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Abstract
Regeneration of the liver is inhibited as a result of a sustained increase in S-adenosylmethionine
levels in glycine N-methyltransferase (GNMT)−/− mice. This sets the stage for normally dormant
stem cells/progenitor cells to replicate and differentiate to replenish the liver parenchyma with
liver cells. With time the stem cells/progenitor cells may aggregate and ultimately form liver
tumors. This transformation of stem cells persists within the tumors that form in order to maintain
the growth of the tumors that have formed. To test this hypothesis, GNMT−/− mice were
maintained for 18 months and their livers were studied at intervals, in order to document the
process of tumors formation and the identification of stem cells/progenitor cells involved in the
process. Progenitor cell (OV-6 positive cells) hyperplasia was already established at 8 months in
the livers of the GNMT−/− mice. This process was expanded at 18 months when liver tumors had
formed. Stem cells which stained positive in the livers at 8 months and within tumors at 18 months
(Oct 4 and CK 19 positive cells) were found. Fat 10, a marker for progenitor liver cells, was
uniformly expressed by all tumors that developed at 8 and 18 months in GNMT−/− mice.
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Introduction
Glycine N-methyl transferase (GNMT) is considered a tumor suppressor gene because
GNMT knockout (KO) mice develop liver hepatocellular carcinomas (Martinez-Chater et
al., 2008; Lia 2009) as a result of sustained increased S-adenosylmethionine (SAMe) in their
livers (Martinez-Chater et al., 2008). SAMe inhibits liver proliferation and regeneration by
decreasing DNA synthesis in the liver (Varela-Ray et al., 2009). Liver regeneration is
impaired in GNMT KO mice because increased SAMe levels are sustained, which inhibits
liver cell proliferation (Varela-Ray et al., 2009). Increased SAMe levels lead to an increase
in methylation of DNA and histones (Martinez-Chater et al., 2008). The net effect is on
epigenetic modulation of gene expression, which promotes carcinogenesis. For instance,
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methylation of RASSF1 and SOCS2 promoters and binding of H3K27me3 to these two
genes are present in the GNMT−/− mouse liver tumor (Martinez-Chater et al., 2008). The
increase in SAMe content in the liver of GNMT−/− mice, therefore, sets the stage for
hepatocellular carcinoma (HCC) development where liver regeneration is inhibited. Stem
cell/progenitor activation then develops to compensate for the lack of regeneration capacity
in response to liver damage caused by the lack of GNMT activity. The concept of stem cell/
progenitor activation and liver cell HCC formation, when regeneration is suppressed, is well
established (Lacconi, 2000). The concept of preneoplastic change which progresses to
cancer is referred to as clonal adaptation during carcinogenesis (Farber, 1990) where
progenitor cells which are resistant to liver injury selectively proliferate to form
preneoplastic nodules in phenotypically altered adaptive response to liver (Lacconi, 2000;
Farber, 1990; Duncan et al., 2009; Alison et al., 2009; Yoo and Mishra, 2009). These
progenitor cells are known as oval cells, which have the potential to differentiate into bile
ducts or liver cells and to transform into cancer stem cells. They are identified by an
antibody to OV6.

Materials and methods
In the present study, stem cells/progenitor cells were identified in preneoplastic proliferation
of oval cells. Cancer stem cells were identified in liver tumors by using immunofluorescent
staining. Antibodies to stem cell/progenitor cell markers (SCPs) were used and fluorescent
tagged secondary antibodies detected the primary antibodies to the stem cell/progenitor cell
markers.

Blocks of liver tissue from GNMT−/− mice and wild type controls were fixed and embedded
in paraffin. Sections from these livers were stained with hematoxylin and eosin (H&E) and
examined. Immunostaining for stem cells/progenitor cells (SCPs) was performed. The
mouse livers examined are listed in Table 1.

The mice were fed a standard diet (Harlan Teklad irradiated mouse diet 2014, Madison, WI)
and housed in a temperature-controlled animal facility with 12 h light/dark cycles. The mice
were treated according to the Spanish Guide for the care and use of laboratory animals and
the protocols were approved by the CIC bioGUNE Ethical Review Committee.

Immunohistochemistry
The liver sections were stained with antibodies to UbD (FAT10) (Biomol International,
Plymouth Meeting, PA) ubiquitin (Chemicon, Temecula, CA), OCT 4 (Abcam, Cambridge
M), CK19 (Abcam, Cambridge, MA), OV6 (R&D Systems, Inc., Minneapolis, MN), Nanog
(Abcam, Cambridge, MA), GSTP (Santa Cruz, CA) in order to detect stem cells/progenitor
cells (SCPs).

Results
Control mouse livers at 8 and 18 months appeared to be normal by H&E staining. (Figs. 1A
and B) and were negative for SCP markers at 8 and 18 months (Fig. 2). GNMT−/− mice
showed oval cell hyperplasia and early tumor formation separated by oval cell proliferation
at 8 months (Figs. 1C and D). The oval cell proliferation expanded between liver tumor
nodules, which were formed at 18 months (Figs. 1E and F).

Scattered SPCs were identified among liver cells at 8 months (Figs. 2D, E, and F). Small
groups of cells (Fig. G) and larger tumors (Figs. 2H–J) stained positive for FAT10. Oval
cells stained positive focally for OV6 (Fig. 2K). Scattered tumor stem cells stained positive
for Oct 4, shown in Fig. 2L.
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Discussion
The GNMT−/− mice developed oval cell proliferation and liver tumors associated with liver
cell expression of stem cell/progenitor cell (SCP) markers. This phenomenon is consistent
with a cancer stem cell driven neoplastic process (Lacconi, 2000; Farber, 1990; Duncan et
al., 2009; Alison et al., 2009; Yoo and Mishra, 2009).

The deficiency of GNMT increases hepatic SAMe levels (Martinez-Chater et al., 2008; Lia
2009). The increase in SAMe that results in this GNMT−/− model inhibits liver cell
proliferation because SAMe inhibits DNA synthesis (Varela-Ray et al., 2009). SAMe
treatment in rat models of carcinogenesis reduced tumor establishment and growth (Lu et al.,
2009; Pascale et al., 2002). Absence of GNMT results in aberrant DNA and histone
hypermethylation, which can lead to a major epigenetic alteration in gene expression
regulation.

The GNMT deficiency mouse model described here is somewhat analogous to the DDC fed
mouse model of liver carcinogenesis (Oliva et al., 2008). In the DDC model, GNMT levels
are down regulated (Bardag-Gorce et al., 2008; Oliva et al., 2009), trimethylation of histone
3 lysine 9 and 4 is decreased and acetylation of histone 3 lysine 9 is increased (Bardag-
Gorce et al., 2008) (in GNMT KO mice liver H3K27me3 is increased, H3K9 and H3K4
methylation was not determined; and histone acetylation was also not tested). In this model
SAMe levels do not increase but S-adenosylhomocysteine (SAH) levels are decreased
because of the reduced GNMT levels (Oliva et al., 2009). The SCP marker positive cells
proliferate in response to DDC and 8 months after DDC withdrawal tumors form. These
tumors are composed of the SCP marker positive cells (FAT10 positive cells) (Oliva et al.,
2008) as was the case in the present study of the tumors formed by the GNMT−/− mice.
Other SCP markers are also up regulated by DDC feeding including alpha fetoprotein,
Kruppel 6, and glutathione S transferase as indicated by microarrays (Li et al., 2008).
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Fig. 1.
A) GNMT wild type mouse liver, 8 months control H&E stain ×130; B) GNMT wild type
mouse 18 months control liver H&E stain ×130; C) GNMT−/− mouse liver at 8 months,
showing extension of oval cells from the portal tract into the liver lobule (arrow) H&E ×130,
D) GNMT−/− mouse liver at 8 months, showing multiple small tumor nodules separated by
oval cell proliferation H&E ×52, E) GNMT−/− mouse liver at 18 months showing tumor
nodules separated by proliferating oval cells H&E ×26. F) GNMT−/− mouse liver at 18
months showing a hepatocellular carcinoma on the right and small cell dysplasia on the left.
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Fig. 2.
A–C) GNMT wild type mouse at 8 months control liver double stained with antibodies to
Oct 4 (green) and Nanog (red) or DAPI (blue). There are no stem cell/progenitor cells ×218.
D–F) GNMT−/− mouse liver at 8 months double stained with antibodies to Oct 4 (green),
CK-19 (red) and DAPI. Note a single liver cell stains positive for both Oct 4 and CK-19
(arrow). This cell shows colocalization of both antibodies when viewed with the tricolor
filter (arrow) ×436. G–J) GNMT−/− mouse livers stained with an antibody to FAT10. G)
FAT10 stain shows an early phase of liver tumor formation at 18 months ×109; H) FAT10
stain shows multiple tumors at 8 months liver of FAT10 positive cells that formed ×44. I)
FAT10 stain shows multiple FAT10 positive tumors formed at 18 months ×44; J) Higher
power of a FAT10 positive tumor at 18 months ×109. K) GNMT−/− mouse liver stained
with an antibody to OV6. Note the cluster of OV6 positive cells (arrow) ×436; L) GNMT−/−
mouse liver at 18 months. A tumor was stained with an antibody to Oct 4. Note several
tumor cells stained positive for Oct 4.
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