT compound, briefly



Routine and Immunohistochemical staining

Liver samples harvested during first and second PH, as well as from sacrificed mice,

were fixed in 10% neutral buffered formalin for 24 hours, paraffin embedded, and cut

into 5-pm sections for immunohistochemistry, routine H&E and Masson’s trichrome

staining. Staining for Ki67 was done using Envision method for Rabbit anti-Ki67; clone

SP6 for paraffin sections (Lab vision, RM-9106-S0) as previously described (34).

Antibody dilution was 1:50 for anti-ki67 in phosphate buffered saline (PBS).

Quantitative real-time PCR

Total RMA was isolated using Qiagen RNAeasy kit for fibrous tissues, and the protocol

transcription of total RNA was performed using Superscript III reverse transcriptase

(Invitrogen) and RNAse Inhibitor (Roche) according to the manufacturer’s protocol.

Quantitative real-time PCR was performed to determine expression level of E2F1-8 and

a-fetoprotein using a BioRad iCycler, and reactions were performed in triplicate as

previously described (35). Relative expression was normalized to GAPDH. A complete

list of primers is provided as supplementary information (Sl.Table 2).

Histograms and statistical analysis

Data in histograms are presented as mean ± standard deviation, and all histograms

were prepared by using Microsoft exel®. Subsequent statistical analysis was performed

by using a free software (R 2.7.0) package downloaded from http://cran.r-proiect.org/.

Survival curve comparing occurrence of cancer between groups was determined by

using Cox’s proportional hazard analysis method, and statistical difference was
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for muscle tissues according to the manufacture’s recommendation. Reverse

http://cran.r-proiect.org/


0.05, at 95% confidence interval.

Results

Generation of liver specific Rb and p53 deficient knockout mice.

To generate conditional p53 and Rb knockouts in the liver, mice harbouring floxed

alleles of p53 at exons 2-10, floxed alleles of Rb at exon 19 and a floxed stop codon

upstream of the Lac Z reporter (Rosa 26), were crossed with mice expressing Cre

recombinase under the control of Albumin promoter, which is specifically expressed in

the liver (Figure 1 A). The Cre recombinase enzyme specifically recognizes and cleaves

floxed alleles at lox P sites (36) (Figure 1B).

mice after PH, we analysed hepatocytes morphology on H&E stained liver sections in all

mice in each stage of partial hepatectomy (PH). Right median (RML), left median (LML),

and left lower (LLL) liver lobes removed during first PH showed nuclear hypertrophy in

p53 and Rb deficient (Albumin-Cre^'; p53^&; Rb^) compared to p53 and Rb competent

(P53P; RbVf) mice, (Figure 2A). 10 weeks later, right lower lobe (RLL) removed during

second PH, showed nuclear hypertrophy also in p53?/f; Rbf/f, though not as large as in

Albumin-Cre+/';p53^; Rtf'* (Figure 2A).
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Nuclear size of hepatocytes increase in .Albumin-Cre+/; p53A/A; RbA/A mice

To study the effect of p53 and Rb ablation in cell cycle regulation in the liver of adult

determined by using log rank test, the differences were considered significant when p <

Liver regeneration and conditional deletion ofp53 and Rb, leads to liver cancer 

Between 70 and 158 days after first PH, neoplastic lesions developed in compound 

mutants: Albumin-Cre+/’; pSS^; Rbf/A, and Albumin-Cre+/‘; pSS^; Rb*74 but not in p53f/f;

Rbf/f mice. Interestingly, all neoplasia developed on the same location, at the site of



ligation, on the residual median lobe (Figure 3A). Most neoplasia were observed

between 4-5 weeks after second PH, the earliest was observed 28 days after second

,A/A

had metastases to the diaphragm, omentum, and gastro-intestinal

lymphoid tissues. In addition to icterus observed in all mice with neoplasia, mice with

metastasis also developed ascites with amount of fluid ranging from 3 to 3.5mL in the

abdominal cavity. Total incidence of liver cancer during the duration 158 days counted

respectively

(Table 1),.

and Albumin-Cre+A;

carcinoma (Figure 4A, right panel) to poorly differentiated hepatocellular carcinoma

(Figure 4A middle panel). The lesions also display various morphological features

including spindle shaped cells. These spindle shaped and other neoplastic cells does

lesion and surrounding liver lobes show features of cholangiolocellular carcinoma,

anastomosing glands in abundant fibrous stroma (figure 4B left panel, and D).

Neoplastic lesions shows wide spectra of phenotypes 
Neoplastic lesions observed in both Albumin-Cre+/’; p53‘

was labelled by this staining (Figure 4B,). In addition, some parts of the neoplastic

PH, or (98 days) from first PH in Albumin-Cre+/'; pSS^; Rb^, whereas in Albumin- 

Cre+/"; p53tVA; Rb,/Athe earliest lesion developed 42 days after second PH, or (112days) 

from first PH (Figure 3B). (3/12) of the observed neoplastic lesions in Albumin-Cre+/'; 

pSS^; Rb^

from th? day these mice underwent first PH in mice were (0/19), (3/8), and (12/19) for 

p53f/f; Rbw, Albumin-Cre+/’; pSS^; Rbf/A, and Albumin-Cre+/'; pSS^; Rb^

Rb^

not react to Masson’s tri-chrome staining for collagen, only the surrounding stroma,

which includes small cords resembling cholangioles and ductular reaction-like

pSS^; Rbf/A mice, they all show features ranging from well differentiated hepatocellular



Furthermore cholangiocytes and hepatocytes in neoplastic lesion and surrounding liver

lobes, express Lac Z reporter gene (Figure 4C).

E2F target gene deregulation and elevated cell cycle progression during postnatal

growth, but compensation eventually occurs such that the expression of E2F targets is

repressed and hepatocytes becomes quiescent in adult livers independent of Rb genes

(15). We show that, liver removed during first PH and subsequent PH from Albumin­

mice aged between 9.5 -14 weeks , have elevated E2Fs mRNA

level compared to their age mates with p53f/,;Rbf/f genotype (Figure 5A-H). In addition

these mice also show elevated a-fetoprotein (Figure 5I), and cell proliferation as

indicated by ki67 staining (Figure 6A). Liver samples collected from neoplastic tissue as

well as surrounding liver lobes, also shows elevated E2Fs, a-fetoprotein and

proliferation, but proliferation in the surrounding liver lobes is mainly confined to the

portal area (Figure 5A-I, and 6B).

Discussions

environment incited by chronic liver injury, and or toxicosis is known to promote hepato-

carcinogenesis (1-6, and 37-38). Rodent models supporting this pathogenesis are

available. These models are consistent with large percentage of HCC which also share

the same pathogenesis, involving cirrhotic stage and or fibrosis. However, the

occurrence of cancer in normal liver, or recurrence of HCC in patients after surgical
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Liver regeneration models ofhepato-carcinogenesis
Cycles of hepatocyte necrosis, and regeneration leading to fibrosis, and cirrhotic micro

Ablation of p53 and Rb deregulates E2Fs and elevate cell cycle progression in the liver 

of adult mice, neoplastic tissue and surrounding liver lobes

The effect of somatic Rb ablation in the liver has been described. Rb ablation results in

Cre+A; pSS^; Rb^



resection, does not fit well in these models as this type of cancer does not necessarily

involve liver fibrosis and or liver cirrhosis during pre-cancerous stage. In addition, use of

chemical agents may produce additional un- specified mutations not known to the

researcher, further complicating the interpretation of results in liver toxicosis-PH models.

To circumvent this complexity, we did not include additional treatment to the mice after

PH during this liver regeneration-carcinogenesis study. To our knowledge liver specific

p53/Rbnull-PH approach in studying liver carcinogenesis has never been reported.

suppressing carcinogenesis (39-40), in our study, we focussed on mice with conditional

ablation of p53 and Rb in the liver. The role of p53 and Rb in carcinogenesis has been

reviewed (21-27), and conditional ablation Rb in the liver does not upset E2F regulation

and cell cycle control in adult mice, due to compensatory mechanisms by other Rb

family of pocket proteins p107, and p130 (15). Mouse embryonic fibroblast cells (MEFs)

could pass through G1/S transition, but not

G2/M transition and deletion of p53 in these cells restored their ability to pass through

mediated

negative feedback loop. Eventually, hypo-phosphorylation of Rb family of pocket

proteins occurs, leading to E2F target repressions (35, 43-44). Consistent with these

reports, and as reported elsewhere in hepatocytes primary culture (45), we show that

conditional deletion of both p53 and Rb in the liver, lead to increased nuclear size,

ploidy, E2Fs transcripts as well as cell proliferation in adult mice (Figure 2B), (Figure

5A-H, black bars), and (Figure 6A).
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Liver specific loss ofp53 and Rb deregulates E2F transcription and cell proliferation

Because of known evidences indicating existence of synergism between p53 and Rb in

deficient of activator E2F1-3 and p21clpl

G2/M, suggesting E2Fs mediated regulation of cdk activity through a p21CIP1



hepato-carcinogenesis by inducing another round of cell proliferation, we performed

second PH 70 days later. As in first PH, we observed the same pattern of high level of

E2F transcripts in Albumin-Cre+/’; p53' mice

compared to level observed in p53f/f; Rbw at first PH (Figure 5A-I, grey bars).

It is known that, over-expression of E2F1 in murine liver results into centrilobular

nuclear hyperchromasia, hepatocytes with multiple prominent nucleoli and hepato-

carcinogenesis. In addition, they show small round cells which always appeared in close

proximity to portal region (46). Consistent with this report, we show persistence high

levels of activating E2F1-3a and portal cellular proliferation (5A, 6A and 6B, left lower

panel).

It is also considered that, liver regeneration after PH involves replication of mature

hepatocyets and biliary cells (37, 47). However, in an event of massive liver loss or

limited ability for hepatocytes and biliary cells to take part in regeneration process, and

bi-potential oval cells are activated which have the ability to differentiate into

hepatocytes and biliary cells. Alternatively, in case of insufficient or failure of oval cells

to respond, multi-potent bone marrow stem cells are activated, which can differentiate

into hepatocytes, biliary cells and other liver cells (48).

Therefore, it is most likely that, the regional proliferation observed may be a

consequence of the limited capacity of hepatocytes and biliary cells to replicate as

indicated in (Figure 6A, arrow head) and hence, the activation of oval cells located in

the canal of Herring. This is supported by the observation that, neoplastic lesion and
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Liver regeneration, conditional ablation ofp53, and Rb leads to liver cancer

To investigate whether the observed cell cycle derangement at first PH will lead to

(A/A; RbA/A and Albumin-Cre+/‘; pSS^; Rbf/A



surrounding liver lobes, show increased proliferation of small round shaped cells in

portal region, migrating into hepatic parenchyma (Figure 4A, middle panel, B left panel,

Figure 4D and 6B, left lower panel). Furthermore, the requirement for oval cells to

undergo significant rounds of proliferation and subsequent complex differentiation

process (37), may be the reason for the high level of activator E2Fs (Figure 5A-C), and

E2F4, 5 and 6 transcripts (Figure 5D-F) which are known to be involved more in cell

differentiation (47,49-50). In addition to that, the activation of oval cells is further

supported by an elevated level of a-fetoprotein transcript (Figure 51), which is a known

oval cell marker in rodents (51-52)

maturation phases (53). Primed cells have the ability to respond to growth factors and

proliferate. Priming factors are produced after liver injury, and are inflammatory

mediators, mainly TNF-a, IL-6 and their downstream targets. Finally, in maturation

phase, inhibition of proliferation occurs to allow formation of supportive structures such

as extracellular matrix and blood vessels. This process is also cytokine mediated

involving TGF-p, HIF1-a, VEGF, and hypoxia created by avascular newly formed liver

and biliary cells (30).

In our results we have shown that, primary neoplastic lesion occurs on the ligation site,

in the residual median lobe in the mechanism which is not understood (Figure 4A). We

can only speculate that, local injury, and hypoxia on the residual median lobe created

during PH, repetitive exposure to priming factors, growth factors and maturation factors
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Li-.'ei' injury as important factor in liver carcinogenesis, and the diversity of neoplastic 

lesions

Liver regeneration pass through three phases namely; priming, proliferation and



during the two PH may contribute to carcinogenesis in this location. In addition, the

presence suture materials on the ligation site in this specific area could spark local

chronic inflammatory process, including recruiting Kupffer cells and lymphocytes, which

are known to produce priming factors, TNF-a and IL-6. Continuous local production of

these factors would then create high concentration gradient, and confers proliferative

advantage to the oval cells around the ligation site leading to expedition of the

carcinogenic process. In particular, TNF-a and IL-6 are known for their role as activators

dexamethasone treatment in rats with 2AAF/PH can inhibit oval cell response in bile

duct ligated rats (37). While IL-6 can directly activates oval cell proliferation, TNF-a

activates oval cell proliferation by induction of STAT3 and NFkB. Oval cells isolated

from 2AAF/PH rats shows activation of STAT3 and NFkB, downstream targets of TNF-a

(54). The involvement of oval cells may be the reason for the diversity of neoplastic

lesions observed ranging from well differentiated to poorly differentiated hepatocellular

carcinoma (Figure 4A, right and middle panel). These lesions also show spindle shaped

cells, which has been described in human Hepatocellular carcinoma with various names

including spindle cell carcinoma, sarcomatoid carcinoma, pseudo carcinoma and

carcinocarcinoma (55). (Figure 4A, middle panel). Masson’s trichrome staining for

collagen show that, only tissue stroma contains collagen, and not the neoplastic cells

(Figure 4B). Other phenotypes resemble features of cholangiolocellular carcinoma (56),

including small cords resembling cholangioles and anastomosing glands in abundant

fibrous stroma. The stromal tissues, stain blue with Masson’s tri-chrome staining for

collagen (Figure 4B, left panel) and H&E staining (Figure 4D).
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of oval cells proliferation. Inhibition of TNF-a with gadolinium chloride or



This observed heterogeneity of cancerous cells indicate the possibility of this

carcinogenic process to start early before differentiation of the oval cells. This theory is

further supported by the expression of LacZ in neoplastic cells. Expression of LacZ

mediated excision of lox P sites and recombination (36).

Because LacZ gene is expressed in hepatocytes, biliary and neoplastic cells (Figure

4C). The excision of lox P sites in the liver can only occur in albumin expressing cells,

which is not the case with bile duct epithelial cells. This means that, excision and

recombination took place early in oval cells before differentiation. This implies that, p53

and Rb was deleted in oval cells. This is argument is supported by evidences that oval

cells can express albumin (51-52), a promoter which drive the expression of Cre

recombiriance enzyme. Deletion of p53 and Rb gene in oval cells may interfere with

normal proliferation and differentiation programme of these cells; and this may be the

cause of diversity of cellular morphology we see in neoplastic lesions.
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occurs after Albumin-Cre+/'



useful in future studies for understanding the molecular mechanisms involved in

activation of liver stem cells, and neoplastic behaviour oval cells derived liver cancer.

Further molecular characterization of all the cells in these lesions would be helpful and

may give better understanding of their origin, behaviour, and may provide more

knowledge in the possible pathogenesis of these lesions. Site specific location of

primary lesion observed in this study, is interesting and may have implications on the

treatment of HCC patient by surgical resection, especially if the surrounding liver tissues

contain mitotic incompetent cells and or transformed cells. Liver specific p53/Rbnull-PH

model may be a valuable tool in future studies of liver carcinogenesis at various stages

of development, progression and the underlying molecular pathogenesis.
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Conclusion

Diversity of the lesions observed in this study and involvement of oval cells may be



References

Josep, M. Liovet; Andrew Burroughs; and Jordi Bruix.2003. Hepatocellular carcinoma.1.

Lancet, 362: 1907-17

Paraskevi A. Farazi; Jonathan Glickman; James Horner; and Ronald A. DePinho.2006.2.

Cooperative Interactions of p53 Mutation, Telomere Dysfunction, and Chronic Liver Damage

in Hepatocellular Carcinoma Progression. Cancer Res. 66; (9): 4766-4773

Dana R. Crawford; Stephanie Ostrowski; Dilip Vakharia; Zoran Hie; and Stewart Sell.2006.3.

Separate Origins of Hepatitis B Virus Surface Antigen-Negative Foci and Hepatocellular

Carcinomas in Transgenic HBsAg (alb/psx) Mice. American Journal of Pathology. 169;

(1):223-232

Delphine Cougot; Christine Neuveut; and Marie Annick Buendia. 2005. HBV-induced4.

carcinogenesis. Journal of Clinical Virology. 34: Suppl. 1

Kinuyo Hatanaka; Masatoshi Kudo; Toyokazu Fukunaga; Kazuomi Ueshima; Hobyung5.

Osaki.2007. Clinical Characteristics of NonBNonC- HCC: Comparison with HBV and HCV

Related HCC. Intervirology. 50:24-31

Jorge A. Marrero; Robert J. Fontana; Sherry Fu; Hari S. Conjeevaram; Grace L. Su; and6.

Anna S. Lok.2005. Alcohol, tobacco and obesity are synergistic risk factors for hepatocellular

carcinoma. Journal of Hepatology. 42: 218-224

Michael Gale Jr; and Eileen M. Foy.2005. Evasion of intracellular host defence by hepatitis C7.

virus. Nature. 436; (18): 939-945

German Pihan; and Stephen J. Doxsey.2003. Mutations and aneuploidy: Co-conspirators in8.

cancer?. Cancer Cell: 4: 89-94

45

Chung; Yasunori Minami; Yasuhiro Sakaguchi; Satoshi Hagiwara; Akio Orino; and Yukio



Andreas Teufel; Frank Staib; Stephan Kanzler; Arndt Weinmann; Henning Schulze-9.

Bergkamen; and Peter R. Galle. 2OO7.Genetics of hepatocellular carcinoma. World J

Gastroenterol. 13;(16): 2271 -2282

Hiroaki Higashitsuji; Yu Liu; R. John Mayer; and Jun Fujita. 2005. The Oncoprotein Gankyrin10.

Negatively Regulates Both p53 and RB by Enhancing Proteasomal Degradation. Cell Cycle.

4; (10): 1335-1337

Guo-Zhong Gong; Yong-Fang Jiang; Yan He; Li-Ying Lai; Ying-Hua Zhu; and Xian-Shi Su.11.

2004. HCV NS5A abrogates p53 protein function by interfering with p53-DNA binding. World

J Gastroenterol. 10; (15): 2223-2227

Bin He; Zhao-You Tang; Kang-Da Liu; and Ge Zhou.1996. Analysis of the cel;. origin of12.

hepatocellular carcinoma by p53 genotype. J Cancer Res Clin Oncol. 122:763-766

Ya-Wen Chen; David S. Klimstra; Michelle E. Mongeau; Jessica L. Tatem; Victor Boyartchuk;13.

and Brian C. Lewis. 2007. Loss of p53 and Ink4a/Arf Cooperate in a Cell Autonomous

Fashion to Induce Metastasis of Hepatocellular Carcinoma Cells. Cancer Res. 67; (16):7589-

7596

Seetha V. Srinivasan; Christopher N. Mayhew; Sandy Schwemberger; William Zagorski; and14.

Erik S. Knudsen. 2007. RB Loss Promotes Aberrant Ploidy by Deregulating Levels and

Activity of DNA Replication Factors. The Journal of Biological Chemistry. 282; (33): 23867-

23877

Christopher N. Maywhew; Emily E. Bosco; Sejal R. Fox; Tomohisa Okaya; Pheruza15.

Tarapore; Sandy J. Schwemberger; George F. Babcock; Alex B. Lentsch; Kenji Fukasawa;

and Erik S. Knudsen.2005. Liver specific pRb loss results in ectopic cell cycle entry and

abberant ploidy. Cancer Res.65;(11): 4568-4577

46



Eva Hernando; Zaher Nahle; Gloria Juan; Elena Diaz-Rodriguez; Miguel Alaminos; Michael16.

Hemann; Loren Michel; Vivek Mittal; William Gerald; Robert Benezra; Scott W. Lowe; and

Carlos Cordon-Cardo.2004. Rb inactivation promotes genomic instability by uncoupling cell

cycle progression from mitotic control. Nature.430; (12): 797-802

Jennifer A. Hackett; David M. Feldser; and Carol W. Greider.2001. Telomere Dysfunction17.

Increases Mutation Rate and Genomic Instability. Cell. 106: 275-286,

.Lynda Chin; Steven E. Artandi; Qiong Shen; Alice Tam; Shwu-Luan Lee; Geoffrey J.Gottlieb;18.

Carol W.Greider; and Ronald A.Depinho. 1999. p53 defficiency rescues the effects of

dysfunction acceleratetelomere toand withtelomere loss cooperates

carcii'ioqar.esis.Cell.97:527-538

Nicholas Dyson. 1998. The regulation of E2F by pRB-family proteins. Genes & Dev. 12: 2245-19.

2262

Elizabeth A. Harrington; Jacqueline L. Bruce; Ed Harlow; and Nicholas Dyson.1998. pRB20.

plays an essential role in cell cycle arrest induced by DNA damage. Proc. Natl. 95:11945—

11950

T. Eguchi; T. Takaki; H. Itadani; and H. Kotani.2007. Rb silencing compromises the DNA21.

oncogene. Oncogene. 26: 509-520

B.Nelson Chau; and Jean Y. J. Wang.2003. Coordinated regulation of life and death by Rb.22.

Nature reviews, cancer.3:130-138

William C. Hahn.2004. Cancer: Surviving on the edge. Cancer Cell. 6:.215-22223.

Bert Vogelstein; David Lane; and Anold J. Levine.2000. Surfing the p53 network. Nature.24.

408; (16):307-310

47

damage-induced G2/Mcheckpoint and causes deregulated expression of the ECT2



Norman E. Sharpless; and Ronald A. DePinho.2002. p53: Good Cop/Bad Cop. Cell. 110: 9-25.

12

Charles J. Sherr; and Frank McCormick.2002. The Rb and p53 pathways in cancer. Cancer26.

Cell.2:103-112

Charles J. Sherr. 2004. Principles of Tumor Suppression. Cell. 116, 235-246,27.

Laurent, C; Sa Cunha, A; Couderc, P; Rullier, E; and Saric, J.2003. Influence of28.

postoperative morbidity on long-term survival following liver resection for colorectal

metastases. Br J Surg. 90:1131.

Nadia Harun; Mehrdad Nikfarjam; Vijayaragavan Muralidharan; and Christopher Chrisiophi.29.

2007. Liver Regeneration Stimulates Tumor Metastases. Journal of Surgical Resee ch. 138:

284-290

Christopher Christophi; Nadia Harun; and Theodora Fifis.2008. Liver Regeneration and30.

Tumor Stimulation: A Review of Cytokine and Angiogenic Factors. J Gastrointest

Surg. 12:966-980

Michael C. Ostrowski; Thomas J. Rosolk; Laura A. Woollett; Michael Weinstein; James C.31.

Cross; Michael L. Robinson; and Gustavo Leone .2003. Extra-embryonic function of Rb is

essential for embryonic development and viability. Nature, 421 ;| (27) : 942-7

Arin K.Greene; and Mark Puder. 2003. Partial Hepatectomy in the Mouse:Techinique and32.

Perioperative Management. Journal of Investigative Surgery. 16:99-102

Shigeki Sekine; Pedro J. A. Gutierrez; Billy Yu-Ang Lan; Sandy Feng; and Matthias Hebrok.33.

2007. Liver-Specific Loss of 0-Catenin Results in Delayed Hepatocyte Proliferation after

Partial Hepatectomy. Hepatology. 45; (2): 361-368

48



R.A Pearl; Pacifico, P.l; Richman, D.J; Stott, G.D Wilson; and A.O Grobbelaar.2007. Ki6734.

Expression in melanoma, a potential method of risk assessment for the patient with a positive

sentinel node. J.Exp-Clin.Cancer Res.26;(1):109-115.

Nidhi Sharma; Cynthia Timmers; Prashant Trikha; Harold I. Saavedra; Amanda Obery; and35.

Gustavo Leone.2006. Control of the p53-p21CIPI Axis by E2f 1, E2f2, and E2f3 is essential

for G1/S progression and cellular transformation. Journal of biological chemistry.281

(47):36124-36131

Brian Sauer. 1998. Inducible Gene Targeting in Mice Using the Cre/lox System. Methods: A36.

Companion to Methods in Enzymology 14: 381-392

Eric Sanioni-Rugiu; Peter Jelnes; Snorri S.Thorgeirsson; and Hanne Cathrine Bisgaard.2005.37.

Progenitor cells in liver regeneration: Molecular responses controlling their activation and

expansion.APMIS.113:876-902

Peter Jelnes; Eric Santoni-Rugiu; Morten Rasmussen; Susanne Lunoe Friis; Jens Hoiriis38.

Nielsen; Niels Tygstrup; and Hanne Cathrine Bisgaard.2007. Remarkable Heterogeneity

Displayed by Oval Cells in Rat and Mouse Models of Stem Cell-Mediated Liver

Regeneration. Hepatology. 45;( 6):1462-1470

Zongxiang Zhou; Andrea Flesken-Nikitin; David C. Gorney; Wei Wang; David W. Goodrich;39.

Pradip Roy-Burman; and Alexander Yu Nikitin.2006. Synergy of p53 and Rb Deficiency in a

Conditional Mouse Model for Metastatic Prostate Cancer. Cancer Res. 66; (16). 7890-7898

Silvia Marino; Marc Vooijs; Hanneke van der Gulden; Jos Jonkers and Anton Bems.2000.40.

Induction of medulloblastomas in p53-null mutant mice by somatic inactivation of Rb in the

external granular layer cells of the cerebellum. Genes & Dev. 14: 994-1004

49



Loma A. Damo; Paul W. Snyder; and David S. Franklin.2005. Tumorigenesis in p27/p53- and4J.

p18/p53-Double Null Mice: Functional Collaboration Between the pRb and p53 Pathways.

Molecular Carcinogenesis. 42:109-120

Bart O.Williams; Lee Remington; Daniel M. Albert; Shizuo Mukai; Rodrick T. Banson; and42.

Tyler Jacks. 1994. Cooperative tumorigenic effects of germline mutations in Rb and

p53.Nature Genetics.7:481-4824

Cynthia Timmers; Nidhi Sharma; Rene Opavsky; Baidehi Maiti; Lizhao Wu; Juan Wu; Daniel43.

Orringer; Prashant Trikha; Harold I. Saavedra; and Gustavo Leone.2007. E2f1, E2f2, and

E2f3 Control E2F Target Expression and Cellular Proliferation via a p53-Depe-r.den; Negative

Feedback Loop. Molecular and Cellular Biology. 27: 65-78

Alain de Bruin; Baidehi Maiti; Laszlo Jakoi; Cynthia Timmers; Robin Buerki; and Gustavo44.

Leone.2003.Identification and characterization of E2F7, a novel mammalian E2F family

member capable of blocking cellular proliferation.Journal of Biological Chemistry.278;

(3):42041-42049.

Sharon Sheahan; Christopher O.C. Bellamy; Louise Treanor; David J. Harrison; and45.

Sandrine Prost. 2004. Additive effect of p53, p21 and Rb deletion in triple knockout primary

hepatocytes. Oncogene. 23: 1489-1497

Elizabeth A.Conner; Eric R. Lemmer; Masako Omori; Peter J. Wirth; Valentina M. Factor; and46.

Snorri S.Thorgeirsson. 2000. Dual function of e2f1 in transgenic mouse model of liver

carcinogenesis.Oncogene.19: 5054-5062

Claire Attwooll; Eros Lazzerini Denchi; and Kristian Helin. 2OO4.The E2F family: specific47.

functions and overlapping interests. The EMBO Journal. 23: 4709-4716

50



Chengyi SUN; and Shi ZU0.2008. Stem cell research in hepatocellular carcinoma. Front Med48.

China. 2; (1): 1-4

Heiko Muller; and Kristian Helin. 2000. The E2F transcription factors: key regulators of cell49.

proliferation. Biochimica et Biophysica Acta. 1470: 1-12

Jeffrey M. Trimarch; and Jacqueline A. Lees. 2002.Sibling rivalry in the e2f family. Nature50.

reviews; molecular bilogy.3:11-19

Ritva P. Evarts; Peter Nagy; Elizabeth Marsden; and Snorri S. Thorgeirsson.1987. In Situ51.

Hybridization Studies on Expression of Albumin and a-Fetoprotein during the Early Stage of

Neoplastic Transformation in Rat Liver. Cancer Res. 47: 5469-5475

Stewart Sall. 1978. Distributionof a-Fetoprotein and Albumin-containing Cells in the Livers of52.

Fischer Rats fed four cycles of N-2-Fluorenylacetamide. Cancer Res. 38: 3107-3113

Nelson Fausto; Jean S. Campbell; and Kimberly J. Riehle.2006. Liver Regeneration.53.

Hepatology. 43; (2): Suppl. 1; 545-553

Sanchez, A. Factor; V.M. Shroeder; I.S.Nagy; and P.Thorgeirsson.2004. Activation of NF-54.

KappaP and STAT3 in rat oval cells during 2-acetyl-aminofluorene/partial hepatectomy

induced regeneration.Hepatology. 39:376-85

Takashi Maeda; Eisuke Adachi; Kiyoshi Kajiyama; Kenji Takenaka; Keizo Sugimachi; and55.

Masazumi Tsuneyoshi. 1996. Spindle cell Hepatocellular carcinoma.Cancer. 77; (1): 51-5

Mina Komuta; Bart Spee; Sara Vander Borght; Rita De Vos; Chris Verslype; Raymond Aerts;56.

Hirohisa Yano; Tetsuya Suzuki; Masanori Matsuda; Hideki Fujii; Valeer J. Desmet;

Masamichi Kojiro; and Tania Roska.2008. Clinicopathological Study on Cholangiolocellular

Carcinoma Suggesting Hepatic Progenitor Cell Origin. Hepatology. 47:1544-1556.

51



Fig. 2:

Fig. 3

52

Legends

Fig. 1: (A) Schematic drawing showing Liver specific conditional gene targeting approach. The 

targeted exons (floxed exons with lox P sites) for each gene are indicated in 

brackets. Active Cre recombinase enzyme (green shedding), recognises and 

excise the lox P sites shown as solid arrow head, and pointed with green 

arrow. Excision and recombination site are shown as red dotted line. Blue 
shedding indicates expression of Lac Z reporter gene after Cre mediated 

excision of stop codon up-stream of the Rosa 26 locus. (B) Genotyping to 

confirm the presence of transgenes and the targeted alleles before setting 

breeding pairs.

Partial hepatectomy schedule and histology. (A) 70 days after first partial 

hepatectomy (PH), the second PH was introduced. Grey shedding indicates 

liver lobes removed at each hepatectomy. Right panel show the remained iiver 

lobes after two hepatectomies and the regenerated segment of the median 

indicated by an arrow as it was observed during second PH. (B) H&E staining 
of the liver, Albumin-Cre+/'; pSS^; Rb^ and Albumin-Cre+/‘; pSS^; Rbf/A 

show nuclear hypertrophy in hepatocytes in the liver collected at first PH from 
mice, 9.5-14.5 weeks (Left panel). 70 days later, p53f/f; Rb,/f also show nuclear 

hypertrophy but at lesser a degree compared to p53 and Rb knockouts (Right 

panel). The liver lobe used for histology in each case is shown in brackets.

(A). Schematic drawing of normal liver and location of neoplastic lesion (Top 

panel). Insitu, and external appearance normal liver and neoplastic lesion. 

Note that the lesion has merged with the surrounding liver lobe. (B) Survival 

curve prepared using Cox-proportional hazard analysis method, showing 
occurrence neoplasia. No neoplasia was observed in p53,/f; Rbf/f (black line). 

Albumin-Cre+/’; pSS^; Rb^ mice (shown in red) developed lesions earlier 
compared to Albumin-Cre+/'; pSS^; Rbf/A (shown in blue).



Fig. 5.
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Fig. 4 A. H&E staining: Liver at first PH (left), neoplastic segment of the median 
lobe (middle panel) and sorrounding liver lobe (right panel). Note the gland 
like ductular reaction (arrow head) and spindle shaped neoplastic cells 
(arrow) in the neoplastic segment of the median lobe as well as well 
differentiated Hepatocellular carcinoma in the sorrounding liver lobes 
(arrow)

B. Masson’s trichrome staining: Neoplastic segment of the median lobe 
(middle panel), surrounding liver lobes (left and right panels). Hepatocytes 
are stained with violet to indigo colour, collagen are stained blue and 
weakly stained neoplastic cells with indigo/violet colour.Stromal tissues 
around neoplastic cells are strongly stained blue for collagen (arrow).

D. H&E staining of portal area: low and higher magnification. Show 
proliferation of cells in the bile duct (arrow), and surrounding areas. 
Proliferating cells in the area surrounding the bile duct show different sizes 

and shape (arrow head)

C. X-gal staining to demonstrate expression of LacZ. Normal liver (top 
panel), and magnified portal area (top left). Neoplastic lesion (middle and 
lower panels) at low and high magnifications showing expression of LacZ 
in neoplastic spindle shaped cells (arrow) and bile duct cells (arrow head),

Real time PCR results at fisrt PH (black bars), Second PH (grey bars), 
neoplastic lesion (red bars), and liver lobes surrounding the neoplastic 
lesion (blue bars). E2F1-8, and a-fetoprotein expression is higher in mice 
deficient of p53 and Rb compared to expression of these genes in p53,/f; 

Rb,/f at first PH. E2F1 (A), E2F4 (D), E2F6 (F), and a-fetoprotein (I) mRNA 

expression is higher in the neoplastic segment and surrounding liver 
lobes. (C) E2F3a show similar pattern but with variations among individual 
mice. (B) E2F2 is constituently higher in majority of the mice from time of 

second PH and maintained in neoplastic tissues and the sorronding liver 
lobes. (E) E2F5 show relatively constant expression at first, and second
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PH as well as in the neoplastic and surrounding liver lobes. E2F7 (G) 
show high expression from first PH, second PH and surrounding liver 
lobes compared to neoplastic lesion whereas, E2F8 (H) show variable but 
more expression in the neoplastic and surrounding liver tissues

Fig. 6. (A) Liver collected at first PH show more proliferation in the liver of Albumin- 
Cre+/’; pSS^; Rb^ compared to p53,/f; Rb,/f .This proliferation involves small 

round to oval cells (arrow) and few hepatocyes which display lobulated 
nuclei (arrow head). (B) Schematic drawing of neoplastic segment of the 
median lobe and surrounding lobes, long arrows indicates origin of the liver 
sample for histology (top). Ki67 staining show high proliferation in the 
surrounding liver lobes involving mainly the portal area, and around bile 
ducts (arrow), lower left panel. Ki67 staining of the neoplastic lesion, show 
resting and proliferating cells, mainly spindle shaped cells and few oval to 
round cells (arrow), lower right panel

Table 1. No lesion was observed in p53,/f; Rbf/f mice. 3 out of 8 mice developed 
neoplastic lesion equal to 37.5% where as 12 out of 19 Albumin-Cre+/'; pSS^; 
Rb^ mice, equal to 63.2% developed neoplastic lesion and 25% of the lesions 

were found to be spreading to other organs in the abdominal cavity.



Supplimentary informations (SI)

2_SI. Table 2. Oligonucleotide primers used for real-time PCR.
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2_SI.Fig.1. PH procedure. (A) Midline incision of skin. (B) Applying pressure to 
exteriorize the liver lobes to be removed. (C) Liver lobes are out ready to be 
removed. (D) Median lobes (ML) are secured with wet gauze; enable the left 
lower lobe (LLL) to be easily dealt with. (E) Cutting the ligament on the visceral 
surface of the LLL. (F) Ligation of LLL. (G) Lobectomy. (H) Placing the suture, 
the two ML right (R) and left (L) are ligated with one ligature.
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4 ml

25 ml

100 ml

1 ml

2.5 g
2 ml

90 ml
10 ml

1 g
100 ml

95 ml
Hydrochloric acid, concentrated —-1 ml
Weiqert's Iron Hematoxylin Working Solution:
Mix equal parts of stock solution A and B. This working solution is stable for 3months 
Biebrich Scarlet-Acid Fuchsin Solution:
Biebrich scarlet, 1 % aqueous 
Acid fuchsin, 1% aqueous ---- 
Acetic acid, glacial-------------------- 1 ml
Phosphomolybdic-Phosphotunqstic Acid Solution: 
5% Phosphomolybdic acid------------ 25 ml
5% Phosphotungstic acid
Aniline Blue Solution:

Aniline blue-----------------
Acetic acide, glacial------
Distilled water--------------
1 % Acetic Acid Solution: 
Acetic acid, glacial--------

SI. 2. Masson's Trichrome Staining Protocol for Collagen Fibers

Description: This method is used for the detection of collagen fibers in formalin-fixed tissues, 

paraffin-embedded sections, and may be used for frozen sections. 
Liver tissue fixation: 10% buffered formalin.
Section: Paraffin sections at 5 pm.
Solutions and Reagents:
Weiqert's Iron Hematoxylin Solution: 
Stock Solution A:
Hematoxylin-------------------
95% Alcohol-------------------
Stock Solution B: 
29% Ferric chloride in water 
Distilled water-----------------



Distilled water 99 ml

Procedure:

5.
6.

Wash in distilled water.7.

8.

9.

blue

65

Collagen--------------------

Nuclei —...................—■
Muscle, cytoplasm, keratin

Differentiate in phosphomolybdic-phosphotungstic acid solution for 15 minutes or until 

collagen is not red.
Transfer sections directly (without rinse) to aniline blue solution and stain for 5-10 

minutes. Rinse briefly in distilled water and differentiate in 1% acetic acid solution for 2-5 

minutes.

Stain in Biebrich scarlet-acid fuchsin solution for 15 minutes. Solution can be saved for 
future use.

black 
red

10. Wash in distilled water.
11. Dehydrate very quickly through 95% ethyl alcohol, absolute ethyl alcohol (these step will 

wipe off Biebrich scarlet-acid fuchsin staining) and clear in xylene.

12. Mount with resinous mounting medium.

Results:

3. Stain in Weigert's iron hematoxylin working solution for 10 minutes.

4. Rinse in running warm tap water for 10 minutes.

Wash in distilled water.

1. Deparaffinize and rehydrate through 100% alcohol, 95% alcohol 70% alcohol.
2. Wash in distilled water.



CHAPTERS

Liver regeneration and platelet aggregation in rats lacking the serotonin transporter
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ABSTRACT

The liver demonstrates a remarkable capacity for regeneration and following 70% partial

hepatectomy in rodents is able to almost completely restore its lost mass within 14

days. Recent studies indicate that the vasoconstrictor serotonin plays a role in liver

regeneration and platelet aggregation. In the blood 95% of serotonin is actively taken up

by the platelets expressing the serotonin transporter, where it is stored in intracellular

vesicles and released in response to variuos stimuli. We have recently generated a

serotonin transporter knockout rats and demontrated that the platelets of these rats lack

serotonin. Here we show that the serotonin transporter defcient rats had marked

reduced Is els of serotonin levels in the blood and liver associated with prolonged

bleeding times. Surpringsly, these rats showed normal platelet aggregation and liver

regeneration upon partial hepaectomy. These results indicate that a release of high

levels of serotonin from platelets is not required for liver regeneration, but rather low

levels of serotonin in blood and/or liver are sufficient for liver regeneration
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Introduction

5-Hydroxytryptaminie (5HT) also known as Serotonin, is a neurotransmitter as well as a

mitogen (1), synthesized mainly in enterochromaffin cells (ECC) of the gastrointestinal

tract (2, 3). Outside the gastrointestinal tract, 5HT is also synthesized in neurones of the

central nervous system (4). 5HT is involved in inducing platelet alpha granule release of

von Willebrand factor (vWF) from platelets, platelet adhesion, and aggregation (2, 5)

through activation of serotonergic receptor 5HT2 (6, 7).

Mice lacking serotonin transporter (SERT) exhibited reduced platelet aggregability (8),

and inhibition of 5HT receptor (5HT2A) in rats, results in inhibition of 5HI-induced

vascular contraction (9). This led to a suggestion that, 5HT function as a hormone,

involved in vasoconstriction and platelet function (2, 10). Therefore, it has been

suggested that synergism exist between the primary platelet stimuli and the products of

platelet release for an efficient platelet aggregation and haemostasis (3, 6,11).

In addition to its role described above, 5HT has been reported to play an important role in

liver regeneration through 5HT2A receptors. Ketanserin, a 5HT2 blocker can arrest liver

regeneration in rats when administered at 16th hour after 60-70% partial hepatectomy

(PH) (12). Other reports describing mitogenic potential of 5HT has been described

elsewhere (13-14). Likewise, platelet derived 5HT has been reported to be crucial in

mediating liver regeneration (15). However, other conflicting reports are emerging on the

role of 5HT in hepatocyte proliferation, including resent report suggesting that, 5HT alone

is not enough to drive hepatocyte proliferation, but can strongly induce DNA synthesis in

the presence of other growth factors (16).
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Platelets possess a high-affinity SERT (17-18), and are loaded with 5HT when they pass

through the intestinal circulation by SERT mediated reuptake mechanism (3,11). About

95% of 5HT found in blood is stored in platelets. (19-20). Although it is known that

ablation of SERT in rodents results into loss of 5HT reuptake into platelets (21), the

consequences this ablation in rat liver regeneration is not known. To establish the role of

platelet and platelet derived 5HT in rat liver regeneration, PH was performed both in wild

type and SERT knockout rats. The consequence of 5HT deficiency in platelet on

megakaryocyiopoiesis, blood platelet counts, aggregation and bleeding time was also

investigated.

Materials &.:■ methods

Animals

Generation of SERT knockout rats and genotyping was done as previously described

(17, 22). 37, 12 weeks old, littermate Wistar rats were used for hepatectomy experiments.

33 animals were used for 70% PH, and to study percentage of BrdU uptake in

hepatocytes at 20, 24, 48 and 96hours after PH.

The number of animals used at each time point per group is as indicated in brackets. 20

and 2 SERT7 ) were used to study platelet activation in the liver at 0 and 5

minutes after PH.
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(SERT+/+, n=3; SERT7’, n=5), 96 hours (SERT+/+, n=3; SERT7’, n=3). In addition, 4 rats (2

hours (SERT+/+, n=5; SERT7’, n=4), 24 hours (SERT+/+, n=5; SERT7’, n=5), 48 hours



This experiment was approved and performed in accordance with the University of

Utrecht Animal Experiment ethics committee; animals were housed at University of

Utrecht Animal facility at a 12 hours cycle of light and dark with free access to food and

water

Blood sampling for Enzyme Linked Immunosorbent Assay (ELISA), and platelet counts

Blood sample for platelet counts was collected from the tail vein by using a 25 gauges

hypodermic needle and then directly mixed with 10% of Tri- sodium Citrate Dehydrate

(TSCD) in a ratio of 1 part TSCD and 9 parts of blood sample. For ELISA, blood was

drawn from portal vein and vena cava just before the animals were sacrificed. .-.il l?!ood

collection was performed under 2% Isoflurane (Abbott, England) anaesthesia, 0.4 and

0.3Litres/minute of oxygen and air respectively.

Bleeding time

Assesment of bleeding time was done as previously described with minor modifications

(9). Animals were anaesthetized with 2% isoflurane in oxygen and air, followed by

cleaning of the tail with water and Chlorohexidene gluconate (SLL Health care,

Netherlands). After this step, the tail was dried with a piece of gauze. Bleeding was then

assessed by recording time from the moment the tail was incised until bleeding stopped

completely.

Platelet counts, platelet volume, density and aggregation

Platelet counting, platelet volume and density were determined by using an automated

120 analyser at University of Utrecht, Small animal Haematology
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Laboratory, as previously described (23), with minor modifications. Whole blood sample

collected in 10% TSCD was used in a ratio described under blood sampling section.

Preparation of platelet rich plasma, and collagen induced platelet aggregation assay was

performed as described previously with minor modifications (24). Platelet concentration

was adjusted to make 2.5 x 108 cells/L in presence of 1mM of Cacl2.2H2O end

concentration. Aliquots of 291 pL were warmed to 37 °C for 5minutes followed by addition

of 3pL of collagen (10pg/mL) and 6pL of fibrinogen (0.5pg/mL), each sample in duplicate.

Aggregation was monitored continuously for 11 minutes at 900 revolutions per minute, in

an optical aggregometer (Model 570 VS, Chrono-Log Corporation, Havertown, PA, USA).

ELISA

Preparation of serum, and plasma samples as well as determination 5HT in blood by

ELISA, was performed according to protocol as described in ELISA kit (KAPL 10-0900,

Biosource, Belgium). For 5HT and its metabolite, 5 hydroxy indole acetic acid (5HIAA) in

the liver, 100mg of liver was homogenized in 1mL ice cold 0.05N HCL. Amount of protein

in the samples were normalized after quantifying the total protein by Pierce BCA protein

assay reagent kit. ELISA assay for 5HT in the liver was performed as described in the

protocol for measuring 5HT in plasma in the ELISA kit (Cat. KAPL 10-0900, Biosource,

Belgium). 5HIAA in the liver was determined by using the protocol for determination of

5HIAA in urine as described in the ELISA kit (Cat. KAPL10-1900, Biosource, Belgium).

Partial hepatectomy and 5-Bromo-2-deoxyuridine (BrdU) injection

Rats were induced by isoflurane 3%, oxygen 0.4L/min, and air 0.3L/min. Preparation of of

incision area was followed by injection of Buprenophine hydrochloride (Temgesic®)
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analgesic at the dosage of 0.01mg/100grams of body weight before starting surgery. 70%

partial hepatectomy was performed at 2 % isoflurane. Surgical procedures involved

midline incision of skin approximately 3-4 centimetres from xiphoid region, followed by

muscles and peritoneum. The ligament connecting diaphragm and median lobes was

removed as previously described (25), (3_SI.Fig.1 A). Gentle pressure was applied to

exteriolize the liver as described in chapter 2 of this thesis. To remove median lobes; two

ligatures were applied on the vessel approximately 5 mm apart on its visceral surface

close to the hilus (3_SI.Fig. 1 B-F). The blood vessel was freed from other tissue carefully

to permit the passage suture (Mersilene®) size 4-0 (Johnson Johnson, Belgium) with the

help of tissue forceps. The vessel was then separated by cutting between the two

ligatures. A third ligature was laid by hand by passing the suture around the common

pedicle of the median lobes. Finally a knot was tied between the first two ligatures and

the lobes resected proximal to the third ligature. After cutting the ligament on the visceral

surface of the left lower lobe, a ligature was laid with hands around its pedicle, and the

lobe was ligated and resected as described in chapter 2 of this theis. Redundant tissues

and blood clots were removed as previously described (25) and the incisions were

closed. 2 hours before the rats were sacrificed, BrdU (SIGMA Aldrich, Germany)

dissolved in PBS was injected at a dose of 50mg/kg body weight, intraperitoneally, and a

carbon dioxide chamber was used for sacrifice at 20, 24, 48 and 96hours respectively,

after 70% PH
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Histology and Immunohistochemistry.

Processing for routine histological evaluation and immunohistochemistry was performed

with minor modifications of the methods described previously. (9, 26-29) Briefly, liver

cryopreservation, were attached on filter paper containing OCT tissue-Tek, and flooded

with the same fluid to submerge the sample before brief immersion into liquid nitrogen

cooled isopentane. After this step, the sample was in stored in liquid nitrogen, or frozen in

-80°C for long term storage. Demineralization of the bone was performed by keeping

bone samples in 10% EDTA solution for 2 weeks as previously described (29). Routine

Haematoxylin-Eosin (H&E), immuno-histochemical staining for Von Willebrand Factor

(vWF) and BrdU staining on paraffin and frozen sections respectively, were done on 5 pm

thick sections. For BrdU staining, paraffin sections were deparaffinised and hydrated for

5minutes for each step, washed with phosphate buffered saline (PBS). Cryosections of

paraformaldehyde in PBS for 10 minutes at room temperature. Slides from paraffin

sections and cryosections were incubated with 0.3% Hydrogen peroxide in methanol

followed with subsequent rinsing in PBS/Tween-20. Paraffin sections were then pre­

treated with 10mM Citrate buffer in R-4S56 microwave (Sharp, Germany), followed with

cooling and rinsing in PBS/Tween-20. Goat serum diluted in PBS at ratio of 1:10 was

used for blocking in all sections. Paraffin sections were then incubated with anti-BrdU,

dilution 1:50, while Cryosections were incubated with Rabbit anti Factor VIII (dilution

1:400) in PBS overnight at 4°C. Thereafter, paraffin sections were rinsed in PBS/Tween-

20 where as cryosections were rinsed in PBS before incubation with Envision goat anti-
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the liver were allowed to reach room temperature and then fixated in 4%

samples and bones were fixed in 10% buffered formalin. Liver samples for



mouse (Dakocytomation K4001 for 45minutes, and K4003 for 10 minutes) for paraffin

and cryosections respectively. After washing, slides were developed in chromogen 3,

3’diaminobenzidine (DAB) substrate and rinsed in tap water before counterstaining with

Haematoxylin. Finally the sections were dehydrated in graded series of alcohol and

xylene before mounting and drying at room temperature for microscopic evaluation.

BrdU and vWF positive nuclei were randomly counted in ten fields with the help of eye

piece with square grids (Olympus). Photo slides were acquired using microscope

attached with camera and image acquisition software (Cell B, Olympus).

Statistics

Histograms were prepared using Microsoft excel® and unless stated otherwise date are

presented as mean ± standard deviation. Further statistical analysis to compare SERT

deficient and SERT proficient rats, was done by using Mann Whitney U test method with

0.05, at 95% confidence interval.

Results and discussion

Lack of Serotonin transporter does not inhibit platelet aggregation

Platelet aggregation and vasoconstriction are among the important events in the process

preceding haemostasis. To understand effect of SERT ablation on the status of platelet

function and haemostasis in our model, bleeding time and in vitro platelet aggregation

were investigated. SERT deficient platelets exhibited normal aggregation invitro, and

animals lacking SERT had prolonged bleeding time (Figure 1A and 1B). Vasoconstriction
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occurs during haemostasis to reduce the flow of blood towards the damaged vessel and

this process is mediated by a number of factors including 5HT. In support of this theory, it

has been shown that, rodents deficient of 5HT in peripheral circulation, exhibit impaired

haemostasis (2, 30). To determine whether the prolonged bleeding time in rats lacking

SERT is a result of low 5HT in peripheral circulation, we measured 5HT levels in portal

vein and vena cava. Indeed, these rats exhibited very low blood 5HT level compared to

their wild type counter parts (Figure 1C). To rule out the possibility of thrombocytopenia

as the cause of prolonged bleeding in SERT deficient rats, platelets counts were

compared between SERT deficient and wild type littermate rats. These rats exhibited

same 'eve! of platelets counts (Figure 1D). Activated platelets increase their mean

platelet volume (MPV), and decrease contents, measured as mean platelet contents

(MPC) by releasing their cytosolic contents, and consequently activated platelets form

micro clots which may lead to pseudo thrombocytopenia as a result of failure for the

automated machine to recognize clumping platelets (31-32). To cross check the accuracy

of our blood sample handling and possible effects on platelet count results, MPV and

MPC results obtained simultaneously with results of platelet counts from the same

sample were analysed, and as shown in (Figure 1E & 1F), the results are comparable.

These findings supports previous reports that, the prolonged bleeding was a result of low

5HT in peripheral circulation (9), not due to SERT deficiency or reduced platelets

aggregation (6, 8). Also, because of the observed differences in 5HT level in this study

and the previous report that 5HT can induce megakaryocytopoiesis (13), we examined

histological H&E sections of bone marrow which showed no difference in number of

megakaryocytopoiesis in both genotypes (data not shown).
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SERT deficiency does not impair liver regeneration

Lack of SERT in rats impair 5HT uptake in platelets (21). To test whether lack of 5HT in

platelets will inhibit liver regeneration, we performed PH and compared the ability of

hepatocytes to enter S-phase in both wild type and SERT knockout rats. Interestingly,

rats deficient of SERT exhibited accelerated liver regeneration as indicated by the

percentage of BrdU incorporation in hepatocyes 24 hours after PH (Figure 2A and 2B,

p=0.008). The difference in other time points were not statistically significant (20hrs,

p=0.73; 48hours, p=0.07; and 96hours, p=0.2). It is known that, lack of SERT does not

impair 5HT synthesis in ECC of the gastro intestinal tract (33). Since 5HT is ;iot stored in

whether the accelerated liver regeneration may be caused by increased flow of blood

5HT from the ECC to the liver through portal vein. As in other peripheral vessels, 5HT in

portal vein of SERT deficient rats was lower compared to wild type rats (Figure 1C). It

has been reported that, 5HT is important at the G1/S interphase, and that inhibition of

5HT receptor 16 hours after PH, inhibited liver regeneration. In addition, 5HT has been

reported to increase and attain maximum level in the liver 24hours after PH (12). We

considered the possibility of temporal increase and direct 5HT transport by other organic

transporters into the liver (34), we measured 5HT levels and its metabolites in the liver,

and results show low 5HT in the liver of SERT deficient rats compared to the control

group, though no notable difference shown at metabolite level (Figure 3A, and 3B).

Previous reports show that, platelets accumulate in the residual liver in the early period

after PH (26, 35). We performed PH and investigate the ability of platelets to form

aggregates in vivo with the help of vWF staining of the liver samples harvested
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type rats. More studies need to be done to distinguish, and ascertain the signal observed

in (Figure 3B), whether is due to small vWF protein molecules present in sinusoidal

plasma, large multimeric forms stored in the Weibel-Palade bodies of endothelial cells or

is actually present on the surface of platelets (2, 36). Staining for vWF along with platelet

specific markers may help to distinguish activated platelets from other vWF positive cells

or background. However, morphology and location of cells in the aggregates suggest that

these cells are indeed platelets, and formation of aggregates suggest 5HT deficiency

does not affect platelets activation and adhesion in vivo contrary to previous reports (2,

8), (Figure 3i?3&C).

Conclusion

The results show that the release of platelet derived serotonin is not required for liver

regeneration. This is due to the fact that the liver could still regenerate in absence of 5HT

in platelets, as well as low circulating and liver 5HT. Similarly high circulating and liver

5HT did not confer any advantage in wild type rats in terms of liver regeneration. In

addition, rats lacking 5HT in platelets as well as low liver and circulating 5HT did not

show impaired platelet aggregation in vitro and in vivo (Figure 1B and 3B). All together,

the data presented in this thesis suggests that, platelet derived serotonin is dispensable

for liver regeneration in rats and that; small amount circulating 5HT may be required to

support liver regeneration along with other growth factors. Although we did not show

vWF specifically on the platelet surface to exclude other non-cytosolic platelet derived
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immediately after ligation (Omin) and 5 minutes later (Figures 3B and 3C). These results 

show that platelets in SERT7' can still be activated and aggregates in in vivo as in wild



vWF, at the same time, our data does not directly support previous report that high

cytosolic 5HT is required for efficient activation and release of platelet a-granules (2) and

aggregation (8). However, because SERT deficient platelets can still aggregate, it is

possible that only basal level of circulating 5HT is enough to initiate a-granule exocytosis

through direct activation of serotonin receptor (5HT2A) as suggested previously (2). In

general, further study is required to establish the exact mechanism underlying the

acceleration of liver regeneration in SERT knockout rats as well as the exact role played

by 5HT in liver regeneration.
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Legends

Fig. 1. (A) Bleeding time measured in seconds. SERT-/- (grey bar) show prolonged bleeding

(black bar). Data presented as mean ± standard deviation.

(B) Collagen induced invitro aggregation. SERT'7' show slight delay initially in forming

percentage of maximum light transmittance in the sample compared with platelet poor

plasma. (C) 5HT level in blood as measured in serum obtained from portal vein and

vena cava as well as platelet free plasma from vena cava, show very low level of 5HT

(black bars). The amount of platelet free

plasm -; sample used for assay is five times higher than serum. Data presented as

(black bar) show same

level of Platelet counts (D), mean platelet volume (MPV) (E), and mean platelet content

(MPC) (F). Data presented as mean ± standard deviation.

show

increasing BrdU incorporation but the difference between the two groups was not

exhibited accelerated Brdu

incorporation (p=0.008). At 48h Brdll incorporation was found to be decreasing and the

(p=0.2) respectively. (B) SERT’7’ (grey bars) show elevated BrdU incorporation at 24h

(black bars). Data presented in histograms represents

mean Brdll positive hepatocyte (%) ± standard deviation. Statistical analysis was done
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and SERT'7'

time compared to SERT+7+

(grey bar), and SERT+/+

after PH compared to SERT+/+

Fig. 2. BrdU incorporation afer PH. (A) 20hrs after PH both SERT+/+

in SP: IT'7' (grey bars) compared to SERT+/+

mean ± standard deviation. SERT'7'

aggregates but later aggregates to the same level as SERT+/+. Data presented as

significant (p= 0.7302). 24hrs after PH, SERT

difference between SERT'7' and SERT+/+ was not significant at 48h (p=0.0719) and 9hrs



by using Mann Whitney U test, and differences are significant if p<0.05 at 95%

confidence interval.

(grey bar) at 24h after PH, (B) no difference was noted in 5HIAA, the product of 5HT

metabolism. (C) The ability of platelets to aggregate in vivo was also not affected in

(upper panel, arrow). (D) Quantification of small round cells,

not in aggregates but positive for von Willebrand factor also did not show differences

between the two groups (lower panel).

Supplimentary information (SI)

3_SI. Fig.1 PH procedure. (A) Cutting the ligament to free the median lobes. (B-D) Placing

two ligatures approximately 5 millimeters apart. (E) Applying the third ligature between

the first two. (F) Cutting the median lobes above the third ligature and between the first

two ligatures.
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both SERT7' and SERT+/+

Fig. 3. (A) 5HT in the liver was found to be high in SERT+/+ (black bar) compared to SERT7'
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whereas type III deiodinase (D3) catalyzes the inactivation of T3 and T4. D3 plays a key

role in controlling thyroid hormone bioavailability. It is highly expressed during fetal

development, but also in other processes with increased cell proliferation, e.g. in

vascular tumors. Since tissue regeneration is dependent on cellular proliferation and

associated with activation of fetal genes, we evaluated deiodinase activities and mRNA

expression in rat and mouse liver after partial hepatectomy (PH), and determined the

local and systemic thyroid hormone status after hepatectomy.

We observed that in rats, D3 activity was increased 10-fold at 20 h anc 3-fokl at 48

h after PH; D3 mRNA expression was increased only 3-fold at 20 h. The increase in D3

expression was associated with maximum 2 to 3-fold decreases of serum and liver T3

and T4 at 20 h after PH. In mice, D3 activity was increased 5-fold at 12 h, 8-fold at 24 h,

40-fold at 36 h, 15-fold at 48 h; and 7-fold at 72 h after PH. In correlation with this, D3

mRNA was highest (6-fold increase) and serum T3 and T4 were lowest at 36 h.

Furthermore, as a measure for cell proliferation, Brdll incorporation peaked at 24 h in

rats and at 36 h in mice. No significant effect on D1 activity or mRNA expression was

found after PH. D2 activity was always undetectable.

In conclusion, we found a large induction of hepatic D3 expression after PH which

was correlated with an increased cellular proliferation. The mechanism of D3 induction

appears to be mainly post-transcriptional. Our data suggest that D3 is important in the

modulation of thyroid hormone levels in the regenerating liver, in which a decrease in

cellular T3 permits an increase in proliferation.
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The deiodinases type I (D1) and type II (D2) catalyzes the activation of T4 to T3,



Introduction

A strict regulation of thyroid hormone levels is essential for normal development of

bioavailability of thyroid hormone is regulated by three iodothyronine deiodinases (D1,

D2 and D3). D1 and D2 are thyroid hormone activating enzymes that catalyze the

conversion of the prohormone thyroxin (T4) to the active hormone 3,3’,5-triiodothyronine

(T3). D1 is expressed in liver, kidney, thyroid and pituitary, and plays an important role

in the production of serum T3 (1). D2 is mainly expressed in brain, pituitary and brown

adipc '.e ;sue. In tissues such as brain, this enzyme is important for the local activation

of TC «'1- 03 is the major (voorstek)enzyme in the inactivating pathway, catalyzing the

degradation of T3 to 3,3’-diiodothyronine (T2) and the conversion of T4 to the inactive

metabolite reverse T3 (rT3). It is abundantly present in fetal tissues such as liver and

brain, and in placenta, pregnant uterus and umbilical arteries and vein (1, 2). The high

expression in the fetal compartment suggests that D3 plays an essential role in the

regulation of fetal T3 levels, as a mechanism to protect the fetus from excessive

exposure to active thyroid hormone. For instance, in the fetal brain, D3 expression is

highly regulated in different regions, protecting the brain from excessive T3 until

differentiation is required (3).

In contrast to the high D3 activities in the fetus, its activities are normally

undetectable in most adult tissues. This is probably why D3 has long been neglected in

studies on the regulation of thyroid hormone bioavailability in the adult. However, recent

studies have revealed the reexpression of D3 in different pathophysiological conditions,
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different tissues, as well as for the metabolic function of these tissues. The



among which cancer, cardiac hypertrophy, myocardial infarction, chronic inflammation

and critical illness (4-9). Just like fetal growth, most of these are processes in which

proliferation or cell growth take place.

It is generally believed that T3 stimulates the differentiation of cells and decreases

their proliferation. Hernandez et al. recently showed that differentiation of precursor cells

to adipocytes was associated with a decrease in D3 expression (10), and Dentice et al.

demonstrated that D3 is increased in proliferating keratinocytes (11). Also these findings

confirm the concept that in general T3 stimulates cellular differentiation, and suggest a

role for D3-mediated low intracellular T3 concentrations in cellular proliferation

Liver regeneration is also a process dependent on cellular proliferation. ‘Following

hepatectomy of 70% of the liver, liver cells switch from a quiescent state to a

proliferative state and re-enter the cell cycle (12). In rodents, during the first 4 hours

after partial hepatectomy (PH), quiescent hepatocytes enter the cell cycle (G1 phase).

This proliferative phase is rather short in rats, but is prolonged in mice, the peak of DNA

synthesis being 40-44 h after PH (12, 13). During these processes, many fetal genes,

which are not expressed in normal adult liver, are reactivated (12, 14). In the present

study we investigated the possible reexpression of type III deiodinase in regenerating

liver, by determining deiodinase activities and mRNA expression in rat and mouse liver

after PH.
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Materials and Methods

Materials

[3'-125l]T3 and [3',5'-125l]T4 were obtained from GE Healthcare (Amersham, UK);

and [3',5'-125l]rT3 was prepared by radioiodination of 3,3'-T2 as described previously

(15). Non-radioactive iodothyronines were purchased from Henning Berlin GmbH

(Berlin, Germany); dithiothreitol (DTT) from ION Biochemicals Inc. (Costa Mesa, CA).

Real-time PCR probes and primers were obtained from from Sigma (St. Louis, MO).

Partial h'patectomy model

vVii-;ar rats were obtained from Hubrecht Laboratory, Utrecht, The Netherlands.

Mice on the FVB background were obtained from Harlan, Horst, The Netherlands The

animals were allowed free access to food and water. Mice and rats were anesthesized

by 2% Isoflurane supplemented with buprenorphine analgesia, and then underwent PH

by removing 70% of the liver, or only opening of the abdominal skin in the case of

sham-treated control animals. Serum and liver tissues were collected at PH (t=0) and at

different time periods after PH. The same region of the liver was isolated from sham-

treated controls. All liver samples were immediately frozen in liquid nitrogen and stored

at -80 °C until further analysis; serum was stored at -20 °C. All procedures performed

on the animals were approved by the Committee on Animal Experiments of the Utrecht

University (protocols 102648-1,102648-2).
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Determination of BrdU incorporation

Two hours before ending the experiment animals received an intraperitoneal injection

with BrdU in PBS, using 30 pg/gram body weight BrdU for mice or 50 pg/gram body

weight BrdU for rats.After the animals were sacrificed liver tissues were fixated in 10%

formalin and imbedded in paraffin.Slides were stained overnight with primary mouse

anti-BrdU antibody M0744, clone Bu 20a (Dako, Heverlee, Belgium), diluted 1:50 for

rats and 1:100 for mice. Subsequently, peroxidase-conjugated rabbit anti-mouse

antibody was applied and immunoreactivity was detected using the DakeOytomation

Envision system, HRP (Dako, Heverlee, Belgium) according to the n lufaoturer’s

guidelines. Slides were counterstained with Haematoxylin for 30 seconds ,-d :ounted

in Eukitt mounting medium. Percentages of BrdU positive cells per slide we e calculated

after counting 1000 nuclei per animal.

Determination ofT4 and T3 concentrations in serum and liver samples

Serum T4 and T3 were measured by Vitros ECI technology (Immunodiagnostic

System, Ortho-Clinical Diagnostics, Beerse, Belgium). Because of small tissue volumes

liver tissues of three different rats per time period after hepatectomy were pooled for the

determination of liver T4 and T3. The iodothyronine levels were determined by highly

sensitive and specific radio immuno assays after extraction and purification of the

iodothyronines from the liver, as previously described (16).
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Deiodinase activity assays

Tissues were homogenized on ice in 10 volumes 0.1 M phosphate (pH 7.2), 2 mM

EDTA, containing 1 mm DTT, using a Polytron (Kinematica, Lucerne, Switzerland). The

tissue homogenates were stored at -80 °C until further analysis. Protein concentrations

were determined using the method of Bradford (17), using BSA as standard. D1

activities were determined by incubation of 0.1 pM rT3 (including 200,000 cpm [3’,5’-

phosphate (pH 7.2), 2 mM EDTA, 10 mm DTT (PED10). D2 and D3 activities were

homoger.ate in 0.1 M PED10. Reactions were stopped by the addition of 0.1 ml ice-cold

methanol. After centrifugation, 0.1 ml supernatant was mixed with 0.1 ml 0.02 M

ammonium acetate (pH 4.0), and 0.1 ml of the mixture was applied to a 4.6 x 250 mm

Symmetry C18 column connected to an Alliance HPLC system (Waters, Etten-Leur, The

Netherlands), and eluted with a gradient of acetonitrile in 0.02 M ammonium acetate

(pH 4.0) at a flow of 1.2 mL/min. The proportion of acetonitrile was increased linearly

from 30 to 44% in 10 min. The radioactivity in the eluate was determined using a

Radiomatic A-500 flow scintillation detector (Packard, Meriden, CT).

RNA isolation and quantitative RT-PCR

RNA from rat liver was isolated from 25 mg liver tissue using the high pure RNA

tissue isolation kit (Roche Diagnostics, Almere, The Netherlands) according to the

manufacturer's guidelines. RNA from mouse liver was isolated using Trizol (Invitrogen,
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°C with 5 mg protein/mL tissue

125l]rt-3) for 30 min at 37 °C with 10 pg protein/mL tissue homogenate in 0.1 ml 0.1 M

dete; nii cl by incubation of 1 nM [3’,5’-125l]T4 (200,000 cpm, D2) or 1 nM T3 (including

200,cpm [3’-125l]T3, D3) for 60 min at 37



Breda, The Netherlands). Subsequently, 10 pg RNA was treated with 10 U DNAse

(Promega, Leiden, The Netherlands) for 30 min at 37 °C, and purified using the RNeasy

mini kit RNA cleanup protocol (Qiagen). 500 ng RNA was used for cDNA synthesis

using TaqMan RT reagents (Roche Diagnostics). RNA samples were verified to be free

from genomic DNA by performing negative control cDNA synthesis reactions of 500 ng

total RNA using Taqman RT reagents without reverse transcriptase.

Quantitative real time PGR was carried out using the ABI PRISM 7700 sequence

detection system (Applied Biosystems, Nieuwerkerk aan den IJssel, The N •heriands).

(Fache),Reactions were performed in 25 pl Taqman universal PGR master m;-

containing 20 ng cDNA. mRNA levels are expressed relative to the total R: A content.

Per reaction 200 nM of primers and probe were used for D3,D1 and for the

housekeeping gene 0-actin. Real time PGR primers and probe for the house keeping

preoptimized control system (Applied Biosystems). Table 1 shows the sequences of the

different primers and probes. Real time PGR reactions were done for 2 minutes at 50 °C

and for 10 minutes at 95 °C , followed by 40 cycles of 15 sec at 95 °C and for 1 min at

60 °C. Cycle at threshold (Ct) values represent the cycle numbers at which probe-

derived absorbance reaches the calculated threshold value. ACt represents the Ct value

of the housekeeping gene minus the Ct value of the target gene. Data are expressed as

2{n C,) and as 2AC,xn (relative number of mRNA copies).
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Results

Effects of PH on liver deiodinase expression and BrdU incorporation

\Ne first tested deiodinase activity in rat liver at different time periods after PH

(t=0). Figure 1A shows that D3 activity was increased 10-fold at 20 h and 3-fold at 48 h

after PH, whereas no significant effect on D1 activity was found. D2 activity was absent

in all rat liver samples. Next, we determined rat liver deiodinase mRNA levels, GAPDH

and p-actin levels. We found not only upregulation of D3, but also of the house keeping

genes GAPDH and 0-actin (results not shown). Also other reports show that GAPDH

and .in are strongly upregulated after PH (18) or under other conditions of cell

proliferation (19, 20). Therefore, we expressed deiodinase mRNA levels relative to total

RNA content. D3 mRNA expressed deiodinase mRNA expression tended to increase at

20 hours, where as D1 mRNA expression tended to decrease (Fig.lB).

We also studied the effects of PH on deiodinase activity and mRNA levels in mice.

In this model, D3 activity was increased 5-fold at 12 h, 8-fold at 24 hour, 40-fold at 36 h,

15-fold at 48 h, and 7-fold at 72 h after PH compared to t=0, whereas SHAM-treated

animals show only a 4-fold increase at 48 h after PH (Fig. 2A). D1 activity decreased 2-

fold compared to t=0, but was not affected compared to SHAM-treated animals 48 h

after PH (Fig.2A). In all mouse livers D2 activity was absent. Figure 2B shows a 6-fold

increase of D3 mRNA at 36 h after PH compared to t=0, and no significance in D1

mRNA levels between time periods after PH. GAPDH and p-actin mRNA levels were not

affected by PH in mice (21, data not shown). Figure 3 depicts the levels of BrdU
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incorporation as a measure of cellular proliferation status at different time periods after

PH. In correlation with D3 activity, the BrdU level peaked at 20 h to 24 h in rats (data not

shown), and at 36 h after PH in mice (Fig.3).

Effects of PH on systemic and local thyroid hormone levels

Finally, we analyzed local and systemic thyroid hormone levels at PH and at

different time periods thereafter. In rats, liver and serum T3 and T4 levels decreased

markedly, with maximum 2 to 3-fold decreases at 20 h after PH (Figs. 4A anc 4B). I his

correlated well with the peak in D3 activity at 20 h after PH in rats (Fig.4C in ice,

serum T3 and T4 decreased until minimum levels at 36 h after PH (Fig. 5), cine .ling

with the peak in D3 activity and BrdU incorporation at 36 h after PH.

Discussion

D3 is highly expressed in tissues of the feto-placental unit, and has therefore long

been considered to be mainly important in the regulation of the fetal thyroid hormone

status. By inactivating the active thyroid hormone T3 and the prohormone T4, D3 is

thought to protect developing organs against excessive exposure to thyroid hormone

(22). Although D3 is not expressed in most normal adult tissues, recent studies have

demonstrated the reexpression of the enzyme in various disease states. For instance,

D3 is induced in liver and skeletal muscle of critically ill patients (6), and high levels of

D3 are found in vascular tumors (4, 5). Furthermore, in different animal models, D3 was

found to be induced in cardiac hypertrophy, myocardial infarction and chronic

inflammation (7-9). The finding that in some of these conditions the accelerated
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degradation of thyroid hormone causes low serum T3 (6)

hypothyroidism (4, 5) indicates the clinical importance of D3 in the regulation of local

and systemic thyroid hormone status.

Not only fetal growth but also the above-mentioned pathophysiological conditions

are processes in which cellular growth or proliferation take place. Therefore, we

hypothesized that D3-mediated low intracellular T3 levels are needed for cellular

proliferation. Interestingly, Hernandez et al. recently showed high D3 expression in

prolifers':ng preadipocytes from brown adipose tissue, and a marked decrease in D3

express' n when the cells differentiate into mature adipocytes (10). Additionally, by

knoc/J.%. down D3 in basal cell carcinomas Dentice et al. recently proved that D3

promotes the proliferation of malignant keratinocytes by inhibiting the differentiating

action of T3 (11). Liver regeneration is also dependent on cellular proliferation and

involves induction of various fetal genes (14). Therefore, in the present study we

investigated deiodinase expression, local and systemic thyroid hormone status in rat

and mouse liver after PH. We found a 10 to 40- fold induction of hepatic D3 activity after

PH which was associated with an increased cellular proliferation and decreased local

and circulating T3 and T4 levels.

It should be noted that D1 activity was 2-fold decreased and D3 activity was 4-fold

increased in SHAM-treated mice compared to t=0. Therefore, although D1 activity after

PH is 2-fold decreased compared to t=0, it is not significantly altered compared to

SHAM-treated controls. However, when D3 activity after PH is compared to SHAM-

treated controls, it remains highly induced after PH. The mechanisms involved in the
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decrease of D1, and the increase of D3 activity after SHAM-treatment is unknown. The

combined upregulation of D3 and downregulation of D1 by the SHAM operation may be

caused by illness (6) and/or inflammation (9). Also the possible influence of the used

anesthetics on deiodinase expression should be considered, since it is well known that

Baumgartner et al. showed an acute downregulation of D2 and upregulation of D3 in rat

brain after administration of the mu-opiate agonist etonitazene (23).

We measured tissue and serum T3 and T4 levels, and found a Significant

h after PH in mice, which correlated well with the increase in D3 at these tim. per; ids.

Tien et al. also studied rT3 levels in mouse liver after PH, and reported on a significant

increase in the rT3 level after PH compared to SHAM-treated controls at 36 h after PH,

which was correlated to a significant decrease in the T3-regulated genes tyrosine

aminotransferase (TAT) and basic transcription element binding protein (BTEB) (21). In

agreement with our data, they found 50% decreased D1 at 36 h after PH compared to

SHAM-treated controls. However, because of nearly undetectable D3 mRNA expression

levels, they did not determine D3 activities (21).

The molecular mechanism responsible for the reactivation of D3 is still poorly

understood, in the proliferating skin hedgehog signalling is involved in the induction of

Dio3 expression (11). However, gene expression microarray analyses of regenerating

liver after PH do not indicate that the sonic hedgehog/gli protein pathway is involved in

this process (24-27). Another possibility is the TGFp/Smad signalling pathway, which
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decrease of local and systemic thyroid hormone levels at 20 h after PH in rat id :-?.t 36



has been shown to induce Dio3 gene transcription in different cell types (28). Actually,

TGFpl expression does increase after PH, with a peak level 24-48 h after operation

(29-31). However, this increase in TGF0 is accompanied by a downregulation of the

TGFp receptors and by increase of the transcriptional repressors SnoN and Ski (29-31),

and TGFp does not increase but suppresses hepatocyte proliferation through direct

effects on the hepatocytes (32). Interestingly, Simonides et al. recently showed that

hypoxia induces D3 expression via a hypoxia inducible factor (HIF)-dependent pathway

(32). /■ .other mechanism involved in the induction of D3 after PH might be cellular

hyp Interestingly, Simonides et al. recently showed that hypoxia induces D3

exp js ,;on via a hypoxia inducible factor (HIF)-dependent pathway (33). Since PH is

weli recognized as a hypoxic-ischemic injury, and HIF-1a is induced after PH (34), the

HIF-dependent pathway may well contribute to the induction of D3 after PH. However,

the effect of HIF-1a on D3 expression is at the transcriptional level, whereas our data

suggest that in the regenerating liver also post-transcriptional mechanisms are involved

in D3 induction.

Regulation of D3 expression is complex, because the Dio3 gene is imprinted, with

preferential expression from the paternal allele (35). The gene is located in an imprinted

region on human chromosome 14, mouse chromosome 12 and rat chromosome 6. One

of the other imprinted genes in this region is called Dio3os, and is transcribed from the

opposite DNA strand compared to Dio3 (35). Interestingly, Hernandez et al.

demonstrated an inverse correlation of the paternally imprinted Dio3 gene with the

maternally imprinted Dio3os gene (-10). This Dio3os gene partially overlaps the coding
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region of the Dio3 gene, and may thus interfere with the translation of the Dio3

transcript. We are currently investigating the influence of Dio3os transcripts on D3

mRNA expression and translation of Dio3 transcripts.

In summary, we found a large induction of D3 expression in regenerating liver

which was correlated with an increased cellular proliferation and decreased local and

systemic T3 and T4 levels. Future research should elucidate the role of Dio3os in the

regulation of Dio3 transcription and translation. Our findings support the concept that

using conditional D3 knock-out mice, should further unravel the role of L in his

process.
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F .* 2. Effect of partial hepatectomy in mice on D1 and D3 activity (A) and mRNA level 
corrected for total RNA content (B). Reaction conditions for the D3 activity 
assay were 1 nM 1251-labeled T3, 5 mg protein/ml tissue homogenate, and 1 h 
incubation. Reaction conditions for the D1 activity assay were 100 nM 1251- 
labeled rT3, 10 pg protein/ml tissue homogenate, and 1 h incubation. Results 

are the means±SEM (n=3). Significance of differences is indicated as follows: 
***: P<0.001 vs. control (0); **: P<0.01 vs. control (0); ++: P<0.01 vs. control (48 

SHAM); +: P<0.05 vs. control (48 SHAM).

Fig. 4. Effect of partial hepatectomy on liver T3 and T4 levels in rats (A) or on serum T3 

and T4 levels in rats (B), or on D3 activity and liver and serum T3 levels in rats 

(C). Results are single determinations from pools of two to four tissues per time 

period (A) or means±SEM (n=2-5). In Fig. B significance of differences is 
indicated as follows: **: P<0.01 vs. control. (0); *: P<0.05 vs. control (0).

Legends
Fig.1. Effect of partial hepatectomy in rats on D1 and D3 activity (A) and mRNA level 

relative to total RNA content (B). Reaction conditions for the D3 activity assay 
were 1 nM 1251-labeled T3, 5 mg protein/ml tissue homogenate, and 1 h 
incubation. Reaction conditions for the D1 assay were 100nM 1251-labeled rT3, 
10 pg protein/ml tissue homogenate, and 1 h incubation. Results are the 

means±SEM (n=2-4). Significance of differences is indicated as follows: 
P<0.001 vs. control (0); **: P<0.01 vs. control (0)

Fig. 3. Effect of partial hepatectomy on BrdU incorporation in mice. Results are the 

means±SEM (n=3). Significance of differences is indicated as follows: ***: 

P<0.001 vs. control (0).
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Fig. 5. Effect of partial hepatectomy on serum T3 and T4 levels in mice. Results are the 
means±SEM (n=3-5). Significance of differences is indicated as follows: ***: 
P<0.001 vs. control (0); **: P<0.01 vs. control. (0); *: P<0.05 vs. control (0).
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CHAPTER 5

Summary

Retinoblastoma (Rb) and p53 tumour suppressor genes are frequently mutated or

inactivated in human hepatocellular carcinomas.The fact that simultaneous deletion of

these genes in the mouse liver did not induce liver cancer signal the complexity of liver

carcinogenic process and further indicates that other factors are required. Liver

regeneration is known to be among the factors involved in the development of liver

cancer. Many cases of human HCC involving chronic liver, injury and regeneration has

been described, in most cases involving viral infections or alcoholic iiver injury. Also

recurrence after treatment of colorectal liver cancer by surgical resection is ommon and

usually accompanied with metastasis to other organs. Understanding the acit;::<i role of

liver regeneration in carcinogenesis may be important not only in the understanding iho

cancer patients, which is currently lacking.

Like in the liver cancer, the process of liver regeneration which occurs as a result of

decreasing liver mass is complex, and many biological and pathological processes have

been found to be involved in the liver regeneration process. Among them includes

hepatic necrosis, apoptosis, surgical resection, hepatocyte proliferation or activation of

hepatic progenitor cells. Activation of hepatic progenitor cells occurs in situation where

hepatic and biliary cells are not able to replicate or in case these can replicate but they

are not sufficient.

pathogenesis of liver cancer but also may be helpful in determining effective treatment of



Irrespective of the cell type involved in the liver regeneration process, the process is

known to be initiated by cytokines triggered by liver injury. This early phase is considered

to be important as these cytokines confers the cells ability to respond to subsequent

growth stimuli from various growth'factors: Growth factors are therefore considered to

play a secondary role, stimulating primed-hepatocyte and biliary cells to proliferate. Many

growth factors have been described; among them include platelet derived serotonin

(5HT) and thyroid hormone (T3). These' factors are known to induce expression of

cyclins, important for cell cycle entry.-
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transporter (SERT). We have recently shown that, platelets in rats lacking SERT lose the 

ability to take in 5HT for storage. Also other investigators have reported that lack of 

SERT does not affect 5HT synthesis.

Thyroid hormone, another growth factor involved in liver regeneration is secreted from
‘ ’Pf I-..” ‘ S’ -. "

thyroid gland as inactive T4. Activation of T4 to T3, the form which is capable of

activating thyroid hormone receptors, requires de-iodination of T4 to T3.This process is 
• • {■•••? io:.--. SV' •»: r::

catalysed by deiodinase enzymes wheres as type 1 (D1) and type 2 (D2) catalysyses 

activation of T4 to T3 and type 3 (D3) catalyses inactivation of T3 and T4. D3 is known to 

be crucial in controlling T3 and T4 bioavaillability and is highly expressed during fetal
: ■'.! • •< '■ ‘ ;ai i J'.’f t « ' ■' ■' ' ''

development as well as in vascular tumours.

5HT is- synthesized in the enterochromaffin cells of the gastro intestinal tract and 

neuron.-. More than 95% of circulating 5HT is stored platelets with the help of Setotonin



derived serotonin in rat liver regeneration, and to evaluate deiodinase activities and

mRNA expression in rat and mouse livenusing one time 70% PH model.

surrounding tissues, and histologically neoplastic cells resemble ova! celis. Su? rounding

non neoplastic liver regions show increased proliferation of oval cells around the portal

triad. In addition neoplastic liver and surrounding liver show elevated expression of

alpha-fetoprotein, an oval cell marker along with elevation of E2F1 transcription factor, ar:

downstream partner of Rb. These findings show that, oval cell proliferation and

undifferentiated hepatocellular carcinomas develop in mice deficient of p53 and Rb upon

PH.

In chapters we performed 70% PH in SERT proficient and SERT deficient rats and study

Brdll incorporation at 20, 24, 48 and 96 hours after PH. SERT deficient rats show

marked decrease in liver and blood 5HT associated with prolonged bleeding. However,
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The aims of this thesis were tp investigate the role of liver regeneration in liver cancer 

following two serial partial hepatectomy (PH) at 70 days interval, the role of platelet

we show that these rats exhibit normal liver regeneration after PH. The results show that

In chapter 2 we performed two PH at 70 days interval in mice with liver specific 

conditional deletion of p53 and Rb. We show that more than 60% of mice d•••.:;...nr of ;;.53 

and Rb in the liver developed undifferentiated hepatocellular carcinomas weeks after
• j Si ■-.•••VS' Sf! Is •>.

second partial hepatectomy. We also show that these cancers develop cn;:- anatomical 

location and some metastasize to other organs including the regional iyrnph nodas and

a release of high level of 5HT from platelets is not required for liver regeneration, and 

that low level of 5HT in blood and/or liver are sufficient for liver regeneration.



In the last chapter, we evaluated the deiodinase activities after 70% PH in rats and mice.

D3 enzyme activities increased 10 fold, while mRNA increased 2-3 folds at 20hours after

PH along with 2-3 fold decrease of serum and liver T3 and T4. D3 activity increased 5-

fold at 12, 8-fold at 24, 40-fold at 36, 15-fOld at 48; and 7-fold at 72hours after PH.

Expression of D3 mRNA was observed to be highest (6-fold) at 36hours after PH,

correlating with high activity of D3. Our results show that large induction of hepatic D3

I i • I '

>/■

.. t : ..

1 "?•
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expression after PH correlated with an increased cellular proliferation, suggesting that D3 

is important h the modulation of thyroid hormone levels io the regenerating liver, in which 

a decrc ■ •?-, T3 permits an an increase in cellular proliferation.
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