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ABSTRACT
In humans, the zinc (Zn)-activated transcription factors (TFs) metal response element-
binding transcription factor 1 (MTF-1) and ZNF658 regulate gene expression by binding to their
associated DNA motifs, the metal regulatory element (MRE) and the zinc transcriptional
regulatory element (ZTRE), respectively, upon activation by cellular Zn. Genome-wide
bioinformatic analyses were performed to better understand how these motifs may affect TF
binding. The effects of the number of MREs and their distance from transcriptional start sites
(TSSs) were examined in a secondary analysis of gene expression. MTF-1 is also predicted to form
complex regulatory networks with miRNAs via the MRE in the promoters of miRNAs and their
target genes. ZNF658 may be responsible for a global Zn deficiency response by binding
selectively to ZTRE permutations that occur closer to transcriptional start sites (ex: ZTRE-E)

versus others (ex: ZTRE-A) under varied Zn concentrations.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Introduction

Complex regulatory networks in humans that are populated by zinc (Zn)-finger proteins
(ZFPs) are a great hidden treasure trove of biological data. Many of these ZFPs are transcription
factors (TFs) that control which genes are expressed and when. Certain ZFPs are directly activated
by Zn, meaning the amount of Zn a person consumes can have direct genetic consequences. This,
in tandem with the necessity for structural Zn by thousands of proteins, equates to a vast and
interesting role of Zn at the transcriptional level.

The action of the most well-studied Zn-activated TF, metal response element-binding
transcription factor 1 (MTF-1), has traditionally been understood in terms of Zn’s own homeostatic
processes, via the induced expression of cellular Zn transporters and metallothionine. However,
recent experiments demonstrate that MTF-1 affects the expression of hundreds, or even thousands
of genes, the products of whom belong to widely varied processes and pathways.

Of course there are many factors besides Zn that are essential to maintaining a finely-tuned
and complex human organism, and one category that has been moving toward center stage in the
past decade is microRNAs (miRNAs)—small, noncoding RNAs that can deactivate (or amplify)
gene expression post-transcriptionally. These miRNAs themselves can have their expression
influenced by Zn levels, with the result as multi-layered regulatory circuits. The elucidation of
these and other three dimensional interaction pathways will be the topic of future research for

decades and represents a giant hurdle in understanding how life really does what it does.



Although MTF-1 has been the main focus of Zn-activated transcriptional regulation
research for decades, a new factor has been recently discovered—ZNF658. It is possible that
ZNF658 oversees the mechanism of the response to critically low Zn in cells, and acts as a master
regulator to turn on or off certain protein expression to compensate. This function is seen by the
Zapl TF in yeast and ZNF658 may have an analogous role in humans.

The main text of this thesis consists of three published manuscripts from the past two years
of research. In Chapter 2, we test in a secondary analysis whether the amount or location of MTF-
1 binding sites affected gene expression levels. In Chapter 3, we lay the foundation of the potential
regulatory networks between MTF-1 and miRNAs, as pertains to human bone development
signaling pathways (TGF-B, MAPK, and Wnt). And in Chapter 4, we perform the first genome-

wide analysis of ZNF658 binding sites, and make new functional predictions based on our results.

Literature Review

Zinc (Zn) has widespread and essential roles in all living organisms, and follows iron as
the second most abundant trace mineral in humans. Deficiency can cause problems in health and
development, with four percent of the world population affected (Wuehler, Peerson et al. 2005),
and children as the most at-risk demographic (Hambidge and Krebs 2007, Tuerk and Fazel 2009).
In humans, ten percent of all proteins require Zn for their structure and function (Andreini, Banci
et al. 2006). Most of these proteins are involved in gene regulation, with the largest category being
Zn-finger proteins (ZFPs) (Klug 2010). Though Zn is ubiquitous in proteins involved in a wide
range of physiological processes, one area that Zn has a notable role is bone development

pathways. A special class of ZFPs are those whose function is in direct response to cellular Zn



concentrations, hereafter referred to as Zn-activated transcription factors (ZATFs). A deeper
understanding of ZATFs is crucial to discovering the mechanisms involved in the Zn-mediated
regulation of these pathways. Two notable ZATFs are the well-studied metal response element-
binding transcription factor 1 (MTF-1), and the recently characterized ZNF658. ZATFs may also
increase their regulatory extent by altering the transcription levels of microRNA (miRNA) gene
products.

Zn and bone development: assessment

Because of the strong link between Zn status and bone growth, the Zn status of populations
suspected of Zn deficiency can be assessed by functional length- or height-for-age measurements
(International Zinc Nutrition Consultative, Brown et al. 2004, Hess, Lonnerdal et al. 2009). In
animal models, diets lacking Zn will result in reduced bone growth (Keller, Chu et al. 2000, Chu,
Mouat et al. 2003, Grider, Mouat et al. 2007). Zn status also directly relates to certain osteogenic
biomarkers (Cho, Lomeda et al. 2007, Seo, Cho et al. 2010, Berger, Pollock et al. 2015).

Zn and bone development: regulatory pathways

The signaling pathways involved in the regulation of bone formation and growth are
transforming growth factor B/bone morphogenic protein (TGF-/BMP), wingless-type (Wnt), p38
mitogen-activated protein kinase (MAPK), Hedgehog, Notch, and fibroblast growth factor (FGF),
with significant overlap between these (Chen, Deng et al. 2012). TGF-/BMP, Wnt, MAPK, and
Hedgehog pathways also have overlap with the IGF-1 pathway (Longobardi, O'Rear et al. 2006,
Guntur and Rosen 2013, Tahimic, Wang et al. 2013). Insulin-like growth factor-1 (IGF-1) is a
hormone which plays an important role in childhood growth. In children, IGF-1 levels are
correlated with Zn status in some studies (Bougle, Sabatier et al. 2004, Imamoglu, Bereket et al.

2005, Cesur, Yordam et al. 2009, Hamza, Hamed et al. 2012), but not all show this association



(Park, Choi et al. 2017). It has been demonstrated that Zn increases IGF-1 synthesis in bone
(Igarashi and Yamaguchi 2001) as well as IGF-1 binding to its receptor (McCusker 1998,
McCusker, Kaleko et al. 1998, Sackett and McCusker 1998, Sackett and McCusker 1998).

Zn-activated TFs: overview

Zn is a required component of CyszHisz ZFPs, which make up 3% of the human genome
and are predicted to be the largest class of TFs. However the majority of Cys2His> ZFPs have
unknown functions, and those whose functions are known have widely varied functions. This
indicates a potentially vast regulatory network that is largely unstudied (Najafabadi, Mnaimneh et
al. 2015). A small group of these ZFPs, ZATFs, are known to bind to DNA in direct response to
stimulation of their Zn sensors. In eukaryotes the known ZATFs are Zapl (Saccharomyces
cerevisiae), Lozl (Schizosaccharomyces pombe), bZip19/bZip23 (Arabidopsis thaliana), and
MTF-1 (Homo sapiens, conserved among metazoan species) (Choi and Bird 2014). The newly
discovered ZATF ZNF658, which has been shown to bind to DNA and regulate gene transcription
in response to cellular Zn levels (Ogo, Tyson et al. 2015), may also be added to this list.

MTF-1 binds to the MRE

The metal regulatory element (MRE) was discovered in 1984, as a 12 base conserved DNA
sequence that when altered or deleted, changed the expression levels of mouse metallothionine
(MT) gene product (G.W. Stuart). The following year, that same lab deduced what is now the core
MRE consensus sequence, 5’-TGCRCNC-3’ (R= A or G, N = any nucleotide) (Stuart, Searle et al.
1985). In 1988, the ZATF now known as MTF-1 was discovered as that protein which binds to the
MRE and is responsible for its regulatory effects (Westin and Schaftner). For many years, MTF-1
was considered exclusively a positive transcriptional regulator of MT and SLC30A1 gene products

in response to changes in intracellular Zn concentrations, and thus was a function of Zn regulating



its own homeostasis (G.W. Stuart 1984, O'Halloran 1993, Langmade, Ravindra et al. 2000,
Saydam, Adams et al. 2002).

MTF-1 has six Zn fingers; the N-terminal fingers 1-4 have a high affinity for both Zn and
the MRE, while fingers 5 and 6 have a weaker affinity for the MRE and bind to the 3’ end of the
motif. However, all six fingers are necessary for MTF-1 to form a complex with the MRE. Fingers
5-6 may also modulate the affinity of MTF-1 for the various permutations of the MRE (Labbg,
Prévost et al. 1991, Chen, Chu et al. 1999). MTF-1 binds with the highest affinity to the nucleotide
sequence 5’-TGCACTC-3’, which is sometimes labeled MREd (Labbé, Prévost et al. 1991).

We now know that MTF-1 responds not exclusively to Zn, but also to metal ion exposure,
hypoxia, oxidative stress, or elevated temperature (Andrews 2001, Lichtlen and Schaffner 2001).
Its regulatory effects have been shown as present in the cellular antioxidant response (Stoytcheva,
Vladimirov et al. 2010), insulin synthesis (Huang, Yan et al. 2010, Li, Cui et al. 2014), immunity
and inflammation/hypoxia (Cramer, Nagy et al. 2005, Murphy, Sato et al. 2005, Murphy, Kimura
et al. 2008), iron and copper homeostasis (Selvaraj, Balamurugan et al. 2005, Balesaria, Ramesh
et al. 2010, Troadec, Ward et al. 2010), and epigenetic histone modification (Okumura, Li et al.
2011). MTF-1 is gaining recognition for its unique physiological role, and as a target for drug
discovery and development to treat epileptogenesis (Van Loo, Schaub et al. 2015), osteoarthritis
(Kim, Jeon et al. 2014), and prion disease (Bellingham, Coleman et al. 2009). Finally, MTF-1 has
also been suggested to be a master regulator of microRNA (miRNA) expression (Lee, Li et al.
2007), which is discussed later in this review and explored in depth in Chapter 3.f

miRNAs: overview

The most studied family of non-coding RNAs (ncRNAs) are miRNAs: 19-24 nt sequences

commonly understood as post-transcriptional repressors of gene expression (Lee, Feinbaum et al.



1993), though recently they have shown to have the potential to upregulate gene expression as well
(Orom, Nielsen et al. , Vasudevan, Tong et al. 2007, Eiring, Harb et al. 2010). During their
biogenesis, miRNAs are transcribed by RNA polymerase II into long double-stranded primary
miRNA (pri-miRNA) which can be hundreds or thousands of base pairs in length. The defining
characteristics of pri-miRNA are local stem-loop structures, and capped and polyadenylated 5’ and
3’ tails (Bartel , Lee, Kim et al. 2004). The RNA-binding protein DiGeorge syndrome critical
region 8 (DGCRS8) associates with the RNase-IlI-type protein Drosha, to form the large
Microprocessor complex which splices pri-miRNA into 60-90 base pair long pre-miRNA, which
isolates and releases the functional hairpin/stem-loop structure (Gregory, Chendrimada et al.
2006). The pre-miRNA is exported to the cytoplasm by a nuclear transport receptor, Exportin-5,
then cleaved near the terminal loop by the RNase-III-type protein Dicer to generate a 19-24 base
pair miRNA duplex (Kim 2004). The duplex is loaded onto an Argonaute family protein (AGO)
to form the active RNA-induced-silencing-complex (RISC). The more thermodynamically stable
strand of this duplex is kept as the mature (or guide) miRNA while the other (passenger or
miRNA*) strand is degraded (Schwarz, Hutvagner et al. 2003, Kim, Han et al. 2009).

miRNAs downregulate gene expression at a post-transcriptional level by interacting with
messenger RNA (mRNA) to cause its translational repression or cleavage. miRNA-induced
repression typically occurs via sequence-specific binding of AGO or GW 182 proteins to the target
mRNA 3°-UTR (Chekulaeva and Filipowicz 2009). There are also mechanisms for upregulation
of genes by miRNAs which include: recruiting protein complexes to AU-rich regions of mRNA,
increasing translation by repressing proteins that block a target gene, enhancing ribosome
biogenesis, and activating target gene translation during cell cycle arrest (Ling, Fabbri et al. 2013).

miRNA can mediate both short and long-range cellular communication and can function locally



or enter the bloodstream and act on neighboring cells or at distant sites in a hormone-like fashion.
(Mitchell, Parkin et al. 2008, Fabbri, Paone et al. 2012).

miRNAs and bone development

The regulatory effects of miRNAs are involved with in osteogenic differentiation
processes. Runt-related transcription factor 2 (Runx2) is a “master gene” required for osteoblastic
differentiation from mesenchymal precursors, as well as bone growth. Dicer-processed miRNAs
control commitment and differentiation of osteoblasts, which is mechanistically dependent upon
transcriptional regulation of Dicer by Runx2 binding to its promoter. Dicer and Runx?2 are closely
linked and their expressions increase simultaneously during osteogenic differentiation in embryos
(Tu, Zhang et al. 2007, Vimalraj, Arumugam et al. 2015, Wysokinski, Pawlowska et al. 2015,
Zheng, Tu et al. 2017).

The widely studied miR-34a is a known inhibitor of osteoblast differentiation and bone
formation. In models of human stromal (skeletal, mesenchymal) stem cell (hMSC) differentiation,
overexpression of miR-34a in hMSCs reduced heterotopic bone formation by 60%. Conversely in
in miR-34a-deficient hAMSC in vivo bone formation was increased by 200% (Chen, Holmstrom et
al. 2014).

miRNAs and Zn

Our Zn-related interest in miRNAs stems from the fact that MRE motifs occur frequently
in the promoter region of miRNA genes, and the two classes of regulators may form complex
regulatory circuits of gene expression (Arora, Rana et al. 2013). Results from in vivo and in vitro
studies indicate Zn-dependent differential miRNA expression (Ryu, Langkamp-Henken et al.
2011, Liuzzi 2014, Grider, Lewis et al. 2015). Zn has also been shown to regulate the activity of

matrix-degrading metalloproteinases in osteoarthritis (OA) via MTF-1 in conjunction with



miRNAs. miR-488 is significantly decreased in OA chrondrocytes, which results in the
overexpression of its usual suppression target, the ZIP8 zinc transporter, in human osteoarthritic
chondrocytes (Song, Kim et al. 2013). The overexpression of ZIP8 causes increased zinc levels
within chondrocytes, leading to the activation of MTF-1. MTF-1 activates the transcription of
matrix-degrading enzyme genes (MMP3, 9, 12, 13, ADMTS5) which increases cartilage
degradation and OA severity (Kim, Jeon et al. 2014). Activation of the Zinc-ZIP§-MTF-1 axis
with the hypoxia inducible factor (HIF)-2a in mice amplified pathogenesis of OA in mice (Lee,
Won et al. 2016).

ZNF658 binds to the ZTRE

The ZTRE was first reported in 2012 as a palindromic DNA motif responsible for Zn-
mediated gene repression (Coneyworth, Jackson et al.). They found that removal of this motif
eliminated the Zn-dependent repression of SLC3045 (ZnT5), SLC30410 (ZnT10), and CBWD
genes. The nucleotides of their proposed ZTRE sequence, written with ambiguity codes, is 5'-
CMCDCCYNo-100RGGHGKG-3' (where M=C or A; D=A, G, or T; Y=C or T; R=A or G; H=A,
C, or T; and K=T or G) (Coneyworth, Jackson et al. 2012). The 5’- and 3’- flanking sequences are
required to be reverse palindromic for functionality. There are no known criteria for the middle
“N” bases, which can range from zero to one hundred in length (Coneyworth, Jackson et al. 2012).
The variability in TF binding to palindromic motifs is often attributable to TF dimerization
(Peirano and Wegner 2000, Huang, Jankowski et al. 2015).

Three years later the same lab published a follow-up paper to their ZTRE study, and
identified the specific TF responsible for binding this sequence, via mass spectrometry, called
ZNF658 (Ogo, Tyson et al. 2015). ZNF658 was also shown to repress genes under conditions of

high Zn. They found that introduction of ZNF658 siRNA to Caco-2 cells had significant effects



on the up- or down-regulation of 124 genes in their [llumina HT12 bead chip panel, including a
large number of rRNA genes (Ogo, Tyson et al. 2015).

ZNF658 is homologous to Zap1l

In order to understand the function of ZNF658, it may be useful to look at the homologous
ZATF and possible evolutionary precursor in S. cerevisiae, called Zapl. The essential DNA-
binding ZFs of these two proteins are aligned and highly similar (Ogo, Tyson et al. 2015). Zapl1 is
the main regulator of Zn homeostasis in S. cerevisiae and accomplishes this via Zn-dependent
binding to an 11-mer reverse palindromic motif, the Zn-Responsive Element (ZRE). Zap1 displays
low activity in Zn-adequate cells and high activity during Zn deficiency (Lyons, Gasch et al. 2000).

One of the most interesting roles of Zapl1 is its ability to initiate a “Zn-sparing” response
by sensing Zn deficiency and repressing levels of some Zn-binding proteins, while simultaneously
increasing expression of replacement proteins that have lower Zn requirements (Merchant and
Helmann 2012). For example, alcohol dehydrogenase isoenzymes in S. cerevisiae Adhl and Adh3
each have structural requirements of two Zn atoms, and are repressed by Zapl during Zn
deficiency. Meanwhile the expression of Adh4, which requires one Zn atom or potentially an iron
atom in its place, is induced (Merchant and Helmann 2012).

Zapl can increase its own expression in Zn deficiency via autoregulation. This increase
activates a certain set of target genes by enabling the increased concentration Zap1 to bind to lower
binding affinity ZREs (Wu, Bird et al. 2008). These lower affinity ZREs are found closer to target
gene TSSs, and are also sometimes sites of Zapl-mediated repression. This is thought to be a
classical-type repression via Zapl blocking transcription initiation sites (Bird, Blankman et al.

2004).



The two independent activation domains of Zapl, AD1 and AD2, which act as Zn sensors
and can initiate DNA binding, are also relevant to delineating the similarities between Zapl and
ZNF658 (Bird, Zhao et al. 2000). AD1 is considered the dominant activation domain, while AD2
allows for maximum target gene activation in situations of Zn deficiency or environmental stress.

When Zn binds to AD1 or AD2, a conformation change occurs which inhibits Zap1 from
transcriptional activation via coactivator recruitment (Frey and Eide 2012). The AD1 domain
shares a region of similarity when the amino acid sequences of Zapl and ZNF658 are aligned
(Ogo, Tyson et al. 2015). ZNF658 also contains a KRAB (Kruppel associated box) domain near
its N-terminus; these are typically associated with transcriptional repression via the recruitment of
KAPI1, and subsequent chromatin remodeling, to repress transposable elements (TEs) (Lupo,
Cesaro et al. 2013). However, not all KRAB domains bind to KAP1, and they are also involved

with transcriptional activation, plus a variety of other functions (Ecco, Imbeault et al. 2017).
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CHAPTER 2
BIOINFORMATIC ANALYSIS OF THE METAL RESPONSE ELEMENT AND ZINC-
DEPENDENT GENE REGULATION VIA THE METAL RESPONSE ELEMENT-BINDING

TRANSCRIPTION FACTOR 1 IN CACO-2 CELLS'
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Abstract

The purpose of this study was to determine the correlation between the position or number
of metal regulatory elements (MREs) near gene transcriptional or translational start sites, and the
strength of metal response element-binding transcription factor 1 (MTF-1) regulation. A secondary
analysis was performed in silico on published results measuring the effects of Zn and MTF-1 on
transcriptional regulation of genes (n=120) in the Caco-2 cell line. MRE sequence variations
throughout the human genome were sorted using a position weight matrix. Three null hypotheses
(Ho) were tested: (1) there is no correlation between the number of MREs and MTF-1
transcriptional strength, (2) there is no correlation between the distance of the MRE upstream from
the transcriptional start site (TSS) and MTF-1 transcriptional strength, and (3) there is no
correlation between the distance of the MRE downstream from the translational start site (TrSS)
and MTF-1 transcriptional strength. Spearman correlation was used to test for significance (p <
0.05). From our results we rejected the first Ho; we observed a significant correlation between the
total number of MRE sequences -7Kbp upstream from the TSS, within the 5” untranslated region,
and +1Kbp downstream from the TrSS, versus the strength of MTF-1 regulation (r = 0.202; p =
0.027). The second and third Ho were accepted. These results expand our understanding of the role
of the MRE in Zn-dependent gene regulation. The data indicate that Zn influences the

transcriptional control of gene expression beyond maintaining intracellular Zn homeostasis.
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Introduction

It is estimated that 2800 human proteins or about 10% of our proteome is composed of
metalloproteins that require zinc (Zn) for biological function, regulation of activities, or structural
purposes (Andreini et al. 2006; Klug 2010). The large majority of Zn-binding proteins are involved
in the regulation of gene expression, with the most abundant class being Zn-finger proteins (Klug
2010). Intracellular Zn homeostasis is controlled through the coordination of Zn with the metal
response element-binding transcription factor 1 (MTF-1), a 72.5 kDa Zn-finger protein in the
Cys>His, family of transcription factors. MTF-1 has traditionally been understood in the context
of positive transcriptional regulation of metallothionein (MT) and SLC30A41 gene product in
response to fluctuating intracellular Zn concentrations, and the resultant maintenance of Zn
homeostasis driven by the expression of these genes (G.W. Stuart 1984; O'Halloran 1993;
Langmade et al. 2000; Saydam et al. 2002). However, the physiological role of MTF-1 is more
wide-ranging. MTF-1 regulates gene expression in response to metal ion exposure, hypoxia,
oxidative stress, and/or elevated temperature (Andrews 2001; Lichtlen and Schaffner 2001). Its
regulatory effects have been implicated in the cellular antioxidant response (Stoytcheva et al.
2010), insulin synthesis (Huang et al. 2010; Li et al. 2014), growth and development (Grider et al.
2017), immunity and inflammation/hypoxia (Cramer et al. 2005; Murphy et al. 2005; Murphy et
al. 2008), iron and copper homeostasis (Selvaraj et al. 2005; Balesaria et al. 2010; Troadec et al.
2010), and epigenetic histone modification (Okumura et al. 2011). It has been suggested that MTF-
1 1s a master regulator of microRNA (miRNA) expression, along with c-Myb, NF-Y, Sp1, and AP-
2a (Lee et al. 2007). MTF-1 is also currently a target for drug discovery and development to treat
epileptogenesis (Van Loo et al. 2015), osteoarthritis (Kim et al. 2014), and prion disease

(Bellingham et al. 2009).
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As the name suggests, MTF-1 binds to the metal response element (MRE), a cis-regulatory
element which consists of a highly conserved 5’-TGCRCNC-3’ core (R=A or G, N=A, C, G, or
T) (Giinther et al. 2012b). This seven-nucleotide consensus sequence is fairly ubiquitous in the
genome and occurs over 2 million times (Kearse et al. 2012). The 5° and 3’ flanking regions of the
MRE may affect transcriptional activity (Koizumi et al. 1999), and there is the potential that a
longer sequence beyond the 7-mer core sequence can alter the affinity and function of MTF-1
binding to the MRE.

Like many transcription factors, MTF-1 resides in the cytoplasm and, upon activation,
translocates into the nucleus (Smirnova et al. 2000; Saydam et al. 2001). A domain near the C-
terminus of MTF-1 regulates its homodimerization, which is important for metal-induced
transcriptional activity. Interestingly, although Zn increases the transcriptional activity of MTF-1,
it does not enhance dimerization of MTF-1. Copper (Cu) activates MTF-1 binding to a lesser
degree than Zn but enhances dimerization more than Zn to synergistically enhance gene regulation
(Giinther et al. 2012a).

MTF-1 is conserved across metazoan species and has been characterized in human
(Brugnera et al. 1994), mouse (Andrews et al. 2001), capybara (Lindert et al. 2008), Drosophila
melanogaster (Zhang et al. 2001), pufferfish (Maur et al. 1999), zebrafish (Hogstrand et al. 2008),
trout (Dalton et al. 2000), and chicken (Laity and Andrews 2007). MTF-1 knockout mice die in
utero around day 14 from liver decay and edema. It is not known whether MTF-1 has a primary
role in embryonic liver development, or if this is a cascading effect resulting from impaired cellular
pathways and/or increased sensitivity to heavy metal content at this stage (Giines et al. 1998;
Lichtlen et al. 2001; Wang et al. 2004). It is important to note that mouse and capybara MTF-1

(mMTF-1) is less sensitive to Zn-induced mMRE binding and subsequent regulation than human
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MTF-1 (Brugnera et al. 1994; Lindert et al. 2008). Interestingly, changing only three amino acids
in the protein sequence of mMMTF-1 to resemble the human counterpart in the nuclear export signal
of the acidic activation domain will augment its metal inducibility to nearly match that of human
MTF-1 (Lindert et al. 2009).

MTF-1 may also exhibit preferential binding to the “N” base in 5’-TGCRCNC-3’
depending on the metal stimuli. Cadmium treatment in Drosophila genomic tiling arrays (ChIP-
chip) conferred to MTF-1 a binding preference to a C or T in the “N” position of the MRE, and
Cu treatment gave a preference to G or A in that position, with little overlap between the two.
Therefore, permutations of the core MRE motif could function to regulate genes which are
expressed in response to various mineral stimuli other than Zn (Sims et al. 2012).

Of the six Zn fingers in MTF-1, the N-terminal fingers 1-4 have a high affinity for both Zn
and the MRE. These fingers bind to the TGCRC side of the MRE sequence. Fingers 5 and 6 have
a weaker affinity for the MRE and bind to the 3° end of the sequence. However, all six fingers
contribute to the ability of MTF-1 to form a complex with the MRE. It has also been suggested
that fingers 5 and 6 can modulate the specificity and affinity of MTF-1 for the MRE (Labbé¢ et al.
1991; Chen et al. 1999). MTF-1 exhibits the highest affinity binding to the sequence 5’-
TGCACTC-3’, labeled MREd (Labb¢ et al. 1991; Stoytcheva et al. 2010).

MTF-1 also exhibits transcriptional regulation when binding to an MRE downstream from
the transcription start site (TSS) of a gene. Human selenoprotein H (SELENOH) is downregulated
by the action of MTF-1 binding to an MRE in the 5’ untranslated region (UTR) of the gene, 92
base pairs (bp) upstream from its translational start site (TrSS) (Stoytcheva et al. 2010). Similarly,
an MRE within the first exon was shown to be responsible for downregulation of ZIP10

(SLC39A410) in zebrafish (Zheng et al. 2008). This upstream regulation by MTF-1 may be related
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to the RNA polymerase Il stalling mechanism in genes which require rapid transcriptional response
in cells (Muse et al. 2007). However, the relevancy of transcription factors binding to exonic
regulatory elements is not clear, and it is currently a subject of debate whether this binding is
passive and nonfunctional, or if it can contribute to recruitment of the transcription machinery
(Stergachis et al. 2013; Xing and He 2015; Agoglia and Fraser 2016).

The purpose of this study was to determine whether the number or location of MRE are
correlated with the degree of Zn-dependent transcriptional regulation as mediated through MTF-
1. Three null hypotheses (Ho) were tested: (1) there is no correlation between the number of MREs
and MTF-1 transcriptional strength, (2) there is no correlation between the distance of the MRE
upstream from the transcriptional start site and MTF-1 transcriptional strength, and (3) there is no
correlation between the distance of the MRE downstream from the translational start site and MTF-
1 transcriptional strength. The results from this study will further our understanding of the role of
Zn in transcriptional regulation of gene expression, as well as in other Zn-dependent cellular,

biochemical and physiological processes.

Materials and Methods

All analyses were performed using the human hg38 genome assembly (Dec. 2013, Genome
Reference Consortium GRCh38). A search was performed to determine the genomic positions of
the MRE consensus sequence with five bases added to the 5° and 3’ ends (5°-
nnnnnTGCRCNCnnnnn-3") (Geneious; v10.2.3) (Kearse et al. 2012). The resulting sequences (n
= 2,214,485) were applied to a position weight matrix for analysis (R v3.4.3; seqlLogo v1440)
(Figure 1) (Schneider and Stephens 1990; Bembom 2017). Chi-square analysis using Excel

CHISQ.DIST was used to determine significance (p < 0.05) at each position.
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The genes that were analyzed in this investigation were obtained from Hardyman et al.
(2016) which identified 120 protein coding genes within the Caco-2 human colonic
adenocarcinoma cell line whose expression were affected by cellular Zn status and the
presence/absence of MTF-1. Expression of these genes was defined as a ratio for the effect of
MTF-1 on their expression: (downregulation (<1); upregulation (>1); no effect (1)) (Hardyman et
al. 2016). The “absolute strength” of MTF-1 effect, controlling for direction of regulation, is
defined as the absolute value of one minus the expression ratio, and was determined using the

following formula:

Strength of MTF-1 effect on gene expression (directional) =
fold change with control siRNA (MTF—1 available)

fold change with MTF—1 siRNA (without MTF—1)

Absolute strength of MTF-1 effect on gene expression = | 1-
fold change with control siRNA (MTF—1 available)

fold change with MTF—1 siRNA (without MTF—1) |

A recent study reported that MTF-1 transcriptional regulation also occurs when an MRE is
located downstream of the gene TrSS (Stoytcheva et al. 2010). Our search range in base pairs was
chosen based on data from Hardyman et. al. (2016) and Stoytcheva et. al. (2010). The Integrative
Genomics Viewer (IGV; v2.3.90) was used to plot all TGCRCNC sequences that occur within -
7Kbp upstream of the TSS, as well as within the 5 UTR and +1Kbp downstream from the TrSS
(Robinson et al. 2011; Thorvaldsdéttir et al. 2013). For genes with multiple MRE sequences, only
the closest MRE to the TSS or TrSS was considered in the distance analyses. Only MRE sequences
on the same DNA strand as the associated gene were considered. Spearman correlation used to test

for significance was performed using GraphPad Prism (v7.04).
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Results

Within the human genome, the ‘R’ and ‘N’ bases within the MRE consensus core sequence
are most frequently ‘A’ and ‘T’, respectively (Figure 1). The resultant sequence TGCACTC
(MREQJ) is also the most commonly occurring MRE core sequence in the genome (Figure 2). The
MRE consensus sequence was extended by 5 bases in the 5’ and 3’ directions; there are 732,932
permutations of the 17-mer MRE present in the genome. The most common 17-mer MRE sequence
(10.0% of total) is GCCACTGCACTCCAGCC (Figure 1). The majority of the 17-mer MRE
sequence permutations (72.8%) occur singly in the genome.

The maximum range upstream for counting the MRE sequences was determined by
searching for the MRE positions upstream from the TSS of genes; certain MTF-1-dependent genes
within the working gene list exhibited their first MRE -7Kbp upstream from their TSS. The lower
position in the range was determined by searching for the MRE positions +1Kbp downstream from
the TrSS of genes in which there were no MREs in their 5’UTR. This search strategy took into
consideration genes such as ATP6VIBI and HISTIH2BD which exhibited an ~20% change in
expression following treatment with the MTF-1 siRNA, yet lacked an MRE either upstream or in
their 5 UTR. Therefore, the MREs downstream of their TrSS, +477 and +755 bp respectively,
appear to be the most likely candidates as functional binding sites for MTF-1 (Stoytcheva et al.
2010). The position of the MRE within KRT17 was >+1Kbp upstream from the TrSS, and it
exhibited a 0.79-fold change in expression, however this gene is treated as a special case (Figure
3).

There is a significant correlation between the number of MRE motifs in the region of -

7Kbp from the TSS to +1Kbp from the TrSS, versus the absolute strength of MTF-1 regulation
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(n=118, 1=0.205, p=0.0260; Table 2). No significant correlations were observed in null hypotheses
2 or 3 as defined above.

The possibility that a MRE sequence longer than the 7-mer consensus sequence is more
predictive of MTF-1 transcriptional gene regulation was explored. A 17-mer MRE,
RCCAYTGCACTCYAGCC (R= A or G, Y= C or T) was used to search -7Kbp upstream from
the TSS of the 120-gene cohort. This 17-mer sequence is a combination of six of the most common
permutations of the 17-base MRE sequence, and accounts for 19.5% of the total instances in the
genome. Of the genes identified as actively regulated by MTF-1, a significant number (n=63,
52.5%) had one or more instances of this motif in the range from -7Kbp upstream to the TSS ()
(1, N=120) = 71.492, p<0.0001).

Base composition may play a significant role in the binding affinity of MTF-1 to the MRE.
To test this, a 17-base position weight matrix made from MREs associated with MTF-1 responsive
genes (Table Sla, 856 MREs, 120 genes, “expected”) was compared against a position weight
matrix made from MREs associated with MTF-1 unresponsive genes (Table S1b, 153 MREs, 7
genes, “observed”) using a chi-squared test at each base position. There are significant differences
in the relative weight of bases at every variable position in 5’-nnnnnTGCRCNCnnnnn-3’
excluding “R” (y* (3, N=153) >7.815, p<0.05). However, the two most commonly occurring 17-
mer MRE  sequences  throughout the  genome (GCCACTGCACTCCAGCC,
ACCACTGCACTCCAGCC) remain the first and second most common MREs in both the
responsive and unresponsive sets.

Discussion

MTF-1 functions as an intracellular Zn sensor by coordinating Zn and binding to the MRE

within the promoters of MT and Zn transporters resulting in their transcription (G.W. Stuart 1984;
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O'Halloran 1993; Langmade et al. 2000; Saydam et al. 2002). Several studies support a role for
MTF-1 regulating genes other than those directly involved with cellular Zn homeostasis, including
as a master regulator of miRNA gene expression (Andrews 2001; Lichtlen and Schaffner 2001;
Lee et al. 2007). The results of this study are consistent with those indicating that MTF-1 is a Zn-
dependent transcriptional regulator beyond MT and intracellular Zn homeostasis. Our study
investigated the target for MTF-1, the MRE, and defined its prevalence within the human genome
as well as correlating its location and abundance with the degree of expression in a Caco-2 gene
cohort (Hardyman et al. 2016).

It has been previously suggested that base differences in the 5’ and 3’ flanking regions of
the MRE core sequence contribute to the binding affinity of MTF-1 to the MRE, and thus can vary
the strength of gene regulation (Koizumi et al. 1999). The number of MRE:s in this position analysis
of bases was not large enough from which to draw conclusions, but the significant differences in
base permutations within MREs of genes that have varied MTF-1 expression strength and
responsivity is a subject of continued interest and relevance. It was interesting to note the proximity
of MREs in genes shown to have no regulatory effects from MTF-1 (Table S1b). The presence of
109 instances of the MRE in the 5 UTR of ODZ4, a gene unresponsive to MTF-1 regulation,
raises the question of whether these MREs have any functional aspect. This discrepancy might be
attributed to the base differences mentioned above. For example, in ODZ4 the predominant base
in the “N” position of its 109 MREs is A (42.1%, T=28.6%), while in the MTF-1 responsive cohort
of genes it is predominately T (40.5%, A=25.0%).

For genes which have a nearby MRE but are unresponsive to MTF-1 regulation, there are
other extraneous factors which could contribute to a lack of an effect. MTF-1 is hypothesized to

form a transcriptional complex with p300 (or CBP) and Sp1 that is essential for gene regulation
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(Ogra et al. 2001; Li et al. 2008). Absence of, or interference with, either of these factors would
likely disturb MTF-1 mediated regulation. MTF-1 also forms cascading regulatory circuits with
miRNAs throughout the genome. For example, in a feed forward loop MTF-1 can target a gene
for upregulation, while simultaneously upregulating one or more miRNAs that can post-
transcriptionally suppress the products of that same target gene; this would appear as a net zero of
regulatory effects (Arora et al. 2013). Although the idea was not explored here, the 3D structure
of DNA can also potentially render some MREs more or less functional in terms of their MTF-1

binding and gene regulating capacity (Woringer et al. 2014).

The mechanism of action for MTF-1 binding to the MRE, and subsequently altering
transcription, has yet to be fully elucidated. However, we have shown that for a large (n=120)
cohort of genes actively regulated by MTF-1, the number of MREs proximal to a gene affects its
transcription. Additionally, not every gene with an MRE is regulated by MTF-1. There have not
been identified extended MRE sequences that can definitively alter the function of MTF-1, but we
have presented here a 1 7-mer sequence that appears in a significant number of MTF-1 active genes.
These findings can serve to improve predictive analyses for genes, other than those directly

involved with intracellular Zn homeostasis, that are regulated by MTF-1.
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Figure 1.1. Sequence logo of the genome-wide instances of TGCRCNC with five free bases on
either side (5’-nnnnnTGCRCNCnnnnn-3"). There is a strong preference for A in the “R” position
and a preference for T in the “N” position. The sequence made by the predominate base at each
position coincides with the most commonly occurring 7-mer MRE sequence in the genome,

TGCACTC, and the most common 17-mer sequence GCCACTGCACTCCAGCA.
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Figure 1.2. Permutations of the MRE consensus sequence 5’-TGCRCNC-3’ in the human genome.
Equivalent MRE names sometimes used are given in parenthesis. TGCACTC or MREd, which
has been demonstrated to exhibit the highest affinity binding to MTF-1 (Stoytcheva et al. 2010),

is also the most prevalent in the human genome.
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Figure 1.3. KRT17 (chr17:41,617,440-41,626,630) exhibits a 0.79 fold change ratio in MTF-1
control versus knockdown conditions. Large bars indicate coding sequence regions, dots indicate
MRE positions. There is an MRE 2726 bp downstream from the KRT'17 TrSS, and the MRE 2845
bp upstream from the TSS is in an exon of the neighboring gene, KRT42P. Neither of these sites

conform to currently understood mechanisms for MTF-1 binding and regulation.

Table 1. Position weight matrix of all instances of nnnnnTGCRCNCnnnnn in the human genome

(n=2,214,485).

POSITION
6 | 7 8 0] 11 | 12
BASE 1 2 3 4 s loloelolyw®w ||l oz @] 13 14 15 16 17
A 0.309 | 0.134 | 0.199 | 0487 [ 0186 | 0 | o | 0 [ 088 | 0 | 0273 0 | 0300 | 0439 | 0.195 | 0.182 | 0.229
C 0.129 | 0.508 | 0.479 | 0.175 | 0490 | 0 | © 1 0 1 [ 0218 ] 1 | 0455]0.177 | 0214 | 0.493 | 0.464
G 0.391 | 0.151 | 0.151 | 0.165 | 0154 | 0 | 1 0 |o111]| o 0056 0 | 0069|0171 | 0437 | 0.124 | 0.146
T 0171 | 0207 | 0171 {0173 ] 0170 | 1 | o | o 0 0 | 0453 ] 0 |0.176 ] 0214 | 0.155 | 0.201 | 0.161
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Table 1.2. Results of Spearman correlation tests comparing distance and quantity of MRE
sequences vs. the strength of MTF-1 effects on the regulation of associated genes. *There is a

significant correlation between the absolute strength of MTF-1 effect on gene expression,

fold change with control siRNA (MTF—1 available)
fold change with MTF—1 siRNA (without MTF-1)

defined as | 1- |, and the total number of MREs

associated with that gene.

Directional strength MTF-
. 1 Absolute strength MTF-1
Spearman correlation test
n p (two- p (two-
R tailed) n R tailed)

Upstream MRE distance 111 | 0.04555 0.6350 | 111 | 0.07074 0.4606
Downstream MRE distance 501 0.07241 0.6173 | 50| 0.1325 0.3591
Total number of MRE -

instances 118 | 0.06677 0.4725 | 118 0.205 0.0260*
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CHAPTER 3
MIRNA-TARGET INTERACTIONS IN OSTEOGENIC SIGNALING PATHWAYS

INVOLVING ZINC VIA THE METAL REGULATORY ELEMENT 2

2 Francis, M. and A. Grider. 2018. BioMetals. 32(1): p. 111-121.
Reprinted here with permission of the publisher.
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Abstract

Adequate zinc nutriture is necessary for normal bone growth and development, though the
precise mechanisms for zinc-mediated bone growth remain poorly defined. A key transcription
factor activated by zinc is metal response element-binding transcription factor 1 (MTF-1), which
binds to the metal regulatory element (MRE). We hypothesize that MREs will be found upstream
of miRNA genes as well as miRNA target genes in the following bone growth and development
signaling pathways: TGF-, MAPK, and Wnt. A Bioconductor-based workflow in R was designed
to identify interactions between MREs, miRNAs, and target genes. MRE sequences were found
upstream from 64 mature miRNAs that interact with 213 genes which have MRE sequences in
their own promoter regions. MAPK 1 exhibited the most miRNA-target interactions (MTIs) in the
TGF-B and MAPK signaling pathways; CCNDZ2 exhibited the most interactions in the Wnt
signaling pathway. Hsa-miR-124-3p exhibited the most MTIs in the TGF-3 and MAPK signaling
pathways; hsa-miR-20b-5p exhibited the most MTIs in the Wnt signaling pathway. MYC and hsa-
miR-34a-5p were shared between all three signaling pathways, also forming an MTI unit. JUN
exhibited the most protein-protein interactions, followed by MAPKS. These in silico data support
the hypothesis that intracellular zinc status plays a role in osteogenesis through the transcriptional

regulation of miRNA genes via the zinc/MTF-1/MRE complex.
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Introduction

Zinc (Zn) is an essential trace element involved in fundamental biochemical and
physiological pathways. It is necessary for enzyme catalysis, protein structure, and various
regulatory functions as approximately 2800 enzymes and proteins bind Zn (10% of the human
genome) (Andreini et al. 2006), and approximately 3% of our genome encodes zinc finger
transcription factors (Klug 2010). Approximately 4% of the worldwide population is Zn deficient
(Wuehler et al. 2005), and children are the most affected (Hambidge and Krebs 2007; Tuerk and
Fazel 2009). Proper Zn nutriture is necessary for normal growth and development in animals and
humans. Consumption of a Zn-depleted diet resulted in reduced bone Zn and growth in rodent
animal models (Chu et al. 2003; Grider et al. 2007; Keller et al. 2000). Manipulation of the Zn
nutritional environment affects osteogenic biomarkers (Berger et al. 2015; Cho et al. 2007; Seo et
al. 2010). Current recommendations for assessing the risk of Zn deficiency in populations includes
the functional assessment of length- or height-for-age measurements (Hess et al. 2009;
International Zinc Nutrition Consultative et al. 2004).

The molecular mechanisms associated with the effect of Zn on bone growth and
metabolism are the focus of ongoing research. Circulating levels of insulin-like growth factor-1
(IGF-1) correlate with dietary Zn levels and Zn status in children in some studies (Bougle et al.
2004; Cesur et al. 2009; Hamza et al. 2012; Imamoglu et al. 2005) but not others (Park et al. 2017).
Zn supplementation increases the synthesis of IGF-1 in bone (Igarashi and Yamaguchi 2001) and
the binding of IGF-1 to its receptor (McCusker 1998; McCusker et al. 1998; Sackett and McCusker
1998a; Sackett and McCusker 1998b). Signaling pathways that are also involved with bone
formation include transforming growth factor PB/bone morphogenic protein (TGF-f/BMP),

wingless-type (Wnt), p38 mitogen-activated protein kinase (MAPK), Hedgehog, Notch, and
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fibroblast growth factor (FGF). Significant cross-talk occurs between these pathways (Chen et al.
2012). The TGF-B/BMP, Wnt, MAPK, and Hedgehog pathways also intersect with the IGF-1
pathway (Guntur and Rosen 2013; Longobardi et al. 2006; Tahimic et al. 2013).

We hypothesize that the Zn-dependent regulation of bone growth and development
involves microRNAs (miRNAs) and metal regulatory elements (MREs), ultimately forming
complex and precise regulatory cascades of gene expression (Arora et al. 2013). MiRNAs are
small, noncoding RNAs involved in the posttranslational regulation of gene expression through
binding to seed sequences in the 3’ untranslated regions (UTR) of mRNA, resulting in
transcriptional repression (Lee et al. 1993), or in the 5’ terminal oligopyrimidine tracts of
ribosomal protein mRNA, resulting in translational activation (Orom et al. 2008). MiRNAs have
also been shown to form complexes with certain regulatory proteins resulting in translational
activation (Eiring et al. 2010; Vasudevan et al. 2007). The MRE is a conserved 7-base motif (5°-
TGCRCNC-3’; R=A or G, N = any nucleotide) that is bound by metal transcription factor-1 (MTF-
1), a 72.5 kDa Zn-finger (ZF) protein in the Cys2His, family of transcription factors (Stuart 1984;
Langmade et al. 2000; O'Halloran 1993; Saydam et al. 2002). MTF-1 contains six ZFs and exhibits
Zn-dependent binding to the MRE, with ZF1 and possibly ZF3 and ZF6 responsible for its Zn-
sensing and MRE binding properties (Bittel et al. 2000; Chen et al. 1999; Chen et al. 1998;
Guerrerio and Berg 2004).

Results from in vivo and in vitro studies indicate Zn-dependent differential miRNA
expression (Grider et al. 2015; Liuzzi 2014; Ryu et al. 2011). MTF-1 has been proposed as a master
regulator for miRNA expression (Lee et al. 2007). The results of in silico studies from this
laboratory support the hypothesis that genes within osteogenic signaling pathways are regulated

by Zn mediated by MTF-1/MRE/miRNA interactions (Grider et al. 2017). The purpose of this
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investigation is to identify the locations of MREs upstream genes of miRNAs which then target
genes within the TGF-, MAPK, and Wnt signaling pathways. It must be noted, however, that
previous results indicate that the presence of an MRE upstream from the transcriptional start site
(TSS) of a gene does not necessitate its Zn-dependent or MTF-1 dependent regulation. The results
presented here show that both miRNAs and their target genes contain MREs upstream from their
TSSs; suggesting that the regulation of osteogenesis by Zn involves complex interactions between
Zn, MRE/gene, and MRE/miRNA/gene associations. A model of feed-forward loops is proposed.

Materials and Methods

All analyses were performed using the human hg38 genome assembly (Dec. 2017, Genome
Reference Consortium GRCh38.p12). Bioconductor packages were run using R Studio (Huber et
al. 2015; Team 2016). A summary of the workflow is shown in Figure 1.

Positions of the MRE consensus sequence 5’-TGCRCNC -3° in GRCh38.p12 were
recorded using Biostrings (v2.48.0) (Pages H 2018). BiomaRt (v2.36.0) was used to find the
genomic coordinates of all HUGO Gene Nomenclature Committee (HGNC)-named genes
(Durinck S 2005; Durinck S 2009). Pre-miRNAs with transcriptional start sites predicted in human
embryonic stem cells (hESC) by the microTSS algorithm (Georgakilas et al. 2014) were queried
in the range of -7Kbp upstream and +1Kbp downstream, based on previous analysis, (Francis and
Grider 2018) using GenomicRanges (v1.32.3) (Lawrence 2013). microTSS genomic coordinates
were batch converted from hgl9 to hg38 using liftOver (Kent et al. 2002). Genes that were
interrupted between their TSSs and nearest MRE were excluded from our analysis. The pre-
miRNAs with proximal MREs were converted to their mature miRNA sequences using miRBase
(Griffiths-Jones 2004; Griffiths-Jones et al. 2006; Griffiths-Jones et al. 2008; Kozomara and

Griffiths-Jones 2011; Kozomara and Griffiths-Jones 2014). TarBase (experimentally verified)
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miRNA-target interactions (MTIs) between these mature miRNAs and genes were identified using
miRTarBase via multiMiR (Database Version: 2.2.0 Updated: 2017-08-08) (Ru et al. 2014). These
MTIs were sorted into their KEGG signaling pathways (Kanehisa et al. 2017); interactions in the
TGF-B, MAPK, and Wnt pathways were chosen for further analysis. GenomicRanges was used to
find genes in these pathways that have MRE sequences without interruption by other genes in their
upstream -7Kbp region (Supplementary Table 1).

Venn diagrams (Oliveros 2007-2015) were produced from the lists of MTIs from each
signaling pathway to identify those genes and miRNAs that are shared between pathways
(Supplementary Table 2). The gene cohort with experimentally verified MTIs was analyzed by the
Panther GO-Slim Biological Process (Panther Overrepresentation Test release 20171205;
PANTHER version 13.1 Released 2018-02-02; a. = 0.05) (Ashburner et al. 2000; Gene Ontology
2015; Tahimic et al. 2013; Zhao et al. 2017). In addition, genes from osteogenic KEGG pathways
for which there was at least one experimentally verified MTI were subsequently used to query
miRDB via multiMiR for predicted gene interactions (target scores > 81) (Wang 2016; Wong and
Wang 2015). The Panther Overrepresentation Test was performed on this cohort of predicted gene
targets as well. Fisher's exact testing with false discovery rate multiple test correction was used to
identify significantly overrepresented annotated gene ontologies.

The experimentally verified MTI genes that are shared between the signaling pathways
were analyzed for their protein-protein interactions using the STRING database (v10.5)
(Szklarczyk et al. 2015; Szklarczyk et al. 2017). The interactions were visualized using the
Network viewer. The analysis was performed using the highest minimum required interaction
score (0.900). Only experimentally derived and database interaction sources are reported

(Supplementary Table 3).
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Results

The TSSs for 86 pre-miRNA genes were predicted by the microTSS algorithm; 44 of these
pre-miRNAs contain an MRE within the range specified, without interruption between the MRE
motif and the MIR gene TSS by the presence of another gene. These 44 pre-miRNAs equate to 73
mature miRNAs. Within the TGF-B, MAPK, and Wnt signaling pathways, 65 of the 73 mature
miRNAs have Tarbase-verified MTIs (hereafter called “verified MTIs”) with 241 genes. Of the
460 genes in these three signaling pathways, 413 have an MRE in the range specified. Of those
413 genes, 213 have verified MTIs with 64 mature miRNAs which also have MREs. The TGF-3
pathway contained MTTIs consisting of 39 miRNAs/44 genes, the MAPK pathway contained MTIs
consisting of 57 miRNAs/130 genes, and the Wnt pathway contained MT]Is consisting of 43
miRNAs/61 genes. MAPK exhibited 10 MTIs, the most verified MTIs in the TGF-3 and MAPK
signaling pathways. CCND2 exhibited 9 MTIs, the most verified MTIs in the Wnt signaling
pathway. Hsa-miR-124-3p targeted the most genes in the TGF-3 (12 genes) and MAPK (32 genes)
signaling pathways. Hsa-miR-20b-5p targeted the most genes, 12, in the Wnt signaling pathway
(Table 1; Supplementary Table 1).

Genes with MREs and verified MTIs that are shared between two or more signaling
pathways are organized in Venn diagrams (Figure 2). MYC is the only gene that is shared among
TGF-B, MAPK, and Wnt signaling pathways. MAPK and Wnt pathways share 11 other genes;
TGF-B and MAPK pathways share five genes; and TGFB and Wnt pathways share four genes
(Figure 2A; Supplementary Table 2). There are 28 miRNAs that are shared among the three
pathways (Figure 2B; Supplementary Table 2). There are seven miRNAs that are experimentally

verified to target MYC (Table 2); hsa-miR-34a-5p exhibits the most MTIs within each signaling
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pathway. The seven miRNAs targeting MYC are within the cohort of 28 miRNAs that interact with
all three pathways (Figure 2B, 2C).

The protein-protein interactions of the genes shared between the three signaling pathways
that are targets for miRNAs that contain MREs upstream from their TSSs, and that also contain
MREs within their own promoter regions, were identified using the String database (v10.5) (Figure
3; Supplementary Table 3). JUN exhibits the most protein-protein interactions (10), and MAPKS
exhibits the second most interactions (9). MYC, though involved with all three signaling pathways,
interacts with just five other proteins.

There are 21 genes with verified MTIs that are common to at least two signaling pathways;
these were used to query the Panther GO-Slim Biological Process database to identify
overrepresented gene ontologies (Figure 4). Intracellular signal transduction exhibited the highest
enrichment score. This cohort is also significantly enriched in genes involved with cellular process,
cell proliferation, and transmembrane receptor protein serine/threonine kinase signaling pathway.
The 64 miRNAs with MREs that target genes in the osteogenic pathways exhibited 6886 predicted
MTIs with 3613 genes (only target scores > 81 were analyzed). This larger cohort of genes was
enriched most in cellular process, followed by localization, metabolic process, and cell
communication (data not shown).

Discussion

Zn is crucial for healthy bone growth and development, but the mechanism for its effects
is complex and not fully elucidated. There is continued interest in understanding the translational
control of osteogenesis through the nexus of miRNAs and osteogenic signaling pathway genes
(Fushimi et al. 2018; Lian et al. 2012; Liu et al. 2018; Vimalraj and Selvamurugan 2013). Previous

in silico analyses support the associations between Zn, MTF-1/MRE, and miRNAs in regulating
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osteogenic signaling pathways (Grider et al. 2017). This investigation serves to expand on the
previous results, further supporting the role Zn plays in osteogenesis through its interaction with
the MTF-1/MRE complex and miRNAs.

TGF-B, MAPK, and Wnt signaling pathways play key roles in osteogenesis (Baron and
Kneissel 2013; Chen et al. 2012; Wu et al. 2016b). The data indicate that 213 genes within these
three pathways have experimentally verified MTIs with 64 miRNAs. The MTIs in these pathways
share a single gene, MYC, a proto-oncogene involved in cell cycle progression and transformation,
and apoptosis. Others have shown that MYC expression is increased with activation of Wnt/j3-
catenin, and correlated with reduced terminal differentiation of osteoblasts, increased bone mass
through osteoblast proliferation, and reduced bone strength (Chen et al. 2015; Li et al. 2017). The
addition of EDTA to cultured HL-60 cells, a model of Zn deficiency, decreased the expression of
MYC and cellular proliferation; Zn addition reversed these effects (Morimoto et al. 1992). Our
data indicate that MYC contains several MREs in its promoter, supporting the hypothesis that Zn
regulates MYC expression via MTF-1.

We also observed that seven miRNAs formed MTIs with MYC; these miRNAs also contain
MREs upstream from their TSSs. Hsa-miR-34a-5p targets MYC and additionally exhibits the
largest number of experimentally verified MTIs with this gene in each signaling pathway. The
expression of this miRNA is induced in mice by dietary Zn (Liuzzi 2014). This miRNA has been
studied extensively and inhibits osteoblast differentiation and bone formation. In models of human
stromal (skeletal, mesenchymal) stem cell (hMSC) differentiation, overexpression of hsa-miR-34a
in hMSCs reduced heterotopic bone formation by 60%. Conversely, in miR-34a-deficient h(MSC,
in vivo bone formation was increased by 200% (Chen et al. 2014). The available data indicate that

osteoblast differentiation is inhibited by both MIR34A4 and MYC gene products. Others have found
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that the deletion of MYC in osteoclasts increases bone mass in mice which have undergone
ovariectomy (Bae et al., 2017). The results from our in silico analysis suggests a complex
relationship between the MRE, hsa-miR-34a-5p, and MYC effects on osteogenesis. MTF-1(zn)
activates gene expression via the MRE in both MYC and MIR34A4; hsa-miR-34a-5p is expected to
inhibit MYC but may act synergistically with the MRE in the MYC promoter to stimulate MYC
transcription; the result is increased osteoblast proliferation, and decreased osteoblast
differentiation and bone strength. These data suggest that the role of Zn in osteogenesis is a
complex series of reactions between MTF-1/MRE, and genes in the signaling pathways that remain
to be elucidated.

Genes that exhibit the most verified MTIs include MAPK 1 and CCND2. MAPK exhibited
the most MTIs within the TGF-f and MAPK signaling pathways. MAPKI is a member of a
serine/threonine kinase family of extracellular signal-regulated kinases that are involved in
numerous phosphorylation reactions associated with development and cellular differentiation
(Kyosseva 2004; Martin-Blanco 2000). It has also been reported to function as a transcriptional
repressor (Hu et al. 2009). The interaction that MAPKI and MYC exhibit may involve
phosphorylation or transcriptional repression of MYC by MAPKI. CCND?2 encodes cyclin D2,
which complexes with cyclin-dependent kinases at the beginning of the G phase of the cell cycle
(Sherr 1994; Vermeulen et al. 2003). CCND? is not shared between Wnt and the other signaling
pathways. Nevertheless, it is transcriptionally upregulated by the MYC gene product (Bouchard et
al. 2001; Bouchard et al. 1999; Mai et al. 1999). CCND2 and MYC are also targeted by different
sets of miRNAs.

The top five MTI miRNAs are the same among the three signaling pathways, though in

different orders. Hsa-miR-124-3p is involved in the most MTIs in the TGF-3 and MAPK signaling
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pathways. The downregulation of this miRNA is correlated with increased tumorigenesis and poor
clinical outcomes, whereas upregulation results in decreased cell proliferation and tumor
suppression (Feng et al. 2016; Yang et al. 2017; Zhang et al. 2015; Zhou et al. 2017). Hsa-miR-
20b-5p is involved in the most MTIs in the Wnt signaling pathway. This miRNA also functions as
a tumor suppressor (Xin et al. 2016) and is GO-linked to apoptosis and autophagy (Wu et al.
2016a). Our data support a role for Zn, through its binding to MTF-1 and subsequent MRE
activation, in the transcriptional regulation of these miRNAs. Their specific effects on
osteogenesis, though, remain to be determined.

MAPKS8 and JUN exhibit the most protein-protein interactions among the MTI gene
products shared between the TGF-, MAPK, and Wnt signaling pathways. The JUN gene product,
c-Jun, is activated by phosphorylation and is a necessary component of the AP-1 DNA-binding
complex (Miller et al. 2010; Vasilevskaya and O'Dwyer 2003). c-Jun also forms a complex with
B-catenin and TCF4 to upregulate MYC transcription at the 3’ enhancer region (Yochum et al.
2008). Our analysis indicates that several mitogen-activated protein kinases, also called c-Jun N-
terminal kinases, are responsible for phosphorylating c-Jun, including the gene product of MAPKS,
JNK1 (Bubici and Papa 2014). We report that JUN, MAPKS, and MYC are involved in MTIs, and
each MTI component contains one or more MREs upstream from its TSS.

These observations support the hypothesis that the transcriptional regulation of
osteogenesis by Zn occurs at multiple nodes within osteogenic signaling pathways. MREs are
located upstream from the TSSs of both components of the MTI. We propose that feed-forward
loops are involved with the Zn-dependent transcriptional regulation of osteogenesis through the
MTF-1/MRE/MTT interactions (Figure 5). The results from this study support the supposition that

Zn regulation of bone growth and development occurs at the most fundamental levels. Future
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studies are planned to validate these complex Zn-dependent regulatory interactions as they relate

to bone growth and development.
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Figure 2.1. In silico experimental pipeline. (1) Biostrings: identified all metal regulatory element
(MRE) motifs (5’-TGCRCNC-3") throughout the human genome. (2) BiomaRt: mapped the
location of all HUGO Gene Nomenclature Committee (HGNC) named genes in the genome. (3)
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways used to categorize genes from
osteogenic development pathways TGF-B (hsa04350), MAPK (hsa04010), and Wnt (hsa04310).
(4) Output — 460 genes with an upstream MRE within -7Kbp were found in these three KEGG
pathways; 413 genes with MREs not interrupted by another gene (Supplementary Table 2)
continued through the pipeline. (A) 86 pre-miRNAs whose transcriptional start sites (TSSs) were
predicted by the microTSS algorithm. (B) GenomicRanges: identified the 85/86 pre-miRNAs
with one or more MREs in the range -7Kbp to +1Kbp from their predicted TSSs; 44 pre-miRNA
genes with MREs not interrupted by another gene continued through the pipeline. (C) miRBase:
converted the 44 pre-miRNAs into 73 mature miRNAs. (D) multiMiR: find TarBase-verified

miRNA-target gene interactions (MTIs) of the 73 mature miRNAs. (E) 64/73 mature miRNAs
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have TarBase-verified MTIs with genes from the KEGG pathways. (F) 241 gene targets from the
miRNAs. (G) Of the 241 gene targets, 213 also have an MRE. (i) mirdb via multiMiR: finds all
predicted gene targets of the miRNAs. (ii) Panther GO-Slim biological process for the predicted
targets. (i11) Venn diagram identifies shared genes and miRNA between signaling pathways. (iv)

Protein-protein interactions mapped using STRING.

A B
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Figure 2.2. Venn diagrams of shared signaling pathway genes and miRNAs. (A) Genes with
MRE:s in their promoter regions that are targets for miRNAs that contain MREs within their own

promoter regions. (B) MiRNAs that target the genes in 2A.
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Figure 2.3. Protein-protein interactions between miRNA-target gene interactions. The sources
for determining active interactions were from experiments and databases. The minimum

interaction score used to generate the interactions web was 0.900.
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Figure 2.4. Gene ontology enrichment of the MTI genes. The MTI genes were used to query the
PANTHER GO-Slim Biological Process database. Significance was determined using the
Fisher’s Exact test with the false discovery rate multiple test correction. All values reported in

the graph exhibited a false discovery rate >0.05.
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Figure 2.5. Zn activates MTF-1 and MTF-1 will bind to the MRE in promoters of genes. These
genes include miRNAs, which are themselves repressors of gene activity. A feedforward loop

can arise in which MTF-1 and miRNAs impact the expression of each other and of target genes.
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Table 2.1. The five highest miRNA/target gene interactions (MTIs) within each signaling

pathway. (A) Signaling pathway genes with the highest number of MTIs. (B) miRNAs that target

most genes in each signaling pathway.

Table 2.1A
TGF-p MAPK Whnt
GENE MTI | GENE MTI | GENE | MTI
MAPKI1 10 | MAPK1 10 |[CCND2 | 9
SMAD4 8 | IGFR1 9 |SMAD4| 8
TGFBR2 8 | TAOKI1 9 | CCNDI1 7
ACVRI 7 | RPS6KAS| 8 |MYC 7
ACVRIB | 7 | TGFBR2 8 | TP53 7
Table 2.1B
TGF-p MAPK Whnt
Mature MTI Mature MTI Mature MTI
miRNA miRNA miRNA
hsa-miR-124- 12 | hsa-miR-124- 32 | hsa-miR-20b- 12
3p 3p Sp
hsa-miR-20b- 11 | hsa-miR-19b- 19 | hsa-miR- 11
Sp 3p 106a-3p
hsa-miR-19b- 9 | hsa-miR-34a- 19 | hsa-miR-34a- 11
3p Sp Sp
hsa-miR- 8 | hsa-miR- 17 | hsa-miR-124- 10
106a-3p 106a-3p 3p
hsa-miR-34a- 7 | hsa-miR-20b- 9 | hsa-miR-19b- 9
Sp Sp 3p
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Table 2.2. MYC miRNA/target gene interaction. MYC is shared by the TGF-, MAPK, and Wnt
signaling pathways. The list of mature miRNAs that target MYC. Each of these miRNAs also
target other genes within the signaling pathways (MTI). Hsa-miR-34a-5p exhibits the most MTIs

within each signaling pathway.

Mature miRNA TGF-p MAPK Wnt

MTI MTI MTI
hsa-miR-34a-5p 7 19 11
hsa-miR-148a-3p 5 6 4
hsa-miR-222-3p 4 9 5
hsa-miR-940 3 12 9
hsa-miR-148a-5p 2 2 2
hsa-miR-92a-2-5p 2 7 3
hsa-miR-19b-2-5p 1 4 1
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CHAPTER 4
GENOMIC CHARACTERIZATION OF THE ZINC TRANSCRIPTIONAL REGULATORY

ELEMENT REVEALS POTENTIAL FUNCTIONAL ROLES OF ZNF6583

3 Francis, M.; Cheng, H; Ma, P; Grider, A. 2019. Biological Trace Element Research.
Reprinted here with permission of the publisher.
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Abstract

The zinc transcriptional regulatory element (ZTRE) is a newly reported binding motif for
human zinc finger protein ZNF658, which alters gene expression in response to cellular zinc. The
ZTRE has two nucleotide components—the reverse palindromic flanking pairs, and the bridging
“N” bases between these flanks that range in number from 0 to 100. There are twelve pairs of
ZTRE flanks (designated A-L). 3525 genes contain one or more ZTREs -1000 to +200bp from
their transcriptional start site (TSS). ZTRE-E is observed at a greater frequency, and ZTRE
containing 25 bridging bases are less frequent, within -200bp from the TSS. The genes with ZTREs
in this range are enriched in processes that may compensate zinc deficiency, while other genes
with ZTREs outside this range are enriched in transcriptional activation processes. The division of
ZTREs into two groups may imply a dual role of ZNF658, similar to the homologous yeast protein
Zap1, via binding to low or high affinity sequences dependent upon cellular zinc. The KLF/Sp1-
family binding motif is prevalent within the ZTRE “N” bridging bases, suggesting ZNF658 may

compete with Sp1-like transactivators to suppress transcription.
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Introduction

The Cys:His; class of zinc (Zn) finger proteins (ZFPs) accounts for about 3% of the human
genome and is the largest class of putative transcription factors (TFs). The majority of these ZFPs
have unknown functions, and those that have been characterized have diverse properties—
indicating a potentially vast regulatory network that is largely unstudied [1]. ZFPs are also
considered ideal for the development of certain molecular medical applications, such as induced
transcriptional activation or repression of target genes, or in the fusion of ZF peptides with other
functional protein domains to manipulate gene products [2]. For certain Cys;Hiso ZFPs, some of
their ZFs act as Zn sensors, and when Zn levels reach a certain threshold relative to their Zn-
binding affinity, the TF will activate and bind to DNA. In eukaryotes these are Zapl
(Saccharomyces cerevisiae), Lozl (Schizosaccharomyces pombe), and MTF-1 (Homo sapiens,
conserved among metazoan species) [3]. To this list we may also add the recently sequenced factor
ZNF658, which has been shown to bind to DNA and regulate gene transcription in response to
cellular Zn levels [4].

ZNF658 has a relatively large amount of ZFs (21), which suggests a high degree of Zn
sensitivity. It binds to the variable-length motif known as the Zn transcriptional regulatory element
(ZTRE), whose sequence is 5’-CMCDCCYNo-100RGGHGKG-3" (M=C or A; D=A, G, or T; Y=C
or T; R=A or G; H=A, C, or T; K=T or G) [5]. The nucleotides in the 7-mer 5’- and 3’- flanks are
required to be reverse palindromic for ZNF658 binding. There are no reported criteria for the
middle “N” bases, which can range in number from zero to potentially 100 [5]. This variability
seen in some TF binding to palindromic motifs can be a consequence of TF dimerization [6,7].
The Zn dependent activation of ZNF658 binding to the ZTRE was verified in SLC3045 (ZnT5),

SLC30A410 (ZnT10), and CBWD genes [5]. Introducing ZNF658 siRNA to the transcriptome of
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Caco-2 cells had significant effects on the up- or down-regulation of 124 genes in a microarray
panel, including a large number of rRNA genes [4].

ZNF658 and Zap1 in S. cerevisiae are homologous proteins whose essential DNA-binding
ZF domains are aligned and highly similar [4]. Zap1 binds to an 11-mer reverse palindromic motif,
the Zn-Responsive Element (ZRE). Zap1 is the main regulator of Zn homeostasis in S. cerevisiae,
and has low activity in Zn-adequate cells and high activity during Zn deficiency [8]. Zap1 is known
to initiate a “Zn-sparing” response by sensing deficiency and repressing levels of certain Zn-
binding proteins, while simultaneously increasing expression of replacement proteins that have
lower Zn requirements [9]. Severely Zn deficient cells increase levels of Zap1 via autoregulation;
this increase enables the activation of target genes by allowing Zapl to bind to lower binding
affinity ZREs [10]. These lower affinity ZREs are found closer to target gene transcriptional start
sites (TSSs), and are also sites of Zapl-mediated repression. This repression is thought to be a
result of Zap1 blocking transcription initiation sites [11].

The two independent activation domains of Zap1, AD1 (dominant) and AD2, can sense Zn
levels and initiate DNA binding, and may also be relevant to our understanding of ZNF658 [12].
Zn binding to ADI causes a conformational change in Zapl that inhibits the ability of AD1 to
activate transcription via coactivator recruitment; a similar mechanism governs AD2 [13]. There
is a region of similarity at the AD1 domain between the aligned sequences of Zapl and ZNF658
[4].

Therefore, Zapl is a ZFP-TF that may be an evolutionary precursor to ZNF658. The dual
activator/repressor mechanism of Zapl is related to preferential binding to high and low affinity
ZREs based on cellular Zn status. Additionally, ZNF658 has been shown to repress the expression

of certain genes under conditions of high Zn, and silencing its expression caused a wide variety of
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in vitro transcriptomic changes [4]. Based on our genomic analysis of predicted ZNF658 binding
sites in the human genome, we have identified a significant difference in composition between
ZTREs that occur closest to gene TSSs and those that do not, as well as the functional annotations
of these gene sets. This suggests ZNF658 may provide a similar response to Zap1 in Zn deficiency,
as activator or repressor via preference for lower binding affinity ZTREs that are found closer to
gene TSSs.

Materials and Methods

Analyses were performed using GENCODE reference annotation for the human genome,
Release 29 (GRCh38.p12), standard chromosomes [ 14]. All Bioconductor packages were executed
in R Studio (v1.1.463) [15-17]. Gene promoters considered as the region -1000 bp upstream and
+200 bp downstream from gene transcriptional start sites (TSSs). Geneious was used to determine
genomic positions of the ZTRE motif, 5’-CMCDCCYN(0-1000RGGHGKG-3" (Geneious; v10.2.3)
[18]. Background ZTREs were defined as those which fit the sequence format of ZTRE but do not
occur in this defined promoter range. Overlaps between ZTRE positions and gene promoters were
recorded using GenomicRanges (v1.34.0) and GenomicFeatures (v1.34.1) [19,20]. Multiple Em
for Motif Elicitation (MEME, v5.0.2) and TOMTOM HOmo sapiens COmprehensive MOdel
COllection (HOCOMOCO, v11) were accessed via MEME suite [21]; only motifs that occurred
in one hundred or more ZTRE “N” base sequences were reported. Ggseqlogo (v0.1) was used to
plot sequence logos from MEME data [22]. BLASTp (BLOSUMS62 scoring algorithm) was used
to identify homologous amino acid sequences [23]. DAVID Bioinformatics Resources (v6.8)
functional annotation clustering was used to identify enrichment of gene cohorts [24,25]. Panther

GO Biological Process (v13.1) Fisher's exact testing with Bonferroni correction for multiple
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testing was used to identify significantly overrepresented annotated gene ontologies (a = 0.05)
[26,27].

Statistical analyses were performed using R (v3.5.0) [15]. Chi-square test was used to
determine whether there is a significant association between ZTRE Flank ID and ZTRE location,
based on whether ZTREs are located in the range -200 bp to TSS vs. other promoter ranges (o =
0.05); this test assumes independence between two categorical variables in the null hypothesis.
Two Proportion Z-test was used to determine significant difference between ZTRE-E in the
range -200 bp to TSS vs. background, and vs. all promoter ZTREs (a = 0.05); and also between
ZTREs containing 25 bridging bases in the range -200 bp to TSS versus all ZTREs in the
promoter range; this test assumes no significant difference between two population proportions
in the null hypothesis. Wilcoxon rank-sum tests were used to compare the number of bridging
bases between independent groups of ZTREs, first between ZTREs in background vs. ZTREs in
promoter, and then between ZTREs in the range -200 bp to TSS vs. other ZTREs in the promoter
range (o = 0.05); this test assumes that the two groups come from the same distribution in the
null hypothesis.

Results

Genomic identification of ZTREs

The ZTRE sequence, 5’-CMCDCCYNo-100RGGHGKG-3’, was used to search the human
genome (M=C or A; D=A, G, or T; Y=C or T; R=A or G; H=A, C, or T; K=T or G). There a total
of 85436 ZTREs, and 5200 of these were found in the promoters (-1000 to +200 bp from TSS) of
3525 genes (Supplementary Table 1). Of these 3525 genes, 61.4% (2165) are protein coding. The

mean distance from the ZTRE start site to TSS for protein coding genes is -222 bp upstream. Based
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on previous reports, the maximum number of bridging bases used in this study was set to 100;

41.6% of ZTREs have 0-50 bridging bases.

Analysis of palindromic flanking regions

The ZTRE consists of twelve possible pairs of 7-mer reverse palindromic 5°- and 3’-
flanking sequences. We named these ZTRE Flank ID A through L based on descending
background frequency (Supplementary Table 2, Figure 1). There is significantly more ZTRE-E,
CCCGCCCNo-100GGGCGGQE, in gene promoters than background (Z =-79.46, P <2.2e-16), and
there is also significantly more ZTRE-E in the range -200 bp to the TSS versus all promoter ranges
together (Z=12.88, P <2.2e-16). Overall, there is a significant association between ZTRE Flank
ID and whether it is located in the range -200 bp to the TSS versus other promoter ranges (y° =

439.97,df =11, P <2.2e-16).

Analysis of bridging “N” bases

The most frequently occurring number of promoter (and background) bridging bases is 25
(Figure 2). However, there are significantly fewer ZTREs containing 25 bridging bases in the range
-200 bp to TSS versus all ZTREs in the promoter range -1000 to +200 bp (Z=-2.53, P = 0.00566).
Wilcoxon rank-sum tests indicate that there are significantly more bridging bases in ZTREs found
in the promoter range than in background (U = 200660000, Z = -11.725, P < 2.2e-16), but
significantly fewer bridging bases in ZTRE found in the -200 bp to TSS range than in all promoter

ranges (U= 5162000, Z=-1.807, P =0.03538).
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Differences in “N” base motifs

The “N” bridging base sequences were analyzed for recurring motifs to predict binding
similarities of ZNF658 to other TFs, and also to define further differences between the two ZTRE
location-based cohorts (Figure 3, Table 1). A version of the repeating GC-rich sequence (Motifs
2, 4 and 8) containing the Sp1/KLF TF family binding motif occurs in all sets of ZTREs and has
the highest £ values. Motifs 1 and 3, which are significant in all ZTREs taken together, do not
retain their significance when the ZTREs are separated into groups. ZTREs closest to TSSs exhibit
significant enrichments for binding sites similar to NFY family TFs and androgen receptors
(Motifs 5 and 6). In the other group of ZTREs, Motif 7 shares similarity with the binding sites of
three relatively unstudied TFs: ALX1 (associated with autosomal-recessive frontonasal dysplasia),
DUX4 (associated with facioscapulohumeral dystrophy), and ZFP28 (associated with circadian

rhythm).

Functional gene annotation differs with ZTRE position

A distinction in the ontologies of the DAVID functional annotation clusters can be seen
based upon which of the two location-based groups of ZTREs these genes contain in their promoter
(Table 2). For genes with ZTREs in the range -200 bp to the TSS (1112 mapped DAVID IDs),
there is significant enrichment in pleckstrin homology (PH) domain-containing genes,
microtubule/kinesin transport, and leucine zipper domain (bZIP) annotation clusters. For genes
with ZTREs in other ranges, there is significant enrichment in RNA pol II transcription,
transcription and activation processes, and PWWP domain-containing gene annotation clusters.

Significantly enriched clusters in each group of genes are unenriched in the other. Nervous system
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development was the single enriched GO biological process observed for genes with ZTREs in the

range -200 bp to the TSS.

Homology of ZNF658 with Zapl, Spl, and MTF-1

We compared the amino acid sequence of ZNF658 to Zapl and MTF-1, and also to Spl
since the Sp1/KLF binding motif recurred throughout the ZTRE “N” bases (Table 3). MTF-1 then
Zap1 exhibit the highest total bit scores, indicating a high degree of similarity. (For reference, the
total bit score between MTF-1 and Zap1 is 235. These larger total bit scores are due in part to the
21 repetitive ZF sequences in ZNF658.) MTF-1 ZFs 1-3 are homologous with ZFs 12-16 of
ZNF658; these are the essential DNA binding domains of each TF. The AD1 domain of Zapl is
26% identical and 35% similar to a corresponding region in ZNF658; the percent identity versus
sequence length comparison for AD1 falls into the "twilight zone" of indeterminate homology
[28], however the E value (0.008) indicates some statistical significance. The three ZFs of Sp1 are
homologous to ZF regions of ZNF658, and when the three are queried together they are 62%
similar to a continuous region of ZNF658. ZF1 of Spl is 76% identical to ZF16 of ZNF658 (E =
2e-07). The essential DNA-binding Zn finger domains in both Sp1 and MTF-1 also act as a nuclear

localization signal (NLS) [29,30], and may have a similar role in ZNF658.

ZTREs associated with Ogo et. al. (2015) genes

Of 124 genes in Caco-2 cells that exhibited fold changes in the expression of their products
following the introduction of ZNF658 siRNA, and under normal Zn conditions [4], 10 have ZTREs
in the range -1000bp to +200bp from their TSS (CGBS5, DIRC2, F2RL1, IGF2, ITPRIPL2, MBNL3,

PAK?2, PRPF40A4, SESTDI1, and SOX15). F2RLI and SESTD1 both contain ZTRE-E in the range
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-200bp to the TSS. There is no derivable relationship between the measured fold changes of these

gene products and the characteristics of the ZTRE(s) that occur near these genes.

Discussion

The large number of Zn fingers and thus potential Zn sensitivity of ZNF658, combined
with the significant bisection in ZTRE motifs that we have shown here, suggests that this TF may
have a dual regulatory function that is dependent on cellular Zn concentration. The mechanism of
this function may be analogous to the Zn-activated TF in S. cerevisiae, Zapl. The DAVID
functional annotation of gene clusters (Table 2) contain several pieces of information which
supports two (or more) distinct categories of ZTREs: namely, one for low Zn (in the range -200bp
to TSS) and one for adequate Zn (in the other promoter locations).

During Zn deficiency, Zapl induces CKI/I and EKII genes to maintain phospholipid
synthesis [31]; this adaptation process may be analogous to the enriched set of genes that code for
proteins containing Pleckstrin homology domains, which are known to bind phospholipids and are
involved in their processing [32]. Zap] also upregulates the 7547 gene, whose product Tsal is a
protein chaperone that operates under conditions of Zn deficiency. Tsal stabilizes the
accumulation of Zn-dependent apoproteins in cells, and shields them from misfolding and
aggregation until Zn levels increase [31]. In human neurons, these unfolded and misfolded proteins
are moved outward by anterograde transport, mediated by microtubule motor activity [33], which
is also a significantly enriched functional annotation for genes with ZTREs in the range of -200 bp
to the TSS. In Arabidopsis thaliana and Triticum aestivum, Zn deficiency also leads to increased
expression of bZIP (basic-leucine zipper domain) transcription factors [34]. It is not known

whether there is a similar Zn-dependent effect on these TFs in humans, however, the bZIP family
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are well-characterized as repressors, and this further supports the idea that ZTREs closer to gene
TSSs are associated with Zn deficiency and transcriptional “off” regulatory functions. Meanwhile,
the top two significantly enriched DAVID annotation clusters for promoter ZTREs not in the -200
bp to the TSS range are associated with RNA Pol II activation and transcriptional activation. These
genes could represent a cascading “on” signal for when Zn levels are adequate enough to resume
normal cellular protein synthesis.

The “N” bases of the ZTRE match binding sites for several TFs related to Zn (Table 1).
NF-Y transcription complex associated with Motif 5 (Figure 3), which has global transcription
effects and occurs in 30% of gene promoters, is co-expressed with the ZFPs Sp2 and ZNF143 [35].
Motif 6 is similar to the binding site for androgen receptors, which are suppressed with elevated
Zn levels in the context of prostate cancer [36]. A deletion in DUX-4 is associated with
facioscapulohumeral dystrophy; muscle strength of those afflicted has been shown to improve
following zinc (and other) supplementation [37].

Sp1-like proteins are defined as having a high degree of sequence similarity with the Sp1
DNA-binding domain, comprised of three Kruppel-like Zn fingers. The KLF/Sp1-like proteins
have similarity in this domain that ranges from 68-96%; ZNF658 exhibits 62% homology in this
domain (Table 3). The view that Spl binds to all such GC-rich motifs (Table 1) may be overly
simplified, and a more likely scenario is that many different TFs compete for these sites based on
binding affinity that can be influenced by environmental factors, e.g. Zn levels [38]. Indeed, many
KLF/Sp1-like proteins have dual activator/repressor roles under various cellular stresses, similar
to the potential role of ZNF658 that we propose here.

When considering the role of Zap1, and the role of ZNF658 that we have proposed here as

an initiator of cellular changes based on Zn status, it is not surprising that indirect (nonspecific)
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effects could account for many of the changes in expression levels that were observed in the
ZNF658 knockdown gene expression panel performed by Ogo et. al. [4]. F2RL1 and SESTDI may
be of particular interest because of the presence of ZTRE-E in the range -200bp to the TSS. It is
of interest going forward to design experiments that specifically target the expression of genes
with different permutations of the ZTRE in their promoter (e.g. ZTRE-E vs. ZTRE-A), under

varied Zn concentrations.
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Figure 3.1. Twelve pairs of 5’- and 3’- reverse palindromic flanking sequences of the ZTRE,
named ZTRE-A through L based on their background abundances. Shown are the relative
abundances of these sequences as compared to all ZTREs in gene promoters (n=5200). ZTRE flank

IDs sorted according to their distance from the TSS.
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Figure 3.2. Numbers of bridging “N” bases in ZTRE sequences. There is a significant difference
in the total number of bridging bases No-100, as well as at Na»s, for ZTREs located in the range -

200 bp to the TSS, compared to other promoter ZTREs or background ZTRE:s.
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Figure 3.3. Significantly recurring motifs found in ZTRE “N” bases. Top row are all ZTREs
found in the promoters of genes (n=5200). Middle row motifs found in ZTREs in the range -200
bp upstream to the TSS (n=2041). Bottom row motifs are other promoter ZTREs (n=3159). A

version of the GC-rich Spl-like binding motif (4,8, and reverse complement of 2) occurs in all

three sets.
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Table 3.1. Results from ZTRE “N” base analysis as depicted in Figure 3. Sp1-like GC-rich

binding motifs are common to all groups and have the lowest £ values, though high statistical

significance is noted for all motifs listed. Only motifs with 100 or more sites are reported. TFs

with similar binding sites to the motifs identified are also listed.

ZTRE “N”
base motif E TOMTOM HOCOMOCO
ZTRE set Motif | Width value Sites database matches
1 19 2.00E-177 127 | IKZF1**

All in PATZ1*** Spl1-TF family***,
promoter 2 15 1.80E-189 1000 | VEZF1*** KILF3*** ZN467***
(n=5200) PRDM6**, SOX2** LEF1*,

3 29 5.20E-125 385 | FOXJ3* IRF1*
2200 bp to Sp1-TF family*** KLF3***
TSS 4 15 1.80E-284 673 | KLF12*** PATZI1*** WT]***
(n=2041) 5 11 3.60E-138 229 | NFYC*** NFYA*** FOXI]***
6 29 5.00E-118 106 | ANDR*

Other 7 21 3.1e-310 415 | ALX1*, DUX4*, ZFP28*
promoter
locations MAZ*** WT1*** Spl-TF
(n=3159) 8 29 8.20E-181 455 | family*** KLF15*** PATZ]***

TOMTOM matches E value:
*E<0.1

**E<0.01

***E<0.001
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Table 3.2. Enrichment scores for genes with a ZTRE in the range -200 bp to the TSS, compared

to those with ZTREs in other promoter locations. Top DAVID annotation clusters for each

cohort are reported. Annotation clusters significantly enriched for genes found in the range -200

bp to the TSS may be associated with Zn deficiency cellular responses, while enriched genes for

other ZTREs are associated with transcriptional activation.

Genes with All other

ZTRE -200bp | ZTRE
Summary: Annotation/enrichment scores to TSS Genes
Number of mapped DAVID IDs 1112 1481
DAVID Pleckstrin homology domain annotation cluster 4.73%* 0.54
DAVID Microtubule transport annotation cluster 1.81%* 0.25
DAVID Leucine zipper domain annotation cluster 1.42%* 0
DAVID RNA pol II transcriptional activation annotation
cluster 0.26 3.56**
DAVID Transcription/activation annotation cluster 0.62 2.86%*
DAVID PWWP domain annotation cluster 0 2.42%*
GO nervous system development 1.41%* -

*p<0.01
*#p<0.001
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Table 3.3. Comparison of amino acid sequences of Zapl, Spl, and MTF-1 versus ZNF658.

Homologous ZF domains are found in all of these proteins. The AD1 domain of Zap1 has

regulatory element-binding characteristics which may be analogous to those of ZNF658, though

direct homology of the domains is indeterminate.

Human Total bit
Subject ZNF658 score
Subject Subject | domain homologou Posi- | (BLOSUM
organism | protein | (position) s region E value | Identity | tives | 62)
S.
cerevisiae | Zapl (all) - - - - 1649
S. AD1 (258- 8.00E-
cerevisiae | Zapl 317) 199-253 03 26% 35% | -
H. sapiens | Spl (all) - - - - 1072
Zn finger 1 | 886-902 2.00E-
H. sapiens | Spl (626-650) (ZF16) 07 76% 82% | -
Zn finger 2 | 523- 4.00E-
H. sapiens | Spl (656-680) 540(ZF3) 04 44% 2% | -
Zn finger 3 | 440- 9.00E-
H. sapiens | Spl (686-708) 462(ZF2) 06 43% 69% | -
NLS/Zn 971-
fingers 1-3 | 1040(ZFs 3.00E-
H. sapiens | Spl (626-708) 19-21) 20 49% 62% | -
H. sapiens | MTF-1 | (all) - - - - 1705
NLS/Zn 768-903
fingers 1-3 | (ZFs 12- 2.00E-
H. sapiens | MTF-1 | (112-202) 16) 31 44% 58% |-
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CHAPTER 5

CONCLUSION

In comparison to some of the more well-studied transcription factors (TFs), MTF-1 and
ZNF658 have less gene expression data reported in the literature. There is a need for studies to
determine the precise relationships between MTF-1 and ZNF658 TF binding sites (i.e.
permutation, length, flanking bases) and the strength of their regulatory effects. Similarly, there
has been no validation for the combinatorial regulation by these Zn-activated TFs and microRNAs
(miRNAs). The work contained herein provides the computational framework for future
investigations designed to validate these phenomena.

Bioinformatics give us tools to make functional predictions from DNA structure, on a scale
that was previously unimaginable. Our studies reported here illustrate a merger between nutrition
and genome-wide analysis techniques, called nutrigenomics. Here we have shown three different
types of analyses performed with these techniques: secondary analysis of gene expression data,
regulatory network prediction, and functional predictions based on homology. These studies pave
the way for novel studies designed to increase our understanding of Zn-activated transcription
factors. Based on our analyses, their influence may be much greater than anticipated, and beyond

simply the regulation of cellular Zn homeostasis.
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