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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 palindromic flanking pairs and the bridging “N” bases 

between these flanks that range in number from 0 to 100. There are 12 pairs of ZTRE flanks 

(designated A-L). Three thousand five hundred twenty-five genes contain one or more ZTREs 

− 1000 to + 200 bp from their transcriptional start site (TSS). ZTRE-E is observed at a greater 

frequency, and ZTRE containing 25 bridging bases are less frequent, within − 200 bp 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 Cys2His2 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 
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[2]. For certain Cys2His2 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 Zap1 (Saccharomyces cerevisiae), Loz1 

(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′-CMCDCCYN0–100RGGHGKG-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 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 SLC30A5 (ZnT5), SLC30A10 (ZnT10), and CBWD genes [5]. 

Introducing ZNF658 siRNA to the transcriptome of Caco-2 cells had significant effects on 

the up- or downregulation 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 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 Zap1 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 Zap1-

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 AD1 causes a conformational change in Zap1 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 

Zap1 and ZNF658 [4].

Therefore, Zap1 is a ZFP-TF that may be an evolutionary precursor to ZNF658. The dual 

activator/repressor mechanism of Zap1 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 in vitro transcriptomic changes [4]. Based on our genomic analysis 
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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′-

CMCDCCYN0–100RGGHGKG-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]. Multiple Em for Motif 

Elicitation (MEME, v5.0.2) and TOMTOM Homo sapiens COmprehensive MOdel 

COllection (HOCOMOCO, v11) were accessed via MEME suite [20]; only motifs that 

occurred in 100 or more ZTRE “N” base sequences were reported. Ggseqlogo (v0.1) was 

used to plot sequence logos from MEME data [21]. BLASTp (BLOSUM62 scoring 

algorithm) was used to identify homologous amino acid sequences [22]. DAVID 

Bioinformatics Resources (v6.8) functional annotation clustering was used to identify 

enrichment of gene cohorts [23, 24]. Panther GO Biological Process (v13.1) Fisher’s exact 

testing with Bonferroni correction for multiple testing was used to identify significantly 

overrepresented annotated gene ontologies (α = 0.05) [25, 26].

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 versus other 

promoter ranges (α = 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 versus background, and versus all 

promoter ZTREs (α = 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 versus ZTREs in promoter, and then 

between ZTREs in the range − 200 bp to TSS versus other ZTREs in the promoter range (α 
= 0.05); this test assumes that the two groups come from the same distribution in the null 

hypothesis.
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Results

Genomic Identification of ZTREs

The ZTRE sequence, 5′-CMCDCCYN0–100RGGHGKG-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=Tor G). There is 

a total of 85,436 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 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 12 possible pairs of 7-mer palindromic 5′- and 3′-flanking sequences. 

We named these ZTRE Flank ID A through L based on descending background frequency 

(Supplementary Table 2, Fig. 1). There is significantly more ZTRE-E, 

CCCGCCCN0–100GGGCGGG, 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 (χ2 = 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 

(Fig. 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 = 200,660,000; 

Z = − 11.725, P < 2.2e-16), but significantly fewer bridging bases in ZTRE are found in the 

− 200 bp to TSS range than in all promoter ranges (U = 5,162,000; Z = − 1.807, P = 

0.03538).

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 (Fig. 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 E 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).
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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 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 Zap1, Sp1, and MTF-1

We compared the amino acid sequence of ZNF658 to Zap1 and MTF-1 and also to Sp1 since 

the Sp1/KLF binding motif recurred throughout the ZTRE “N” bases (Table 3). MTF-1 then 

Zap1 exhibits 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 Zap1 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 [27]; 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 Sp1 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) [28, 29] and may have a similar role in ZNF658.

ZTREs Associated with Ogo et. al. (2015) Genes

Of the 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 − 1000 to + 200 bp from their TSS (CGB5, DIRC2, F2RL1, 
IGF2, ITPRIPL2, MBNL3, PAK2, PRPF40A, SESTD1, and SOX15). F2RL1 and SESTD1 
both contain ZTRE-E in the range − 200 bp to the TSS. There is no derivable relationship 

between the measured fold changes of these gene products and the characteristics of the 

ZTREs 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, suggest 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, Zap1. 

The DAVID functional annotation of gene clusters (Table 2) contain several pieces of 
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information which supports two (or more) distinct categories of ZTREs: namely, one for low 

Zn (in the range − 200 bp to TSS) and one for adequate Zn (in the other promoter locations).

During Zn deficiency, Zap1 induces CKI1 and EKI1 genes to maintain phospholipid 

synthesis [30]; 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 [31]. Zap1 also upregulates the TSA1 
gene, whose product Tsa1 is a protein chaperone that operates under conditions of Zn 

deficiency. Tsa1 stabilizes the accumulation of Zn-dependent apoproteins in cells, and 

shields them from misfolding and aggregation until Zn levels increase [30]. In human 

neurons, these unfolded and misfolded proteins are moved outward by anterograde transport, 

mediated by microtubule motor activity [32], 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 [33]. It is not known 

whether there is a similar Zn-dependent effect on these TFs in humans; however, the bZIP 

family 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 the binding sites for several TFs related to Zn (Table 1). 

NF-Y transcription complex associated with motif 5 (Fig. 3), which has global transcription 

effects and occurs in 30% of gene promoters, is co-expressed with the ZFPs Sp2 and 

ZNF143 [34]. Motif 6 is similar to the binding site for androgen receptors, which are 

suppressed with elevated Zn levels in the context of prostate cancer [35]. 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 [36].

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 to 96%; ZNF658 exhibits 62% 

homology in this domain (Table 3). The view that Sp1 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 [37]. 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) 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 SESTD1 may be of particular interest because of the presence of ZTRE-E in the 
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range − 200 bp 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 versus ZTRE-A), under varied Zn concentrations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Twelve pairs of 5′- and 3′- 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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Fig. 2. 
Numbers of bridging “N” bases in ZTRE sequences. There is a significant difference in the 

total number of bridging bases N0–100, as well as at N25, for ZTREs located in the range 

− 200 bp to the TSS, compared to other promoter ZTREs or background ZTREs
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Fig. 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 Sp1-like binding motif (4,8, and reverse complement of 2) 

occurs in all three sets
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