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Abstract: The transcription factor LSF (Late SV40 Factor), also known as TFCP2, belongs to the LSF/CP2 family re-
lated to Grainyhead family of proteins and is involved in many biological events, including regulation of cellular and
viral promoters, cell cycle, DNA synthesis, cell survival and Alzheimer’s disease. Our recent studies establish an onco-
genic role of LSF in Hepatocellular carcinoma (HCC). LSF overexpression is detected in human HCC cell lines and in
more than 90% cases of human HCC patients, compared to normal hepatocytes and liver, and its expression level
showed significant correlation with the stages and grades of the disease. Forced overexpression of LSF in less ag-
gressive HCC cells resulted in highly aggressive, angiogenic and multi-organ metastatic tumors in nude mice. Con-
versely, inhibition of LSF significantly abrogated growth and metastasis of highly aggressive HCC cells in nude mice.
Microarray studies revealed that as a transcription factor LSF modulated specific genes regulating invasion, angio-
genesis, chemoresistance and senescence. LSF transcriptionally regulates thymidylate synthase (TS) gene, thus con-
tributing to cell cycle regulation and chemoresistance. Our studies identify a network of proteins, including osteopon-
tin (OPN), Matrix metalloproteinase-9 (MMP-9), c-Met and complement factor H (CFH), that are directly regulated by
LSF and play important role in LSF-induced hepatocarcinogenesis. A high throughput screening identified small mole-
cule inhibitors of LSF DNA binding and the prototype of these molecules, Factor Quinolinone inhibitor 1 (FQI1), pro-
foundly inhibited cell viability and induced apoptosis in human HCC cells without exerting harmful effects to normal
immortal human hepatocytes and primary mouse hepatocytes. In nude mice xenograft studies, FQI1 markedly inhib-
ited growth of human HCC xenografts as well as angiogenesis without exerting any toxicity. These studies establish a
key role of LSF in hepatocarcinogenesis and usher in a novel therapeutic avenue for HCC, an invariably fatal disease.

Keywords: Late SV40 Factor (LSF), hepatocellular carcinoma (HCC), osteopontin (OPN), matrix metalloproteinase-9
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Hepatocellular carcinoma: the clinical scenario

Hepatocellular carcinoma (HCC) is a major
global health problem and one of the five most
common cancers worldwide [1, 2]. Although
overall incidence of cancers is decreasing, the
incidence of HCC is increasing significantly and
it is the third highest cause of cancer-related
death globally [3]. In the US, the estimated new
cases of HCC for 2011 were 26,190 out of
which 19,590 were expected to die [3]. In Asian
countries Hepatitis B virus (HBV) infection is the
predominant cause of HCC while in Western
countries Hepatitis C virus (HCV) infection and

alcoholism play the major role [1, 4]. Dietary
toxin, such as aflatoxin, is a major cause of HCC
in sub-Saharan Africa. These diverse etiologies
along with enumerable modulations in gene
expression, signaling pathways and mutations
have posed a major impediment in understand-
ing the pathophysiology of this complex disease
and developing effective therapeutic strategies.
HCC is a tumor with rapid growth and early vas-
cular invasion so that most HCC patients pre-
sent with advanced symptomatic tumors that
are not amenable to surgical resection [5]. Even
after surgical resection, the recurrence rate is
very high [6]. The tumors are resistant to con-
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Figure 1. Schematic structure of human LSF protein. The numbers indicate amino acid residues. NLS: nuclear local-

ization signal.

ventional chemotherapy and no systemic ther-
apy is available for the metastatic disease [7-9].
The treatment options for HCC depend upon the
stages and grades of the disease [10]. Surgical
resection, radiofrequency ablation and liver
transplantations are the treatments of choice
for the localized disease [11, 12]. However, sur-
gical resection or transplantation is limited to
very few cases since most HCC patients present
with advanced symptomatic tumors with under-
lying cirrhotic changes. Transarterial chemoem-
bolization (TACE) and systemic therapy with
doxorubicin alone or a combination of cisplatin,
interferon, doxorubicin and 5-fluorouracil (PIAF)
are being used for advanced disease with mod-
erate improvement in overall survival duration
varying between 6.8 months to 8.6 months [9,
12-16]. Sorafenib, an inhibitor of c-Raf and B-
Raf kinases as well as of vascular endothelial
growth factor receptor (VEGFR) family, has been
introduced in the clinics following Phase Ill clini-
cal trials [17, 18]. While the median survival for
placebo-treated patients was approximately 7.9
months, sorafenib-treated patients survived
10.7 months [17]. Bevacizumab, a vascular
endothelial growth factor (VEGF) pathway inhibi-
tor, either alone or in combination with chemo-
therapy, also demonstrates very limited re-
sponse [11, 19]. In view of this dire scenario,
understanding the molecular pathogenesis of
HCC and developing targeted and effective
treatments are mandatory to significantly in-
crease the survival interval and ameliorate the
sufferings of the patients.

The transcription factor Late SV40 Factor (LSF/
TFCP2)

LSF is a ubiquitous transcription factor involved
in many biological processes, including cell cy-
cle, cell growth and development [20, 21]. Us-
ing Hela cells LSF was first identified as a tran-
scriptional activator of the major late Simian
Virus 40 promoter [22]. Simultaneous cloning of
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the cDNA as a transcriptional regulator of addi-
tional genes led to multiple nomenclature for
LSF, including LBP-1 or UBP-1 (HIV long terminal
repeat), CP2 (murine o-globin) and SEF-1
(murine serum amyloid A3) [20, 23-28]. The
gene encoding for LSF is identified as TFCP2.
LSF belongs to an evolutionary conserved family
of transcription factors consisting of LSF/CP2
subfamily and grainyhead (GRH) subfamily [29-
31]. Human LSF subfamily includes LSF
(chromosome 12q13), LBP-1a/b (chromosome
3) and LBP-9 (chromosome 2) [32, 33]. The
human LSF is a 502 amino acids protein with a
predicted molecular mass of 57 kDa (Figure 1).

As a transcription factor LSF binds DNA pre-
dominantly as a homotetramer [34, 35]. The
DNA binding region of LSF spans amino acid
residues 67-260 and shows structural similarity
to p53/p63/p73 family of proteins [21, 36, 37].
Two mutations in the DNA binding region,
Q234L and K236E, prevent LSF DNA binding
and generate a dominant negative inhibitor
(LSFdn) [37, 38]. The DNA recognition sequence
of LSF spans 15 base pairs containing two half
sites separate by a spacer. The consensus se-
quence is CNRG-N6-CNR(G/C) in which the first
half site is more conserved than the second
[39]. The C-terminal region of LSF mediates
oligomerization, either dimerization or tetrameri-
zation. The region containing 326 to 389 amino
acid residues function as the tetramerization
domain and is structurally similar to the SAM
protein-protein interaction domain [34]. Dele-
tion mutation analysis revealed the region con-
taining residues 448 to 502 as the dimerization
domain which is structurally similar to ubiquitin-
like fold domain [34, 36]. The amino acid resi-
dues 189 to 239 mediate nuclear localization of
LSF [40, 41].

In addition to homotypic interaction, LSF inter-

acts with other members of the LSF subfamily,
such as LBP-1a/b [28], and also with unrelated

Am J Cancer Res 2012;2(3):269-285



LSF in hepatocellular carcinoma

proteins to generate novel DNA-binding com-
plexes. LSF partners with NF-E4 in a particular
stage of erythroid development leading to a
stage- and tissue-specific transcriptional activity
regulating expression of the B-globin gene clus-
ter [42, 43]. LSF interacts with transcriptional
repressor YY1 to inhibit transcription from HIV
LTR [44, 45]. Additionally LSF has been identi-
fied in a switch recombination site-binding com-
plex in B cells and the IL-4 promoter-binding
complex in Jurkat cells, although the LSF-
interacting partners in these complexes remain
to be identified [40, 46].

Regulation of transcription by LSF: Functional
significance

Viral promoters

LSF functions both as a transcription activator
and repressor and regulates a variety of viral
and cellular promoters. LSF stimulates tran-
scription at initiation sites L325 and L264 of
the SV40 late promoter which are the major
transcription sites utilized after DNA replication
during the SV40 lIytic cycle, indicating a poten-
tial role of LSF in early to late transcriptional
switch in SV40 lytic cycle [22]. On the other
hand LSF binds to sequences within the HIV-1
long terminal repeat (LTR) initiation region and
recruits YY1 and histone deacetylase 1 (HDAC1)
to the LTR, inhibiting transcription and thereby
contributing to HIV persistence within resting
CD4+* T cells [44, 45]. Phosphorylation of LSF by
ERK decreases and by p38MAPK increases
binding of LSF to the HIV LTR and HIV was re-
covered from the resting CD4+* T cells of avire-
mic, HIV-infected donors upon treatment of
these cells with specific p38MAPK inhibitors
indicating a potential role of these inhibitors in
disrupting latent HIV infection [47].

Cellular promoters
Globin genes

LSF performs a lineage-specific function in
erythroid cells regulating «, B and y-globin gene
expression. The human B-like globin genes (g,
Ay, Gy, 0 and ) exist in a cluster and are ex-
pressed in a temporal and tissue-specific man-
ner [42]. Expression of the e-gene occurs until
the twelfth week of gestation; the y genes are
expressed predominantly in the fetal liver until
birth when a switch to adult 6 and [ gene ex-
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pression occurs. The competitive silencing of
the B-gene in the fetal developmental stage is
mediated by the stage selector element (SSE)
located in the -50 region of the y-promoter. It
was demonstrated that LSF binds as a het-
erodimer with the erythroid-specific factor NF-E4
to the SSE thus suppressing adult globin gene
expression and allowing both € and y globin
gene expression [42, 43].

In mouse erythroid cells LSF binds as a hetero-
tetramer to the adult a-globin promoter, induc-
ing its expression [23, 24, 48]. It was shown
that small ubiquitin-like-modifier (SUMO) E3
ligase PIAS1 facilitates nuclear translocation of
LSF in a sumoylation-independent manner and
a hexameric complex containing two units each
of LSF, PIAS1 and another member of LSF fam-
ily CP2b [49]. Whether similar mechanism of
gene regulation also occurs for human a-globin
remains to be determined.

Uroporphyrinogen Il synthase: regulation of
heme synthesis

Congenital erythropoietic porphyria (CEP), an
autosomal recessive inborn error of heme bio-
synthesis, results from the markedly deficient
activity of uroporphyrinogen Ill synthase (URO
synthase). The erythroid-specific promoter of
URO synthase gene is regulated by GATA1 and
LSF and mutation in the GATAL and LSF binding
sites in the promoter region of human URO syn-
thase gene has been identified in CEP patients
[50]. Mutation in the LSF binding site resulted in
profound inhibition in promoter activity and URO
synthase enzymatic activity and patients harbor-
ing such mutation presented severe transfusion
-dependent disease indicating the importance
of LSF in regulating heme biosynthesis.

Glycogen synthase kinase3 3 (GSK3[3) and
transferrin: link to Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is characterized by the
deposition of neuritic plaques which are pre-
dominantly composed of amyloid B (AB) pep-
tides derived from amyloid precursor proteins
(APP) [51]. APP family proteins also include two
APP-like proteins, APLP1 and APLP2. It was re-
ported that the intracellular domain (ICD) of
APLP2 translocates to the nucleus where it in-
teracts with LSF and promotes LSF-mediated
transcription of glycogen synthase kinase3 [
(GSK3B) [52]. The functional significance of this
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event in the pathogenesis of AD was docu-
mented by increased phosphorylation of tau (1),
a substrate of GSK3pB the hyperphosphorylated
forms of which are a component of neurofibril-
lary tangles, upon treatment with APLP2-ICD;
protection by LiCl, a GSK3B inhibitor, from
APLP2-ICD-induced cell killing in differentiated
PC12 cells; and increased staining for GSK3f in
AD patients [52].

Transferrin, an iron regulatory protein, is up-
regulated in AD frontal cortex [53]. It was dem-
onstrated that AB peptides induce transferrin
expression by promoting binding of LSF to trans-
ferrin promoter [54]. Overexpression of LSF in-
duced while shRNA-mediated knockdown of LSF
downregulated both basal and AB-induced ex-
pression of transferrin. Abnormalities in iron
distribution is observed in AD patients, thus LSF
contributes to AD by multiple mechanisms. In-
terestingly epidemiologic studies have demon-
strated an association between a non-coding
polymorphism (G to A) in the 3'-untranslated
region of LSF gene in AD patients with the A
allele showing a protective effect [55-58].

Interleukin-4 (IL-4): allergic response

IL-4 promotes the differentiation of T helper 2
(Th2) subset of CD4+ T cells, thereby regulating
allergic and humoral responses [59]. It was
demonstrated that overexpression of LSF signifi-
cantly augmented IL-4 promoter activity in hu-
man Jurkat T cells and binding of LSF to the IL-4
promoter was confirmed by the electrophoretic
mobility shift assay [46]. Additionally, overex-
pression of LSF augmented, while a dominant
negative mutant, lacking the DNA binding do-
main, inhibited IL-4 mRNA expression in murine
Th2 clone D10 [46]. However, LSF did not in-
duce promoter activity of IL-2, a Thl cell-
associated cytokine, indicating that LSF might
be involved in regulating Th2 differentiation and
function.

Acute phase proteins: link to inflammation

Following tissue injury or infection, pro-
inflammatory cytokines, such as IL-1 or IL-6 re-
leased from macrophages or monocytes, trigger
the release of acute phase proteins from the
liver. The promoter region of the mouse gene
encoding major acute-phase protein Serum
Amyloid A3 (SAA3) contains an enhancer region
to which CCAAT/enhancer-binding protein (C/
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EBP) and LSF bind [27, 60, 61]. Overexpression
of LSF increased SAA3 promoter activity which
was further enhanced by IL-1 treatment. It was
shown that IL-1 treatment resulted in NF-kB
activation and a putative NF-kB binding se-
quence was identified in the same region where
LSF binds albeit with a significantly weak affinity
for NF-kB [60]. Immunoprecipitation with anti-
LSF antibody pulled down both LSF and the p65
subunit of NF-kB upon IL-1 treatment and the
authors hypothesized that LSF might interact
with NF-kB and facilitate cytokine-mediated acti-
vation of SAA3 gene by stabilizing NF-kB binding
[60]. Thus LSF might be involved in acute in-
flammatory response. A major limitation of
these studies is that they are restricted to SAA3
promoter analysis without showing changes in
SAA3 mRNA or protein levels. Additionally,
whether similar regulatory mechanism is also
involved in human acute phase proteins has not
been elucidated.

PAX6 and aA-crystallin: regulation of eye
function

The transcription factor PAX6 is a master regula-
tor of eye development and is regulated by two
promoters PO and P1, the latter directing PAX6
expression in the eye [62]. It was demonstrated
that LSF plays a major role in regulating P1 pro-
moter activity of human Pax6 gene [63]. Both
LSF and Spl enhanced P1 promoter activity
and co-immunoprecipitation studies docu-
mented a potential interaction between LSF and
Spl. Crystallins are water-soluble components
of ocular lens and LSF binds to the promoter of
chicken oA-crystallin gene in a lens specific
manner and positively regulates promoter activ-
ity [35]. These two independent studies in two
species suggest a potential role of LSF in regu-
lating eye development. However, both these
studies focused only on promoter activity analy-
sis without showing changes at the mRNA or
protein levels upon LSF inhibition.

LSF and immunoglobulin (Ig) class switch re-
combination

The expression of Ig isotypes is determined by Ig
heavy chain class switch recombination. The
upstream region of each heavy chain gene seg-
ment contains a switch (S) region where non-
homologous recombination occurs and it was
demonstrated that LSF and its paralog LBP-1a
binds to both Sy and S« region, the switch re-
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gions of human IgM and IgA heavy chain gene
segments, but not to Syl, the switch region for
1gG1 [40, 64]. Overexpression of LSF dominant
negative (LSFdn) inhibited endogenous LSF and
LBP-1a binding and increased class switch re-
combination indicated by increased production
of IgA, but not 1gG1. However, LSFdn overex-
pression did not increase the levels of the ster-
ile IgA transcripts that are also required for re-
combination to occur, indicating that the effect
is mediated by a non-transcriptional mecha-
nism. Class switch recombination requires open
chromatin structure, and in vitro studies demon-
strated that LSF interacts with histone deacety-
lases (HDAC) and the co-repressor Sin3A sug-
gesting that LSF/LBP-1a might induce histone
deacetylation resulting in inhibition of class
switch recombination specifically to the Sa re-
gion [40, 64]. Thus LSF might play a role in
regulating the antibody-mediated immune re-
sponse.

LSF and cell cycle regulation

LSF plays an important role in cell cycle regula-
tion and is ubiquitously expressed in all cell
types. LSF is essential for cell cycle progression
at the G1/S transition after re-entry of quiescent
cells into the cell cycle, predominantly through
inducing thymidylate synthase (TS) gene, which
encodes the rate limiting enzyme in the produc-
tion of dTTP, required for DNA synthesis [38].
The de novo pathway to dTTP synthesis first
requires the use of dUMP from the metabolism
of either UDP or CDP. The dUMP is converted to
dTMP by the action of TS [65]. The methyl group
is donated by N5,N10-methylene tetrahydrofolate
(THF). The unique property of the action of TS is
that the THF is converted to dihydrofolate (DHF),
the only such reaction yielding DHF from THF
[66]. In order for the TS reaction to continue,
THF must be regenerated from DHF. This is ac-
complished through the action of dihydrofolate
reductase (DHFR) [67]. THF is then converted to
N5,N10-THF via the action of serine hydroxy-
methyl transferase. Thus TS and DHFR play a
crucial role in thymidine nucleotide biosynthesis
and are required for S-phase. Imbalance of
dNTPs, including lack of dTTPs, induces cell
cycle arrest and apoptosis. The TS essential
promoter region (-105 to -75) contains an LSF-
recognition sequence where LSF binds upon
mitogenic stimuli to induce TS expression [38].
Inhibition of LSF by LSFdn induces apoptosis in
S phase in NIH3T3 mouse fibroblasts or DU145
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prostate cancer cell which might be relieved by
exogenous thymidine, thereby circumventing
the requirement for TS activity [38]. The adapter
protein Fe65 interacts with the B-amyloid pre-
cursor protein (APP), a central player in the
pathogenesis of Alzheimer’s disease, which pre-
vents nuclear translocation of Fe65 [68]. Over-
expression of the Fe65 results in its nuclear
accumulation and induces G1/S arrest in
NIH3T3 cells which could be rescued by APP
that prevents nuclear translocation of Fe65
[68]. Interestingly, in the nucleus Fe65 interacts
with LSF and prevents LSF-mediated induction
of TS and addition of exogenous thymidine
counteracts the Fe65-mediated block of cell
cycle progression [68].

The activity of LSF is regulated during G1 via
phosphorylation by both ERK and Cyclin C/Cdk2
[69, 70]. LSF is rapidly phosphorylated by ERK
on Ser-291 upon mitogenic stimulation of multi-
ple cell types [69]. LSF is then phosphorylated
by Cyclin C/Cdk2 on Ser-309 in mouse fibro-
blasts, with maximal phosphorylation occurring
in early G, 1-2 h following mitogenic stimulation
[70]. Phosphorylation at both Ser-291 and Ser-
309 inhibits the transcriptional activity of LSF
and both sites are dephosphorylated as cell
progress into late Gy, prior to activation of TS at
the G1/S transition suggesting a time-delay
mechanism of LSF activation preventing prema-
ture induction of LSF target genes. The dephos-
phorylation of LSF, required for TS induction,
does not affect E2F target genes, such as Cyclin
E1 and MCMS3, indicating that LSF functions
parallel to the Rb/E2F pathway in regulating
expression of genes necessary for G1/S transi-
tion.

Recent studies have highlighted the role of Pro-
lyl isomerase Pinl in regulating dephosphoryla-
tion and activation of LSF [71]. Both ERK and
Cdk2 are proline-directed kinases that target
Ser/Thr residues immediately N-terminal to Pro
residues, similar to Ser-291 and Ser-309 of LSF.
One consequence of phosphorylation at proline-
directed sites is association with prolyl isom-
erase, such as Pinl, which can reversibly cata-
lyze cis-trans isomerization of the phospho-Ser/
Thr-Pro peptide bond resulting in a conforma-
tional change. A series of co-
immunoprecipitation and mutational studies
demonstrated that Pinl associates with three
SP/TP motifs in LSF at residues Ser-291, Ser-
309 and Thr-329 [71]. At early G4, LSF is phos-

Am J Cancer Res 2012;2(3):269-285



LSF in hepatocellular carcinoma

A. Oh 2h 4h 6h 8h 10h 12h
. J o N P - J A .
L L A LSFdn-15
] ) , L 1
B. :
100 4 M Control-1
go | WLSFdn-15
80 -
— 70 -
=
= 60 -
c
3 50
© 40
QO
O 30 -
20
10 -
0 N
5°Z $“E H°E [5°E 5?E F9E F©=2
(U] (V] (V] (G] (O] (U] (U]
Oh 2h 4h 6h 8h 10h 12h

Figure 2. LSF inhibition causes slower cell cycle progression through S-phase. Control-1 and LSFdn-15 clones of QGY-
7703 cells were synchronized by double thymidine block and then allowed to enter the cell cycle by thymidine re-
moval. Samples were collected every two hours and cell cycle was analyzed by flow cytometry of propidium iodide-
stained DNA. A. Histograms of the cell cycle profile. B. Graphical representation of the percentage of cells in each

phase of the cell cycle.

phorylated at Ser-291 and Ser-309 sites by ERK
and Cyclin C/Cdk2. Binding of Pin1 at Thr-329-
Pro-330 motif in LSF is predicted to facilitate
isomerization by Pinl of the peptide bonds at
the nearby phosphorylated SP motifs (Ser-291
and Ser-309) to the trans configuration. In late
G1, the kinase/phosphatase balance is pre-
dicted to drive dephosphorylation by the phos-
phatase PP2A, coupled with a reversion of
proline isomerization to the cis configuration,
and increasing transcriptional activity of LSF.
Indeed, overexpression of Pinl increases LSF
transcriptional activity that requires residue Thr-
329 of LSF and both the WW and PPiase do-
mains of Pinl and correlates with hypophos-
phorylation of LSF at Ser-291 and Ser-309.
These findings are evident in mouse fibroblasts
that respond to mitogenic stimuli. Whether simi-
lar level of regulation of LSF by phosphoryla-
tion/dephosphorylation events persists in HCC
cells that have outgrown requirement of mito-
gens, remains to be determined. It might be
possible that the superabundance of LSF in
HCC cells results in persistent activation of LSF
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with subsequent promiscuous induction of
genes that would not occur under physiological
circumstances.

However, our studies document that LSF is re-
quired during S phase in human HCC cells as
well. We have established stable clones ex-
pressing dominant negative LSF (LSFdn) and in
human HCC cells QGY-7703 and demonstrated
that these clones, LSFdn-8 and LSFdn-15, have
a slower growth rate compared to control clones
(Control-1 and Control-7, stable neomycin-
resistant clones) [72]. To decipher the mecha-
nism of reduced growth rate following LSF inhi-
bition, we synchronized Control-1 and LSFdn-15
clones of QGY-7703 cells by double thymidine
block and then allowed them to continue
through the cell cycle by removal of the high
concentration of thymidine that inhibits ribonu-
cleotide reductase. At O h, cells in both groups
were predominantly in early S-phase indicating
the efficacy of double thymidine block (Figure
2). However, the Control-1 cells completed the S
-phase and moved to G2/M phase significantly
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Figure 3. Dual color 2D DIGE detecting protein expression in Control-1 and LSFdn-15 clones of QGY-7703 cells. Left
panel shows single color and overlay images. Right panel shows peak intensities of Spot 20 and Spot 43. Spot 20
and Spot 43 represent Dihydrofolate reductase (DHFR) and thymidylate synthase (TS), respectively.

faster than the LSFdn-15 cells indicating that
LSF is required for efficient passing through S
phase during which DNA synthesis takes place.

To identify the proteins that are critical for S-
phase progression and are regulated by LSF we
performed a dual color 2D gel electrophoresis,
where Control-1 sample was labeled with Cy3
(green) and LSFdn-15 sample was labeled with
Cy5 (red) (Figure 3). Overlay of the images iden-
tified proteins that are modulated by LSF. A
green spot indicates a protein that is decreased
in the LSFdn-15 sample indicating positive regu-
lation by LSF. A red spot indicates a protein that
is increased in the LSFdn-15 sample indicating
negative regulation by LSF. A yellow spot indi-
cates equal amount of protein in each sample
indicating no change. The analysis was per-
formed in synchronized cells by double
thymidine block at O h. Seventy-one (71) differ-
entially modulated spots were thus identified
out of which 20 spots showed significant down-
regulation in the LSFdn-15 sample and their
identity was determined by mass spectrometry.
Very interestingly, we identified both TS and
DHFR to be profoundly downregulated in the
LSFdn-15 clone (Figure 3). DHFR is a novel LSF-
regulated gene and the observation that LSF
regulates two important genes controlling folate
metabolism further establishes the importance
of LSF in cell cycle regulation. Whether LSF tran-
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scriptionally regulates DHFR remains to be de-
termined.

LSF and hepatocellular carcinoma (HCC)

The oncogene Astrocyte elevated gene-1 (AEG-
1) is overexpressed in >90% of human HCC pa-
tients and AEG-1 plays an important role in
regulating development and progression of HCC
[73]. Affymetrix microarray comparing global
gene expression profiles between control clone
and AEG-1-overexpressing clone of HepG3 cells
identified LSF as an AEG-1 downstream gene
[73]. LSF mRNA expression was ~15-fold higher
in AEG-1-overexpressing clones compared to a
control clone indicating a potential role of LSF in
mediating the oncogenic functions of AEG-1.
While in normal hepatocytes LSF protein expres-
sion was virtually undetected, its expression
was robustly upregulated in human HCC cells,
except HepG3 cells, which do not form tumors
in nude mice [72]. These findings were ex-
tended by tissue microarrays containing 86 pri-
mary HCC, 23 metastatic HCC and 9 normal
adjacent liver samples that were immu-
nostained using anti-LSF antibody [72]. Little to
no LSF immunostaining was detected in the 9
normal liver samples while significant LSF stain-
ing was observed in HCC samples. LSF expres-
sion was detected predominantly in the nu-
cleus. Among the 109 HCC samples, only nine
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scored negative for LSF and the remaining 100
(91.7%) showed variable levels of LSF that
could be significantly correlated with the stages
and grades of the disease [72].

Amplification of chromosome band 12913, the
location of the LSF gene, has been reported in
some cases of HCC [74, 75]. Although fluores-
cence in-situ hybridization (FISH) analysis did
not identify amplification of LSF gene, in 34 out
of 50 HCC samples (68%), polyploidy of chromo-
some 12 was detected suggesting a potential
mechanism of LSF overexpression in human
HCC patients [72]. Using a small cohort of 25
HCC patients, a statistically significant correla-
tion was observed between Notch-1-intracellular
domain (Notch-1-ICD) and LSF protein expres-
sion levels [76]. Overexpression of Notch-1-ICD
resulted in significant induction of LSF mRNA
and protein in hepatic stellate cells (HSC), HEK-
293 cells and human hepatocyte cell line LO2
[786]. Interestingly, co-expression of Notch-1-ICD
and Ha-Ras further augmented LSF expression.
Inhibition of Notch signaling by a secretase in-
hibitor DAPT downregulated endogenous LSF
expression in HepG2 cells [76]. These studies
indicate that multiple mechanisms might con-
tribute to LSF overexpression in human HCC.
However, the transcription factor(s) mediating
AEG-1 or Notch-1-induced upregulation of LSF
remain to be determined.

To interrogate the role of LSF in HCC, gain- and
loss-of function studies were performed using
HepG3 cells, expressing low level of LSF, and
QGY-7703 cells, an aggressive HCC cell line
expressing high level of LSF [72]. Stable overex-
pression of LSF in HepG3 cells (LSF-1 and LSF-
17 clones) resulted in significant increase in
proliferation, colony formation, soft agar growth
and Matrigel invasion while stable expression of
a dominant negative mutant of LSF (LSFdn, a
double amino acid substitution mutant of LSF
initially named 234QL/236KE that is unable to
bind DNA) in QGY-7703 cells (LSFdn-8 and
LSFdn-15 clones) significantly abrogated the
aforementioned phenotypes in vitro [72]. While
control clones of HepG3 cells did not form any
tumors, LSF-1 and LSF-17 clones formed large,
aggressive tumors in nude mice xenograft as-
says [72]. Conversely, LSFdn-8 and LSFdn-15
clones formed significantly smaller tumors when
compared to the control clones of QGY-7703
cells in nude mice. The angiogenesis marker
CD31 and proliferation marker Ki-67 were sig-
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nificantly upregulated in LSF-1 and LSF-17
clones and significantly downregulated in LSFdn
-8 and LSFdn-15 clones. In tail vein metastasis
assays in nude mice, the LSF-17 clone formed
multi-organ metastatic tumors while inhibition
of LSF in LSFdn-15 clone profoundly abrogated
its metastatic ability [72]. These findings estab-
lish LSF as a key player regulating aggressive
progression of HCC.

LSF, osteopontin (OPN) and c-Met axis: a major
contributor to HCC

To identify LSF target genes contributing to the
aggressive carcinogenic phenotype, Affymetrix
oligonucleotide microarray was performed be-
tween control HepG3 clone (Con-8) and HepG3
clone stably overexpressing LSF (Hep-LSF-17)
[72]. With a 2.0 fold cut-off, expression levels of
125 genes were upregulated while those of 148
genes were downregulated upon overexpression
of LSF. Twenty-one of these genes are directly
involved in the process of tumorigenesis. The
gene SPP1, encoding osteopontin (OPN),
showed the most robust induction by LSF [72].
OPN levels can be used as a sensitive and spe-
cific marker in predicting disease progression in
diverse cancers, including HCC, and OPN s
known to promote every step in metastasis as
well as growth of the primary tumor [77]. OPN
mMRNA and protein levels were markedly in-
creased in LSF-overexpressing clones with cor-
responding significant decrease in LSFdn-
overexpressing clones. An ~1kb human OPN
promoter region was cloned and OPN promoter
luciferase reporter showed significantly higher
activity in LSF-overexpressing clones [72]. Chro-
matin immunoprecipitation (ChlP) assay con-
firmed LSF binding to OPN promoter establish-
ing transcriptional regulation of OPN by LSF.
Stable clones established in Hep-LSF-17 back-
ground and expressing OPN shRNA demon-
strated significant inhibition of proliferation,
colony formation, soft agar growth and Matrigel
invasion in vitro; and of tumor growth and me-
tastasis in vivo using nude mice xenograft stud-
ies and tail vein metastasis assays [72]. OPN
functions through the avB3 integrin and CD44
receptors. Anti-avB3 integrin or anti-CD44 anti-
body significantly inhibited Matrigel invasion by
Hep-LSF-17 cells and the combination of the
two antibodies decreased the invasion further
confirming that OPN working through its canoni-
cal receptors plays a key role in regulating LSF
function [72].
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Analysis of a human phospho-receptor tyrosine
kinase (RTK) array using lysates from Con-8 and
LSF-17 clones of HepG3 cells identified robust
activation of c-Met in LSF-17 clone [78]. c-Met,
a cell surface receptor for hepatocyte growth
factor (HGF), conveys a unique combination of
pro-migratory, anti-apoptotic and mitogenic sig-
nals [79]. When activated, c-Met initiates
epithelial-mesenchymal transition (EMT) by fa-
cilitating cell scattering, thereby facilitating mi-
gration and invasive growth. That c-Met plays a
pivotal role in HCC was confirmed by the obser-
vation that conditional overexpression of wild-
type c-Met in hepatocytes of transgenic mice
(an experimental condition that mimics the
spontaneous amplification of the c-Met gene
observed in human tumors) is sufficient to
cause hepatocellular carcinoma that regresses
following transgene inactivation [80]. The level
of activated (phosphorylated) c-Met was signifi-
cantly higher in LSF-1 and LSF-17 clones com-
pared to the Control-8 clone of HepG3 cells
[78]. Similarly, activated c-Met was significantly
downregulated in LSFdn-8 and LSFdn-15
clones, compared to the Control-7 clone of QGY-
7703 cells. The level of total c-Met did not
change in either group. In HCC tissue microarray
(TMA), LSF, OPN and c-Met levels were signifi-
cantly higher compared to normal human liver
and a significant statistical correlation was ob-
served among LSF, OPN and phospho-c-Met
levels [78]. The level of c-Met ligand HGF was
found to be unaltered between Con-8 and LSF-
17 clones and a search for an alternative
mechanism of c-Met activation identified OPN
as an activator of c-Met. Using a series of co-
immunoprecipitation and receptor blocking
studies it was demonstrated that secreted OPN,
acting through CD44 receptors, induced phos-
phorylation and activation of c-Met [78].

Inhibition of c-Met by SU11274 abrogated ma-
trigel invasion of LSF-17 and QGY-7703 cells
and blocked OPN-induced activation of down-
stream signaling, such as Akt and ERK [78].
Stable clones established in the Hep-LSF-17
background and expressing c-Met shRNA dem-
onstrated significant inhibition of proliferation
and Matrigel invasion, and activation of Akt and
ERK along with changes in EMT markers, such
as upregulation of E-cadherin and downregula-
tion of vimentin, in vitro. In nude mice xenograft
assays these clones generated significantly
smaller tumors with concomitant inhibition of
tumor angiogenesis, as evidenced by CD31
staining, and proliferation, assayed by Ki-67
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staining and the metastatic potential of these
clones was virtually wiped out as evidenced by
tail vein metastasis assay [78]. These findings
indicate that the LSF-OPN-c-Met axis might play
an important role in mediating hepatocarcino-
genesis.

LSF and angiogenesis

The observation that LSF overexpression in
HepG3 cells results in highly aggressive, metas-
tatic tumors while LSFdn expression in QGY-
7703 cells profoundly inhibits tumor growth and
metastasis, prompted the hypothesis that LSF
might modulate tumor angiogenesis, a hallmark
of aggressive tumors. Using human vascular
endothelial cells (HUVEC) differentiation assay
and chicken chorioallantoic membrane (CAM)
assay it was demonstrated that conditioned
media (CM) from LSF-overexpressing cells aug-
ments while CM from LSFdn-expressing cells
abrogates angiogenesis significantly [81]. To
identify a master regulator of angiogenesis that
might be transcriptionally regulated by LSF,
ChlP-on-chip analysis was performed Using
Roche Nimblegen’s ChIP-on-chip 2.1 M tiling
array that allows identification of promoter re-
gions to which a specific transcription factor
binds [81]. The promoter region of matrix metal-
loproteinase-9 (MMP-9) exhibited the highest
statistical significance in terms of LSF binding.
MMP-9 mRNA and protein levels and enzymatic
activity were significantly higher in LSF-
overexpressing cells and conversely significantly
lower in LSFdn-overexpressing cells. An ~2 kb
region of human MMP-9 promoter was cloned to
generate a luciferase reporter vector (MMP-9-
Prom-luc) [81]. The activity of MMP-9-Prom-luc
was significantly higher in LSF-overexpressing
cells while it was significantly lower in LSFdn-
overexpressing cells. Deletion mutation and
ChIP assays identified two LSF binding sites in
the human MMP-9 promoter between the re-
gions -1306 to -746 when the translation start
site was regarded as +1. Stable clones estab-
lished in the Hep-LSF-17 background and ex-
pressing MMP-9 shRNA demonstrated signifi-
cant inhibition of proliferation, colony formation,
migration and Matrigel invasion in vitro, of an-
giogenesis by HUVEC differentiation and CAM
assays, and of tumor growth, metastasis and
angiogenesis in vivo using nude mice xenograft
studies and tail vein metastasis assays [81].
These clones also showed reduced expression
of angiogenic factors, such as vascular endothe-
lial growth factor (VEGF) and interleukin-8 (IL-8),

Am J Cancer Res 2012;2(3):269-285



LSF in hepatocellular carcinoma

indicating that MMP-9 might be a major player
mediating LSF-induced angiogenic response.
Angiogenesis is an invasive process that re-
quires proteolysis of the extracellular matrix and
proliferation and migration of endothelial cells
[82]. As such, MMPs play an important role in
tumor angiogenesis by facilitating ECM degrada-
tion, mainly degradation of collagen in the base-
ment membrane [83]. MMP-9 is overexpressed
in many tumors including HCC. MMP-9 is a ma-
jor contributor to tumor-induced angiogenesis
and a crucial factor triggering activation of qui-
escent vasculature [84, 85]. MMP-9 degrades
ECM allowing invasion of pericytes that stabi-
lizes newly-formed capillaries, sustain blood
flow, modulate vascular permeability and regu-
late the function of endothelial cells [86]. Inhibi-
tion of MMP-9 results in inhibition of expression
of pro-angiogenic genes, such as VEGF and
ICAM-1 [87]. It should be noted LSF specifically
upregulates MMP-9, and not other MMPs such
as MMP-2 and MT1-MMP, further stressing the
importance of MMP-9 in LSF function [81].

Studies from mouse models provide interesting
insights into the role of LSF/TFCP2 and LBP-1a/
NF2d9, members of grainyhead family of tran-
scription factors, in angjogenesis [88]. An LSF
knock-out mouse is viable and has a normal life
expectancy suggesting that LBP1-a might com-
pensate for LSF function. However, LBP-la
knockout mice die at embryonic day 10.5 due to
severe placental insufficiency because of an
angiogenic defect in the mesodermal compo-
nents of the labyrinthine layer and the yolk sac
vasculature. These findings strongly suggest
that this family of proteins is essential for angio-
genesis. However, the underlying mechanism by
which LBP-la regulates angiogenesis is not
clear. It is also not clear why LSF cannot com-
pensate for LBP-1a deficiency, whereas LBP1-a
can compensate for LSF, even though their tis-
sue distribution is quite similar and they have a
high degree of similarity in protein structure.
Additionally, angiogenic factors, transcriptionally
regulated by LBP-1a, have also not been identi-
fied. It might be possible that LSF has acquired
more functional importance than LBP-1a in hu-
mans. Additionally, acquired tissue- and tumor-
specific roles of LSF might also underlie its spe-
cialized function in regulating tumor angiogene-
sis. It should be noted that it is LSF, not LBP-1a,
which is overexpressed in human HCC [81]. An-
other possibility is that the angiogenesis func-
tions are attributable to the LBP-1b protein,
which due to differential splicing contains addi-
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tional 36 amino acids, and which is particularly
important in erythroid-specific gene expression
[49], but overexpression of LSF can allow it to
substitute for LBP-1b. The super-abundance of
LSF in human HCC cells might allow it to tran-
scriptionally regulate OPN or MMP-9, which may
not happen under physiological conditions.
Analysis of the role of LSF in regulating MMP-9
in inflammation- and/or wound-associated an-
giogenesis will provide important insight into the
role of this unique transcription factor in biologi-
cal processes.

LSF and chemoresistance

Chemoresistance is a hallmark of aggressive
cancers [89]. HCC is notoriously resistant to
chemotherapy and a combination of multiple
chemotherapeutics drugs, including cisplatin,
doxorubicin and 5-fluorouracil (5-FU), along with
interferon, barely affects survival of HCC pa-
tients [9]. 5-FU is converted intracellularly into
5’-fluoro-2’-deoxyuridine by thymidine phos-
phorylase with subsequent phosphorylation by
thymidine kinase into the active metabolite 5-
fluoro-2’-deoxyuridine  5’-monophosphate
(FAUMP) [90]. FAUMP inhibits thymidylate syn-
thase (TS) which reduces the thymidine pool
and increases the uracil pool leading to the inhi-
bition of DNA synthesis. 5-FU is converted into
its inactive metabolite fluoro-5,6-dihydrouracil
(FUH2) by dihydropyrimidine dehydrogenase
(DPYD). TS and DPYD gene expression and/or
activity are major determinants of the efficacy of
5-FU [91, 92]. Since LSF transcriptionally regu-
lates TS it might be presumed that LSF overex-
pression might contribute to 5-FU resistance.
Interestingly, AEG-1 overexpression resulted in
increase in both TS and DPYD with subsequent
resistance to 5-FU [93]. Inhibition of LSF by
LSFdn in AEG-1 overexpressing cells resulted in
downregulation of TS and rendered these cells
susceptible to 5-FU again indicating that by aug-
menting TS expression LSF also contributes to
chemoresistance [93].

LSF and epithelial mesenchymal transition
(EMT)

EMT, demonstrated by downregulation of
epithelial markers and upregulation of mesen-
chymal markers, is a hallmark of advanced tu-
mor cells required for increased motility during
invasion and metastasis [94]. As a transcription
factor Snaill plays an important role in regulat-
ing EMT [95]. Studies using human pancreatic
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and colorectal carcinoma cell lines revealed a
role of LSF in mediating Snaill-induced upregu-
lation of EMT marker Fibronectin [96]. Fi-
bronectins are a class of cell-secreted glycopro-
teins that modulate cell-substrate adhesion and
regulate a diverse array of events, including cell
attachment, spreading, migration, differentia-
tion and oncogenic transformation [97]. Overex-
pression of Snaill resulted in increased binding
of LSF to Fibronectin 1 (FN1) promoter thereby
upregulating FN1 expression [96]. Overexpres-
sion of LSFdn prevented Snaill-induced FN1
upregulation and was associated with reduced
migration. The effect of LSF is specific to FN1
since other major regulators of EMT, such as
LEF1 and ZEB1, were not modulated by LSF
[96]. More importantly, induction of FN1 by TGF-
B, another major regulator of EMT, was also
inhibited by LSFdn indicating a general role of
FN1 expression by LSF during EMT. Although
Snaill did not change LSF protein level, an in-
creased nuclear accumulation of LSF was ob-
served in Snaill-overexpressed cells [96]. How-
ever, the underlying mechanism remains to be
determined. These findings suggest that even
without changes in its expression level LSF
might mediate EMT, an important determinant
of aggressive cancers.

Small molecule inhibitors of LSF: potential
therapeutics for HCC

The pivotal role of LSF in regulating hepatocar-
cinogenesis indicates that LSF inhibition might
be an effective therapeutic approach to counter-
act this fatal malady. In an attempt to identify
small molecule inhibitors of LSF-binding to DNA,
110,000 commercially available compounds
were evaluated by a high throughput screening
using a fluorescence polarization assay indicat-
ing an ability to diminish the DNA-binding activ-
ity of LSF [98]. A secondary electrophoretic mo-
bility shift assay (EMSA) was performed to es-
tablish selectivity for LSF DNA-binding activity,
eliminating compounds that also inhibited other
transcription factors, such as, Spl, Octl and
E2F3 [98]. These dual assays identified 4-aryl-
3,4-dihydroquinolin-2(1H)-ones as potent and
specific inhibitors of in vitro LSF-DNA binding. A
collection of compounds based on the dihydro-
quinolin-2(1H)-one structure was prepared and
the prototype of these compounds, factor quino-
linone inhibitor 1 (FQI1), demonstrated 50%
inhibition in LSF transactivation activity (ICso) at
a concentration of 2.1 pM using a LSF-
dependent luciferase reporter assay. FQI1 did
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not affect USF-dependent luciferase reporter
activity [98]. As discussed above, the DNA bind-
ing region of LSF is predicted to be structurally
similar to that of the p53 transcription factor
family. To test whether FQI1 could also diminish
p53 activity, cells were treated with nutlin-3,
which inhibits MDM2, therefore enhancing p53
levels. The resulting transcriptional induction of
p21 was unaffected by co-treatment with FQI1,
further confirming specificity of FQI1 towards
LSF [98].

To probe into the mechanism by which FQI1
inhibits LSF transactivation, an inducible stable
cell line was generated in HEK-293 cells in
which expression of an HA-tagged LSF is in-
duced by the non-steroidal diphenylhydrazine
compound, RSL1 and LSF binding to the pro-
moter of POLAL, encoding the catalytic subunit
of DNA polymerase «, was determined by ChIP
assay [98]. RSL1 treatment resulted in in-
creased binding of LSF to POLA1 promoter
which was completely inhibited by co-treatment
with FQI1. FQI1 treatment did not affect that
level of RSL1-induced HA-LSF protein level indi-
cating that FQI1 functions by inhibiting LSF DNA
-binding rather than modulating LSF expression.

Separation of FQI1 isomers demonstrated that
while the (R)-enantiomer of FQI1 [(R)-FQI1]
showed significantly less activity, the (S)-
enantiomer [(S)-FQI1] was more potent than
FQI1 in inhibiting LSF transactivation activity
[98]. The achiral quinolin-2(1H)-one, FQI2,
which might adopt a similar conformation as (S)
-FQI1, was more potent than FQI1, demonstrat-
ing functional activity at sub-micromolar concen-
trations. As a corollary, using a variety of cell
lines, it was demonstrated that (R)-FQI1 is at
least ten times less effective while (S)-FQI1 and
FQI2 were four-fold more effective as FQI1 in
inhibiting cell proliferation at a comparable dose
that inhibits LSF transactivation. Structure-
activity relationship (SAR) analysis comparing
the Glso values (concentrations that reduce cell
proliferation by 50%) from all the FQI analogs
containing combinations of peripheral structural
variations revealed consistent inhibition of cell
growth and LSF transcriptional activity in all cell
lines. Highly correlated structure-activity rela-
tionships and specificity strongly suggests that
the antiproliferative activity of the FQI com-
pounds is the consequence of targeting a sin-
gle, or multiple highly related, molecules.

To develop FQI as a potential therapeutic for
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Figure 4. Model for molecular mechanism by which LSF promotes hepatocarcinogenesis. LSF transcriptionally
upregulates osteopontin (OPN), matrix metalloproteinase-9 (MMP-9), complement factor H (CFH) and fibronectin 1
(FN1). Secreted OPN binds to CD44 receptor resulting in activation of c-Met and its downstream signaling Akt and
ERK. Collectively these events contribute to proliferation, invasion, angiogenesis and metastasis. LSF upregulates
thymidylate synthase (TS) thus contributing to cell cycle progression and chemoresistance.

HCC, the anti-proliferative activity of FQI1 and
FQI2 was tested using QGY-7703 and Hep3B
cells that overexpress LSF [98]. Both FQI1 and
FQI2 inhibited viability of QGY-7703 cells pro-
foundly at doses between 0.5 to 2 uyM and by
48 h 90% of QGY-7703 cells showed apoptosis.
The kinetics of the killing was delayed in Hep3B
cells, in which by 96 h, 65% cells showed apop-
tosis. QGY-7703 cells are highly aggressive and
express high level of LSF, compared to Hep3B
cells. The findings of viability and apoptosis as-
says support an oncogene addiction phenome-
non where QGY-7703 cells are more dependent
on LSF for its survival and therefore are more
susceptible to LSF inhibition. In human prostate
cancer cells inhibition of LSF by dominant nega-
tive LSF leads to cell cycle arrest at S phase
with subsequent apoptosis due to inhibition of
expression of LSF target gene thymidylate syn-
thase. However, incubation with thymidine to
overcome cellular dependence on thymidylate
synthase did not rescue QGY-7703 cells from
FQI1-induced apoptosis, indicating inhibition of
additional LSF target genes mediating FQI1-
induced apoptosis. Importantly, FQI1 did not
adversely affect viability of normal immortalized
human hepatocytes (Hc3716-hTERT) and pri-
mary mouse hepatocytes in vitro further sup-
porting the phenomenon of oncogene addiction
in QGY-7703 cells.
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To confirm in vivo efficacy of FQI1, subcutane-
ous xenografts were established using QGY-
7703 cells in athymic nude mice and after the
establishment of the tumors the animals were
treated with FQI1 intraperitoneally at a dose of
1 mg/kg once every 3 days for a total of 5 times
[98]. The mice were followed for another 2
weeks after the last treatment. FQI1 treatment
inhibited tumor growth by ~90% with profound
inhibition in tumor angiogenesis, as evidenced
by CD31 staining; proliferation, assayed by Ki-
67 staining; and expression of LSF target gene,
such as OPN without affecting LSF expression.
More importantly no general toxicity was ob-
served in FQll-treated animals with preserva-
tion of normal morphology and architecture of
the internal organs. Liver enzymes and serum
protein levels were unaffected upon FQI1 treat-
ment demonstrating that FQI1 did not induce
any liver damage. These studies indicate that
FQI1 is safe and potently effective in inhibiting
human HCC.

Conclusion

Our studies have identified novel targets of LSF,
such as OPN, MMP-9 and c-Met, that play es-
sential roles in hepatocarcinogenesis (Figure 4).
OPN promotes tumorigenesis via a vast array of
mechanisms, one of which is induction of MMP-
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9. While we demonstrate that LSF transcription-
ally regulates MMP-9, the two most frequent
transcription factors regulating MMP-9 tran-
scription are NF-kB and AP-1. We have previ-
ously demonstrated that LSF itself can activate
NF-kB and it also activates ERK signaling that
might lead to AP-1 activation [72]. These prop-
erties of LSF might be attributed to OPN, a
known activator of NF-kB and AP-1, and OPN-
induced c-Met activation. As such there might
be multiple mechanisms by which LSF induces
MMP-9 expression. On the other hand, MMP-9
is known to cleave OPN into specific fragments
which augment HCC cell invasion [99]. Thus
MMP-9 and OPN work in concert to promote
hepatocarcinogenesis. Affymetrix microarray
studies identified complement factor H (CFH) as
an LSF-inducible gene [72]. OPN can sequester
complement factor H (CFH) to the surface of
cancer cells that disables the formation of the
membrane attack complex and subsequent
complement-mediate lysis of cancer cells, thus
favoring their escape from host immune de-
fense during the process of metastasis [100].
Thus LSF functions as a master regulator of a
network of proteins, involving OPN, MMP-9, c-
Met, CFH and FN1, controlling tumor progres-
sion, angiogenesis and metastasis, and also cell
cycle regulatory proteins, such as TS, and inhibi-
tion of LSF might be an effective strategy to
counteract a fatal disease like HCC. The identifi-
cation of FQI family of small molecules ushers in
a novel therapeutic modality for HCC [98]. The
initial characterization of FQI1 demonstrates its
safety and efficacy in pre-clinical immune-
compromised mouse models. More stringent
studies using transgenic and immune-
competent animal models are warranted for
future translation of FQI to clinics to promote
disease-free survival in HCC patients.
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