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ABSTRACT
a-fetoprotein (AFP) is a protein that is active during liver development and
hepatocellular differentiation that is under the transcriptional control of two regulators –
Afr1 and Afr2. Afr2 acts to transcriptionally reactivate AFP in liver regeneration and
tumorigenesis. This observation led to AFP utilization as a diagnostic marker for
hepatocarcinogenesis. The purpose of this study was to identify and clone Afr2 candidate
genes. To begin, the AFP promoter was analyzed for potential transcription factors. A
genetic map of chromosome 2 was corrected and utilized to localize the candidate region
more accurately. This region was analyzed for genes variant between two mouse strains
(C3H/HeJ and C57BL/6) with opposite AFP reactivation phenotypes. Candidate genes
were also identified from gene expression analyses from the same strains. These variant
genes were then analyzed for interactions with potential AFP transcription factors and
others within the candidate pool. This identified a candidate pathway containing Ciao1,
WT1, and Ywhae.
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I. INTRODUCTION
The Liver in Development and Disease
The liver is the largest internal organ and performs a wide variety of homeostatic
functions, including the production of digestive enzymes that are important for
macromolecule metabolism (NIH 2009), detoxification of harmful chemicals in the
blood, removal of worn-out erythrocytes from the blood, storage of macromolecules and
vitamins, and production of various hormones. One of the most distinguishing properties
of the liver is it’s potential for regeneration upon damage. The liver has the ability to
regenerate up to 2/3 of the organ body if it is damaged or removed, while still
maintaining homeostatic functions (Michalopolous 2007).
The liver’s regenerative process mimics embryonic liver development, making it
possible to study genes that are active during the developmental processes leading to
competence. There are a multitude of genes that are implicated as having a role in both
liver development and regeneration (Zaret and Grompe 2008, Shin and Monga 2013).
One of the major proteins involved in the development of the fetal liver is α-fetoprotein
(AFP). This protein seems to function not only in initial liver development in utero, but
also in both the regenerative and tumorigenic processes of the liver (Tomasi 1977). In
early development, AFP is present and active in the endoderm of the foregut at low
levels. Once the foregut begins to differentiate under the action of the transcription
factors Foxa1 and Foxa2, the portion that is to become the liver begins to express higher
levels of AFP. AFP gene expression is then transcriptionally silenced after the perinatal
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period and repressed during the postnatal period due to a number of genes (Prox1, Hex,
Hlx, HNF4α, GATA6, HNF1β, and HNF6), all of which have been shown to be
transcriptional regulators of multiple hepatic genes (Spear et al 2006). However, AFP
gene expression is transcriptionally reactivated during liver regeneration (Lin et al 2009),
as well as in liver cancer (Spear 1999). Two regulators for AFP mRNA expression were
initially found using mouse genetics: Afr1 and Afr2. Afr1 functions almost exclusively in
the embryonic expression of AFP, while Afr2 has been shown to control AFP levels
during liver regeneration and tumorigenesis (Spear 1999). Further exploration identified
Zhx2 as the Afr1 gene through the use of positional cloning (Peterson et al 2011). While
some information has been gained about Afr2-mediated regulatory mechanisms, the
molecular identity of Afr2 remains unknown.

Afr2 Influences AFP Transcription
Jin et al (1998) identified the region of the AFP promoter that was required for
Afr2-mediated regulation by constructing transgenes that deleted different portions of the
AFP promoter and assaying for reactivation of AFP transcription. They found mice with
a deletion between -1,010 and -838 bp produced less AFP mRNA present in the liver
when regeneration was initiated by either CCl4 intoxication or partial hepatectomy. This
suggested that transcriptional regulation, rather than RNA instability, is the mechanism
by which AFP mRNA levels are controlled.

Eukaryotic Transcription Mechanisms
Eukaryotic transcriptional control mechanisms are complex and diverse (reviewed
by Lelli et al 2012) (Figure 1). Some mechanisms involve chemical changes made to the
DNA, such as methylation or phosphorylation events which have the potential to alter
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accessibility of regulatory regions, such as DNA being tightly bound by histones. Micro
RNAs (miRNA) are also known to influence gene expression through RNA silencing
post-transcription.
Specific DNA sequences, cis-acting sequences, that can influence transcription
are promoters, enhancers, and repressors. Enhancers and repressors are bidirectional and
can act over large distances. Promoters, however, are found immediately upstream of the
gene’s transcriptional start site. Gene-specific promoter elements act with trans-acting
factors known as transcription factors in order to regulate transcription beyond the
normal, basal level controlled by the basal transcription machinery. These transcription
factors, when present, can act upon promoters either alone or by forming complexes in a
larger network. In addition, binding of the same transcription factor to different
sequences can alter the conformation of that transcription factor, potentially producing
different transcriptional levels (Figure 1A). Regulation may take place simply due to the
presence, absence, or expression level of a single transcription factor which could be due
to the transcription factor being expressed in tissue-specific, developmental-specific, or
other condition-specific ways. Transcription factors can also act via quaternary structures,
such as dimeric and trimeric complexes (Figure 1B) with the same or different binding
partners. Homodimers and heterodimers are also known to bind different DNA
sequences, thereby regulating different genes (Kosugi and Ohashi 2002). One variation
on transcription factor multimerization is the formation of enhanceosomes as a complex.
Each transcription factor in the complex is sequence-specific, but the complex only binds
as a single unit (Figure 1C). Finally, one transcription factor can also act as an anchor to
recruit other non-DNA binding proteins that influence transcription (Figure 1D).
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Figure 1. Selected Mechanisms of Eukaryotic Transcriptional Regulation
A) Conformational change in TF due to DNA allosteric effects. B) Common TF
activating multiple genes through different binding partners. C) Multiple TFs forming an
enhanceosome complex. D) Transcription is activated through a non-DNA binding
complex recruited by initial seeding of a DNA binding transcription factor. Adapted
from Lelli et al 2012.
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Afr2 Identification Attempts
Classical mouse genetic experiments were used to map Afr2 to the long arm of
chromosome 2. Mouse strains C3H/HeJ and C57BL/6 both exhibit the expected
repression of AFP postnatally. AFP mRNA levels are high in C3H/HeJ mice with liver
damage. In contrast, upon liver damage and initiation of regeneration, AFP mRNA levels
are low but detectable in C57BL/6 mice. The C57BL/6 (low AFP) strain is resistant to
liver tumors, while the C3H/HeJ (high AFP) strain is more susceptible to liver tumors. In
the mapping experiment, C3H/HeJ and C57BL/6 mice were mated and the heterozygous
offspring were backcrossed to C57BL/6. The backcross offspring were genotyped for
markers across the entire genome and their ability to reactivate AFP gene expression after
liver damage was assayed. This data revealed that Afr2 was located between the end of
marker D2Mit398 and the beginning of D2Mit224, genomic locus range
chr2:125,725,767-129,288,472. However, no additional attempts to identify Afr2 have
been successful.
In order to develop a model of AFP transcriptional reactivation by Afr2, it was
first necessary to investigate the identity of Afr2. To this aim, a thorough and systematic
approach was developed to identify candidate genes which subsequently led to the
development of a model of AFP transcriptional regulation involving three proteins:
Ciao1, WT1, and Ywhae, which may act via the anchoring model (Figure 1D).
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Research Goal and Strategies
The overarching goal for this thesis project was to identify Afr2 gene candidates
using bioinformatics analyses, existing gene expression data, computational analyses, and
then to clone the candidates for later functional experiments.

The specific strategies used in this project were:
Strategy 1: Utilize existing strain variation to build a list of candidate genes based upon
genetic variation of the target region on chromosome 2.

Strategy 2: Analyze existing microarray data and build a list of candidate genes based
upon mRNA expression levels when comparing:
1) C3H/HeJ and C57BL/6 in liver damage, and
2) C3H/HeJ quiescent to regenerating liver.

Strategy 3: Perform combinatorial and computational biology analyses in order to
narrow the pool of candidate genes.

Strategy 4: Clone the candidate gene(s) to be used in later functional experiments.
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II. MATERIALS AND METHODS
BIOINFORMATICS ANALYSIS
To identify the Afr2 gene, a bioinformatics approach was used to perform a
thorough analysis of all possible candidate genes and the AFP promoter.
AFP Promoter Analysis
Sequence for the AFP promoter region linked to Afr2 regulation (-1,010 to -838
bp upstream of the AFP initial start codon) was retrieved for both the C57BL/6 and
C3H/HeJ strains from the University of California at Santa Cruz (UCSC) Genome
Browser (Kent et al 2002, Karolchik et al 2004) using genome build GRCm38/mm10,
and the Sanger Genome Evaluation Browser (gEVAL) (Chow et al 2016), respectively.
The specific coordinates used for sequence retrieval were 5:90489727-90489899. The
sequences were then aligned using ClustalOmega (Sievers et al 2011), and shaded using
BOXSHADE to easily identify differences between the sequences. Both sequences were
then analyzed for possible transcription factor binding sites using the DNA binding site
algorithm PROMO (Messeguer et al 2002).
Linkage Map Correction
The linkage map generated by Jin and Feuerman (1997) was corrected by
comparing the coordinates of published marker loci found in the Mouse Genome
Informatics (MGI) database (Blake et al 2017) to the coordinates in the original study.
Predicted Function of Variant Genes
Both the MGI database and the Sanger Wellcome Trust Institute (Keane et al
2011, Yalcin et al 2011, respectively) were used to locate genes with variation in the
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region from 125,725,472-129288472 on the mouse chromosome 2 including single
nucleotide polymorphisms (SNPs), insertions/deletions (InDels), and structural variants
(SVs). Gene Ontology (GO) terms for each of the genes was identified using
Homologene within the National Center for Biotechnology Information (NCBI).
Reference sequences for genes without identified GO terms were retrieved from
NCBI (Table 1), and were subsequently translated into amino acid sequences using
ExPASy Translate (Artimo et al 2012). Amino acid sequences for genes which resulted in
proteins >100 amino acids in length were then analyzed for protein domains and motifs
using both SMART (Schultz et al 1998) and InterProScan (Jones et al 2014) tools to gain
information regarding possible functions for those genes initially lacking any GO terms.
Those genes with identified GO terms and/or predicted protein domains indicating
transcription and/or RNA stability related functions were carried into the next phase of
analysis. Any results that indicated possible miRNAs were analyzed using miRBase
(Ambros et al 2003) to check for miRNA interactions with candidate genes.
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Table 1. Reference Identification Numbers for Candidate Genes

Candidate genes and corresponding reference sequences used in the developed analytical
pipeline for genes without identified GO terms.
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Microarray Data Mining
Unpublished microarray data from M. Peterson/B. Spear were evaluated to
identify genes upregulated in liver regeneration. In order to produce the RNA used in the
microarray experiment, mice (specifically C3H/HeJ and C57BL/6) were inoculated
intraperitoneally with either 50 µL of mineral oil (MO) with 10% carbon tetrachloride
(CCl4), or 50 µL MO, as described by L. Morford (2007).
Pathway Analysis for Protein-protein Interactions
Two related, but distinct, methods were used to screen candidate proteins for
previously known or predicted direct interactions with the potential AFP transcription
factors. First, the candidate genes were searched by name in a pathways and interactions
database, STRING, that uses published experimental evidence (Artimo et al 2012) to
identify direct interactions between candidate proteins and transcription factors that were
predicted to bind in the -1,010 to -838 region of the AFP promoter. Another database
specifically for interactome analyses, MENTHA, was also used (Calderone et al 2013).
This generates maximum likelihood interactome pathways between the multiple genes
used as input using published experimental evidence.
Protein Modeling of the Candidate Pathway
Due to the lack of available murine protein structure models, SWISS-Model
(Altimo et al 2012) was used to generate homology models for the candidates and
putative interacting proteins identified within the appropriate region on chromosome 2 in
both the variation screen and microarray data mining. Amino acid sequences were loaded
into the SWISS-Model server which searches the Protein Data Bank (PDB) and other
protein databases for similar sequences with available models. These model templates
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were then either included or excluded from further analysis based upon sequence
identity/similarity, which are evaluated 1-100, and total coverage of the target sequence.
Candidate genes that were used in modeling are shown in Table 2 with the corresponding
SWISS-Model template IDs. The candidate pathway was modeled in the structural
modeling software CLC Drug Discovery Workbench (Qiagen) to examine possible
interactions between the proteins in the pathway.
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Table 2. Template Identification Numbers for Candidate Protein Models

Selected models for each candidate gene on basis of sequence identity and total coverage
ultimately used in protein model analysis.
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MOLECULAR CLONING OF CANDIDATE GENES
RNA
Mouse RNA samples were kindly provided by Drs. M. Peterson and B. Spear and
included RNA from C3H/HeJ and C57BL/6 mouse livers treated with CCl4 or mineral
oil, and samples from liver tumors. Before the isolation was performed, the RNA samples
were checked for quality. The samples were fractionated on a 1.5% formaldehyde gel and
viewed under UV light.
RT-PCR and PCR
Intact samples were used in reverse transcription polymerase chain reaction (RTPCR) to produce a pool of cDNA using M-MLV Reverse Transcriptase as directed by the
manufacturer (Invitrogen).
Primers for Ciao1, WT1, and Ywhae (Table 3) were designed either by using
Primer3Plus (Untergasser et al 2007) or manually and checked for hairpin formation in
OligoCalc (Kibbe 2007). Optimization of the primer sets was performed through gradient
PCR using the Phusion Polymerase protocol provided by the manufacturer (Thermo
Scientific), using annealing temperatures of 50.0, 51.5, 53.9, 57.5, 52.2, 66.0, 68.5, and
70.0 degrees Celcius.
The fragments were fractionated on a 1% agarose gel using the Log2 Ladder from
New England Biolabs (NEB) as the standard for determining size.

The primer information for each of the genes in the candidate pathway including the sequences of each primer, added
restriction sites, the source of the primer sequence, annealing temperature found through the use of Gradient PCR, and the
expected PCR fragment size.

Table 3. Primer Information for Candidate Genes
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Ligation and Transformation
PCR products were ligated individually into the pCR-Zero BluntII TOPO vector,
as directed by the manufacturer (Invitrogen), though the initial ligation was incubated at
room temperature for 60 minutes instead of the recommended 5 minutes. Ligations were
used to transform One Shot® TOP10 chemically compotent E.coli cells. Transformed
bacteria were grown on tryptic soy agar (TSA) containing kanamycin (100 µg/mL).
Transformant Screening
Kanamycin-resistant colonies were both patched onto TSA plates containing
kanamycin, at the concentration above, and inoculated into 2 mL TSA broths plus
kanamycin. Liquid cultures were grown in a 37 °C shaking incubator at 250 rpm for 16
hours. Plasmid DNA was then isolated according to Green and Sambrook (2012), and
screened via restriction enzyme analysis. Initial digestion was done with EcoRI in order
to determine which plasmids contained inserted fragments. Those colonies that contained
inserts approximating the expected sizes were then digested with AvaII, which has
multiple cut sites in the candidate genes and within the vector, as determined through the
use of RestrictionMapper. Expected fragment sizes were calculated by hand using the
AvaII restriction site locations (GG[A/T]CC) (Table 4).

Table 4. Expected Fragment Sizes from AvaII Restriction Digest.
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III. RESULTS
AFP is a protein that is active in initial embryonic hepatocellular differentiation as
well as liver regeneration in the adult and tumorigenesis. Elucidation of the mechanism
by which transcriptional reactivation of AFP occurs has important implications for both
organ regeneration and cancer. Two different regulators were genetically identified in
embryonic and adult AFP RNA expression: Afr1 and Afr2.
To begin a detailed study into the molecular identification of Afr2, an analysis of
the previous mapping data was undertaken. The original map produced from
backcrossing experiments (Jin and Feuerman 1997) was found to be in error based upon
current loci coordinates for the genetic markers used in the mapping study (Table 5). The
markers were identified and used to reconstruct the map (Figure 2) to reveal that Afr2
was actually located between markers D2Mit 398 and D2Mit 208. Upon correction of the
linkage map, the approximate size of the region of interest decreased from 9,554,863 bp
to 3,562,705 bp.
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Table 5. Genetic Markers on Chromosome 2 used to Determine the Potential
Location of Afr2

Table of marker coordinates listed in the order of the original linkage map from Jin and
Feuerman 1997. Arrows indicate where markers were moved according to published
coordinates.
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Figure 2. Corrected Linkage Map used to Identify the Region of Interest.
Each column of boxes represents a recombinant chromosome. Markers are listed
at the left. Boxes at the bottom represent the phenotype of the mouse carrying the
chromosome. The red box at the left indicates the markers that were out of order
in the original study, here showing them in the corrected order. The red box
within the figure shows the crossover event that resulted in a change in
phenotype, and by extension the location of Afr2. The star indicates the
chromosome generated by the crossover event where the phenotype change
occurred.(Corrected from Jin and Feuerman 1997).
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Variation within this region and/or the AFP promoter between C57BL/6 and
C3H/HeJ must therefore be responsible for the different AFP phenotype in these mouse
strains. First, variation in the Afr2-specific region of the AFP promoter between the
strains was investigated. The -1,010 bp to -838 bp region of the AFP promoter from both
strains was aligned and revealed many differences (Figure 3). To gain better insight into
which transcription factor might differentially bind each promoter, potential DNA
binding sites were then analyzed for both promoters using Alggen PROMO. The
resulting transcription factors were then searched within MENTHA, and only those with
mouse homologs were retained, resulting in 75 possible transcription factors (Table 6).

Figure 3. Alignment of the AFP Promoter in both Mouse Strains.
C3H/HeJ (above as C3H_AFPPro) and C57BL/6 (above as BL6_AFPPro).
Black boxes identify matches, grey indicates transition variants (A<>G, C<>T), white indicates insertions/deletions or
transversion variants (purine<>pyrimidine). Dashes indicate no matching sequence.
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Table 6. Potential AFP Transcription Factors Identified from AFP PROMO
Analysis

The transcription factors listed are those with mouse homologs found in the MENTHA
Interactome Browser. Those with grey boxes indicate that the same name is used in both
Alggen and MENTHA databases.
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Genomic localization of the transcription factors showed that none of
transcription factors were within the mapped region identified as the location of Afr2.
Based on this analysis and the knowledge that transcription factors can act in a
cooperative manner with non-DNA binding regulators, two approaches were undertaken.
First was the mining of unpublished microarray data (Peterson, unpublished). Second was
an investigation of variation within the mapped region of chromosome 2.
Eight genes within the designated region of chromosome 2 were found to be
upregulated in C3H/HeJ CCl4 compared to MO treated and five genes were upregulated
in C3H/HeJ CCl4 treated compared to C57BL/6 CCl4 treated (Figure 4A; Table 7). The
variation analysis using the Sanger database returned 26,622 SNPs, 4,919 InDels, and
157 Structural Variants. Ninety-two variant genes were in the region of interest. The
variation analysis using the Mouse Genome Institute (MGI) returned 2,002 SNPs.
Ninety-nine were in coding regions (Figure 4B). All genes from the MGI search were
also found in the Sanger search, so the resulting lists were merged (Figure 4B; Table 8).
In total, this represented the initial candidate gene pool.
All candidate genes were then searched for either transcriptional or RNA
stability-related functions using an ontology search at NCBI. Genes with known function
related to RNA level regulation (either transcriptional or RNA stability), along with those
whose function was unknown were retained within the candidate pool (Figure 4C; Tables
7 and 8)
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Figure Key

Figure 4. Bioinformatics Analytical Pipeline.
Left) Flowchart depicting the bioinformatics analytical pipeline that was developed.
Right) Figure key for the analytical flowchart.

Candidate genes located in the region of interest on chromosome 2 which are upregulated in C3H/HeJ following liver
damage. Orange boxes indicate no known ontology. Green boxes indicate RNA stability-related ontology. Blue boxes
indicate transcription related ontology.

Table 7. Candidate Genes Resulting from the Microarray Data Mining
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Table 8. Combined Pool of Candidate Genes from the Variation Analyses

Candidates that are variant between C3H/HeJ and C57BL/6. Orange boxes indicate genes
with no known ontology data. Green boxes indicate RNA stability related functions. Blue
boxes indicate Transcription related functions.
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Nucleotide sequences for genes with no known ontology data were translated and
the amino acid sequences were used to search protein domain databases for clues into the
function of these unknown genes (Figure 4D). None of the 42 genes that were analyzed
were found to have domains that would indicate RNA stability or transcription related
functions. The candidate pools were therefore narrowed to six genes that had known
transcription related ontology (Figure 4E; Table 6). Mir3473g is a miRNA within the
region of interest on chromosome 2 and was analyzed in miRBase for potential
interactions with other candidates (Figure 4F). No interactions were found.
Since none of the potential AFP transcription factors were located within the
appropriate region of chromosome 2, the candidate genes were searched using the
STRING database for direct interactions with the potential AFP transcription factors
(Figure 4G; Figure 5). These returned no evident, direct interactions with the potential
AFP transcription factors identified in the earlier DNA binding predictions using
PROMO (Appendices 1 and 2; Table 4). While STRING only searches for direct
interactions, another database, MENTHA, searches for possible interactions across nodes
and builds potential pathways between search terms. So, the search was repeated in the
MENTHA interactome browser (Figure 4H; Figure 6). When evaluating the candidate
pathways identified within the MENTHA database, candidate pathways containing both a
candidate protein and at least one potential AFP transcription factor(s). This produced
two viable candidate pathways, one involving Ciao1, the other Zfp661. Through the
addition of Zhx2 to the analysis, the best candidate was determined to be the pathway
containing Ciao1, Ywhae, and WT1. (Figure 6).
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Figure 5. Direct Interactions for the Five Transcription Factor Candidate Genes
from the STRING Database. A)Zfp661, B) Zc3h8, C) Gabpb1, D) Ciao1, and E)
Cops2.

Figure 6. Predicted Interactome Pathways for Each of the Potential AFP Transcription Factors and Candidate
Proteins with Transcription-Related Functions.
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Ciao1 was subsequently analyzed for variance in the coding region between the
two strains. Only synonymous variants were present, so the promoters were analyzed as
far as to 2000 bp upstream (chr2:127247817-127249816) (Figure 7).
Once a candidate pathway was identified, a protein modeling approach was taken
to gain additional information about specific protein-protein interactions between the
members of the complex. Due to the lack of mouse protein models, homology models
were generated from the SWISS-Model server for Ciao1, WT1, and Ywhae, (Figure 8;
Figure 4H). When evaluating the quality of the model, sequence identity (similarity of the
input sequence to the model sequence) as well as overall sequence coverage (amount of
sequence that the generated model represents) were assessed and those with the highest
quality in both were used in the model production. The models generated were also
analyzed in the CLC Drug Discovery Workbench (Figure 4H). This allowed for
manipulation and identification of individual portions of the models, specifically the:
1) identification of binding pockets in each one that could act as a docking site for the
others, 2) identification of the predicted surface architecture, and 3) identification of the
predicted electrostatic surface (Figures 9-11, respectively).
In order to model docking of one protein with another, ligands, which are surface
contacts, must be extracted from the models. The Workbench failed to identify and
extract ligands from the Ciao1 and Ywhae models. Zinc ligands were extracted from
WT1, but the zinc ligands in WT1 are bound to DNA and therefore not able to participate
in protein-protein interactions. This is not surprising since the WT1 model includes only
the C-terminus, which is bound to DNA. With no ligands extracted from Ciao1 or
Ywhae, the two could not be docked and analyzed. Although these models provide a
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glimpse into the tertiary structure of each protein, they could not be used to further
examine potential sites of protein-protein interaction.
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Figure 7. Alignment of Ciao1 Promoter in both Mouse Strains. C3H/HeJ is shown as
C3H_Ciao_Pro, and C57BL/6 is shown as BL6_Ciao_Pro.
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Figure 7. Alignment of Ciao1 Promoter in both Mouse Strains (continued). C3H/HeJ
is shown as C3H_Ciao_Pro, and C57BL/6 is shown as BL6_Ciao_Pro.

Figure 8. Templates Selected to be used in the Production of Homology Models. A) Selected template to be used for
WT1 modeling. B) Selected template for Ywhae modeling. C) Selected template for Ciao1 modeling.
34

Figure 9. Modeling and Binding Pocket Analyses of Ciao1. Binding pocket is indicated by green dots. A) Ciao1 ribbon
structure. B) Predicted surface of Ciao1. C). Predicted electrostatic surface of Ciao1.
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Figure 10. Modeling and Binding Pocket Analyses of WT1 C-Terminus. Binding pocket is indicated by green dots. A)
WT1 ribbon structure. B) Predicted surface of WT1. C) Predicted electrostatic surface of WT1.
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Figure 11. Modeling and Binding Pocket Analyses of Ywhae. Binding pocket is indicated by green dots. A) Ywhae
ribbon structure. B) Predicted surface of Ywhae. C) Predicted electrostatic surface of Ywhae.

B
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With the identification of the pathway, a molecular cloning approach was
undertaken in order to clone each of the genes within the pathway (Ciao1:Ywhae:WT1).
RNA was isolated from livers of mice that were treated with either mineral oil or CCl4,
and five livers tumor samples were obtained from Dr. Brett Spear. RNA samples were
checked for quality on a formaldehyde agarose gel (Figure 12). Due to C3H/HeJ being
the high expressing mouse, intact C3H/HeJ RNA samples from CCl4-treated livers that
exhibited both 28S and 18S bands on the formaldehyde gel were used due to generate
cDNAs. Gradient PCR was used to optimize primer annealing temperatures for each of
the primer sets for each candidate gene in the pathway. PCR products were then
separated on a 1% agarose gel (Figure 13), to determine optimal annealing temperatures.
Once annealing temperatures were optimized, the PCR fragments were ligated
into the vector pCR-Zero Blunt II TOPO. Ligations were transformed into E.coli and
colonies were selected using kanamycin.
Colony growth indicated positive transformation results since this vector induces
bacterial death if no insert is ligated. Eight colonies of each gene (Ciao1, WT1, and
Ywhae) were selected for further screening. Plasmid DNAs isolated from each colony
were first treated with EcoRI. This enzyme cuts the plasmid on either side of the insert so
that the fragment is released (Figure 14). Colonies positive for insert were then cleaved
with AvaII which cuts in each of the genes, as well as the plasmid, generating predicted
sizes (Table 4).
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Figure 12. Formaldehyde Gel used to check Integrity of Liver RNA Samples

Figure 13. Optimal Annealing Temperatures for Primer Sets. Gradient PCR results for A) Ciao1, B) WT1, and C)
Ywhae. Gradient temperatures corresponding to each lane are shown across the top. Ladder sizes are shown down the left
side of the image. Fragment sizes are on the right side. Exact sizes are given where the expected sizes correspond to the
present band (Ciao1 and Ywhae), approximate sizes are noted where bands don’t correspond to the expected size (WT1).
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Figure 14. Cloning and Restriction Enzyme Analysis of Candidate Genes. Red lines and numbers within the vector
maps indicate EcoRI sites and fragment sizes. Purple lines and numbers within the vector maps indicate AvaII cut sites and
fragment sizes. Red bordered gel images are EcoRI digests while purple is the AvaII digest.
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These results indicate that WT1 colony W6 is likely correct and Ywhae colonies
Y10, Y11, and Y14 are correct. Ciao1 colony 17 has a fragment that is smaller than
expected, but may be a positive colony. DNA sequencing will be used to confirm all
clones. Having these genes cloned and the sequences will enable the next step in this
research: functional studies using expressed proteins and an AFP reporter of
transcription.
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IV. DISCUSSION
Understanding key initiators, regulators, and markers of liver tumorigenesis are
important for early diagnoses and treatment, and therefore, the reduction of mortality.
Expression of RNA from the AFP gene in the liver, which is normally silent in the adult,
has been used as a biomarker for liver tumorigenesis (Abelev 1971). The aim of this
project was to identify regulators that lead to adult expression of AFP which could
provide earlier biomarkers or genetic therapeutic targets for liver tumorigenesis.
In this study, a combination of bioinformatic analyses, computational modeling,
mining of existing mapping data, genetic variation, and gene expression data was used to
identify and clone three potential regulators in the mouse model. Ciao1, a known
transcription factor whose genomic location is within the region of interest on
chromosome 2 in mouse, was identified from genetic mapping, gene expression, and
genetic variation analyses. Ciao1 is a multi-WD40 subunit protein that has transcription
factor ontology and sequence-specific DNA binding activity (Johnstone et al 1999).
Variation analyses indicated only synonymous differences between the C3H/HeJ version
of Ciao1 and the C57BL/6. However, the promoter of Ciao1 has differences which might
lead to different levels of expression of the protein in C3H/HeJ and C57BL/6. These
differences could account for the AFP phenotype differences in C3H/HeJ and C57BL/6
mouse strains. The effect of these mutations on Ciao1 transcription, as well as the effect
of the different Ciao1 protein levels on AFP transcription should be investigated further.
Holding to the model of AFP transcription postulated here, increased or decreased levels
of Ciao1 would be expected to increase or decrease level of AFP, respectively.
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The second identified candidate, WT1, whose genomic location is outside of the
region of interest on chromosome 2 in mouse, was implicated as a potential interaction
partner with Ciao1 through AFP promoter analysis and previous studies that indicate
interaction and regulation by Ciao1 (Johnstone et al 1999). The nucleotide sequence
shows very little variation between strains, and the domain analysis shows no change in
the predicted domains of the proteins across strains. Interestingly, WT1 has also been
shown to interact with Zhx2 (Afr1) in kidney development and podocyte disease (Liu et al
2006). WT1 expression data also shows that WT1 expression levels mimic that of AFP –
increased in the embryonic development stages and silenced in the adult liver (Mouse
ENCODE Consortium et al 2012). WT1 has been shown to be essential for the successful
development and differentiation of multiple tissue types arising from the mesoderm
through the binding targets’ 3’ untranslated regions (UTR) and subsequent mRNA
downregulation through an decrease in mRNA stability (Bharathavikru et al 2017). It has
also been shown to act as both a transcriptional activator and repressor (Essafi et al 2011,
Toska and Roberts 2014), and has a binding affinity for both DNA and RNA (Bardeesy
and Pelletier 1998). This observation could indicate that though initially identified and
analyzed as a transcription factor of AFP, WT1 could actually be influencing regulation
through RNA stability as opposed to mRNA production.
The third potential regulatory gene identified is Ywhae. In the mouse, it is located
on chromosome 11 and shows ontology related to protein domain specific binding. It was
identified through the use of the MENTHA Interactome browser. Ywhae was predicted to
be a potential intermediate between Ciao1 and WT1. The known expression profiles
match that of AFP in the liver in that expression decreases as embryonic development
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occurs and the lowest level occurs in the adult liver (Mouse ENCODE Consortium et al
2012). There are no published data on Ywhae levels in liver tumorigenesis or
regeneration.
Based upon these data, the proposed model of AFP reactivation is one in which a
complex formed by Ciao1:Ywhae:WT1 is required for reactivation of AFP transcription
(Figure 15A). This can be tested both in vitro and in vivo using purified proteins and
transfected cells, respectively. The idea of a complex, rather than a single regulatory
protein being responsible for this reactivation could potentially explain why the identity
of the Afr2 gene has remained elusive for so many years. That is, traditional methods
such as 1-hybrid or 2-hybrid genetic screens would have been unable to identify the
three-protein regulatory complex as it only utilizes a single, or two genes at a time.
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Figure 15. Proposed Models of AFP Transcriptional Reactivation
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While the Ciao1:Ywhae:WT1 pathway was identified as the candidate with the
highest potential, there are two alternative pathways that show potential as well:
Ciao1:Ywhae:Klf13, and Zfp661:TRIM28:Myb (Figure 15B-C).
Klf13 is a transcription factor, found on mouse chromosome 7, that regulates the
production and development of many immune cells (Gordon et al 2008), though studies
have indicated a reproductive phenotype associated with total deletion (Heard et al 2012).
In a study using bioinformatics screening, Klf13 was identified as a potential gene linked
to gastric cancers (Li et al 2017), and Henson and Gollin showed that the overexpression
of this gene was present in oral cancer cells (2010). While this candidate pathway has
some potential, and Klf13 shows transcription factor ontology, it also shows ontology
related to repression of cellular proliferation (Gordon et al 2008). Mechanistically, this
pathway could function through overexpression of this target, though no studies have
been done on Klf13 in liver cells.
The second alternative pathway consists of Zfp661, TRIM28, and Myb. Zfp661
encodes a known zinc-finger containing transcription factor which shows high expression
in embryonic livers, and a decreased expression in adult livers (Mouse ENCODE
Consortium et al 2012) and is also within the candidate region on chromosome 2,
indicating potential as a candidate for Afr2. There is a lack of liver studies using Zfp661,
so no experimental conclusions about liver-related processes can be drawn. However, it
has been shown to function in erythropoiesis (Papadopolous et al 2015) and to be active
in development (Carter et al 2008).
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TRIM28 is the intermediate in the second alternate pathway. TRIM28 is recruited
to transcriptional start sites by zinc-finger proteins (Shibata et al 2011) and shows
transcription factor ontology as well as transcription coactivator activity and contributes
to sequence-specific DNA binding. This could indicate that it induces conformational
changes within the binding partner leading to the recruitment of other transcriptional
cofactors (Venkov et al 2007). Though ontology data suggests activator activity, TRIM28
has also been shown to interact with WTX, a tumor suppressor. This interaction is though
to lead to epigenetic silencing and activity as a regulator in both cellular differentiation
and tumorigenesis (Kim et al 2015). Other studies have shown that TRIM28 regulates
cancer stem cell populations in some cancer types (Czerwinska et al 2016). In this model,
TRIM28 might bind to Zfp661 to regulate its binding or activation characteristics, or to
act simply as a bridge to MYB. Other regulatory proteins are known to have opposing
compelling activities in different molecular contexts.
Myb shows many transcription factor-related ontology terms, and mainly
functions as a cell cycle checkpoint (Afroze et al 2003), a phenotype that if mutated could
lead to tumor production. Studies suggest that this could also have some tumor
suppressing function due to the deletion in various tissue types causing an increase in
tumorigenesis (George and Ness 2014, Thorner et al 2010). It has also been implicated in
the development of pancreatic cancers due to its presence or absence in the quiescent and
cancerous organ, respectively (Srivastava et al 2015). This expression pattern mimicked
in the liver, suggesting a potential role for MYB in the regulation of liver cancer, but not
in liver regeneration, as would be expected of Afr2.
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While the best candidate model, Ciao1:Ywhae:WT1, has support from several
sources, it is possible that the connections between the members of the complex are
coincidental since several pieces of data are based upon modeling. It will be important to
test this model in vivo by expressing all three of the candidate proteins together in the
same cell with an AFP promoter-reporter. To this aim, 2 of the 3 candidate genes have
been successfully cloned from RNA isolated from regenerating liver from a C3H/HeJ
mouse. If the model were to hold true, however, phenotypic studies in which one or more
of the candidates in the complex are either deleted by CRISPR/Cas9 or knocked down by
RNAi should be carried out in C3H/HeJ mice, or the introduction of the complex into
C57BL/6 transgenic mice. Further, expression and/or variation should be investigated in
humans as earlier biomarkers for liver cancer.
In summary, this study provides a candidate model of AFP reactivation involving
a complex of three proteins, Ciao1, WT1, and Ywhae, as well as two alternative candidate
models that are also complexes. These models, once confirmed, could aid in
understanding and early diagnosis of liver cancer, which is the 5th and 9th leading cause of
death in men and women, respectively.
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