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We recently discovered a novel biological process, the scheduled remodeling of Z-DNA
structures in the developing fetal mouse male germ cells [Nat. Cell Biol. 24, 1141–1153].
This process affects purine/pyrimidine dinucleotide repeat (PPR) rich sequences, which
can form stable left-handed Z-DNA structures. The protein that carries out this function is
identified as ZBTB43, member of a large family of ZBTB proteins. Z-DNA remodeling by
ZBTB43 not only coincides with global remodeling of DNA methylation and chromatin
events in the male germ line, but it also is a prerequisite for de novo DNA methylation.
When ZBTB43 changes DNA structure from the left-handed zigzag shaped Z-DNA to the
regular smooth right-handed B-DNA, it also generates a suitable substrate for the de
novo DNA methyltransferase, DNMT3A. By instructing de novo DNA methylation at PPRs
in prospermatogonia, ZBTB43 safeguards epigenomic integrity of the male gamete.
PPRs are fragile sequences, sites of large deletions and rearrangements in mammalian
cells, and this fragility is thought to be due to Z-DNA structure formation rather than the
sequence itself. This idea is now supported by the in vivo finding that DNA double strand
breaks accumulate in mutant prospermatogonia which lack ZBTB43-dependent Z-DNA
remodeling. If unrepaired, double stranded DNA breaks can lead to germ line mutations.
Therefore, by preventing such breaks ZBTB43 is critical for guarding genome stability
between generations. Here, we discuss the significance and implications of these findings
in more detail.

Global epigenome remodeling in the germ line
Our recent study reveals a novel layer of global remodeling of the epigenome [1]. Chromatin compos-
ition includes covalent modifications of DNA and histone molecules. These marks can be faithfully
maintained between cell divisions and provide the epigenetic memory, which instructs each cell type
to display specific physical characteristics and to carry out specific functions. Epigenome changes may
occur stepwise and globally. In mammalian species, two waves of global remodeling events take place,
one at the soma-to germ line and the other at the germ line-to soma transitions. The mammalian
germ line undergoes global epigenome remodeling at the level of DNA methylation and chromatin
[2–9] to erase the somatic pattern, and to establish the male or female gamete-specific epigenomes.
DNA methylation levels are high in the germ line at the emergence of primordial germ cells, but this
pattern is erased in both sexes as the germ cells migrate and colonize the genital ridges. Female germ
cells reestablish DNA methylation only after birth in the growing meiotic oocytes whereas male germ
cell undergo global de novo methylation in the mitotically arrested fetal male germ cells (prospermato-
gonia) (Figure 1). The male gamete’s epigenome largely relies on efficient events that take place in a
time window of 2 days between 15.5–17.5 days post coitum (dpc) in the fetal germ cells. This global
de novo methylation is carried out by de novo DNA methyltransferases DNMT3A and DNMT3C with
the help of the catalytically inactive DNMT3L [10–13]. The pattern of DNA methylation is globally
different in spermatozoa compared with primordial germ cells and also in spermatozoa compared
with oocytes, suggesting that de novo methylation involves genomic location-specific instructions that
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lend such cell-specificity. Such instructions in prospermatogonia include piRNAs [14–16] and histone compos-
ition covalent modifications. Di- and trimethylation of H3K4 is restrictive to DNA methylation [3], whereas
H3K36me2 is instructive [17] in prospermatogonia. We earlier detected broad low-level transcription along the
genome in prospermatogonia [3], and we expect that this may facilitate the default de novo methylation at
broad regions, potentially by instructing histone marks. This hypothesis is currently being tested genetically. In
addition to the above mechanism, we explored the possibility that sequence-specific DNA-binding protein
factors provide instructions to the DNA methylation machinery, and we considered the role of ZBTB proteins.

ZBTB proteins
The family of broad-complex, Tramtrack and Bric-à-brac (BTB) — zinc finger domain containing (ZBTB) pro-
teins [18] consists of 49 members which control various developmental and cellular processes [19–22]. Each
ZBTB protein contains the BTB domain, which mediates protein–protein interactions and varying numbers of
C2H2 zinc fingers (ZF), which can recognize and bind specific DNA sequences. The ZBTB protein family was
considered for potentially guiding de novo DNA methylation, because some members of this family can distin-
guish 5-methylcytosine (5mC) from unmethylated C. For example, ZBTB2 preferentially binds unmethylated
DNA, whereas ZBTB4 and ZBTB38 preferentially bind methylated DNA [18,23–27]. ZBTB33 (Kaiso) can also
distinguish the methylated state of DNA, but its binding to methylated [28–30] or unmethylated DNA [31]
may be context and protein conformation dependent [32–34]. ZBTB33 affects DNA methylation patterns in
cell culture [35–37]. Another family member, ZBTB24 is implicated in the immunodeficiency, centromeric
instability and facial anomalies 2 (ICF2) syndrome [38–42], a genetic disorder characterized by DNA hypo-
methylation among other features [43,44]. ZBTB24 binds DNA and regulates transcription of specific genes,
such as CDCA7, but it is not clear how ZBTB24 affects DNA methylation [44–48].

Figure 1. Remodeling Z-DNA by ZBTB43 coincides with global epigenome remodeling in the male germ line.

(A) Schematic representation of the development of male germ cells in the mouse from the primordial germ cells of the

embryo, prospermatogonia of the fetus, postnatal mitotic spermatogonia, meiotic leptotene (L), zygotene (Z) and pachytene (P)

spermatocytes, round and elongating spermatids to adult spermatozoa. The age of the mouse is marked in days post coitum

(dpc) before birth and in postnatal days (P3, P6, etc.) after birth. (B) Z-DNA removal occurs at the initiation of global de novo

methylation in the male germ line. Global level of DNA methylation across developmental stages is depicted by the dark blue

line. DNA methylation reaches the lowest level at 13.5–15.5 days post coitum (dpc) and a burst of de novo methylation takes

place between 15.5–17.5 dpc, and methylation levels remain high until the spermatozoa stage. ZBTB43 expression and Z-DNA

removal is detected at 15.5 dpc. ZBTB43 is required for removing Z-DNA structure at PPRs, as shown by

immunohistochemistry of wild type and Zbtb43−/− prospermatogonia.

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1876

Biochemical Society Transactions (2022) 50 1875–1884
https://doi.org/10.1042/BST20221015

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/50/6/1875/941056/bst-2022-1015c.pdf by guest on 23 M

ay 2023

https://creativecommons.org/licenses/by/4.0/


Alternative DNA structures
In addition to the common right-handed B-DNA helix, DNA can adopt alternative conformations, such as
DNA hairpin, triplex DNA, G-quadruplex and Z-DNA [49–51]. Alternative DNA structure-forming sequences
are frequently found at fragile sites in the mammalian genome, where genomic rearrangements, deletions and
translocations occur, which are associated with human diseases [52]. Genomic sites that have the ability to
form secondary structures exhibit double strand breaks (DSB) in human cells with risks to genome stability [53].
It is important to consider alternative DNA structures from the point of epigenome remodeling as well.

Microsatellite-like purine/pyrimidine repeat sequences (PPRs), such as (CG)n, (CACG)n are prone to forming
the left-handed zigzag shaped double helix, called Z-DNA [54]. Because its distinct shape, Z-DNA is not recog-
nized as substrate for enzymes that modify B-DNA, such as bacterial DNA modification/restriction enzymes
and the human DNA methyltransferase 1 (DNMT1) [55–57]. If PPRs existed in the Z-DNA structure in the
germ cells that undergo epigenome remodeling, can they undergo de novo methylation?
We detected a novel biological process, the scheduled remodeling of Z-DNA structure in the organism that

takes place in the developing fetal male germ cells and this remodeling of Z-DNA structure coincides with and
instructs de novo methylation of the underlying microsatellite sequences [1] (Figure 1). Our work revealed that
one previously uncharacterized member of the ZBTB protein family, ZBTB43 is sensitive to DNA methylation,
and it also instructs de novo DNA methylation to specific sites in the genome [1]. Those sites can form
Z-DNA structures, and ZBTB43 affects DNA methylation by remodeling the alternative DNA structure
Z-DNA in prospermatogonia. This remodeling has consequences to the integrity of the sperm epigenome
(Figure 2A) and to genome stability of the species (Figure 2B).

ZBTB43 safeguards epigenome integrity
ZBTB43 is specifically and highly expressed in 15.5 dpc prospermatogonia at the onset of global de novo DNA
methylation (Figure 1). ZBTB43 can bind both methylated and unmethylated DNA, with higher affinity to
methylated DNA [1]. In addition, using genome-wide affinity-based MIRA-seq we found that spermatozoa in
Zbtb43−/− mice exhibit methylation deficiency at over 300 PPR regions in the mouse genome. Using chemical
bisulfite DNA sequencing we confirmed some of those differentially methylated regions (DMRs) in sperm
DNA and found that they existed in late stage prospermatogonia already. This genetic approach identifies
ZBTB43 as a unique DNA-binding factor required for specifying locations of de novo DNA methyltransferase
activity at PPR sequences in prospermatogonia during the critical window of global epigenome remodeling in
the mouse germ line (Figure 1).
Our investigation using biochemical approaches further revealed that ZBTB43 binds at PPRs directly and

changes DNA structure from the left-handed Z-DNA to right-handed B-DNA, thus generating the substrate
which can be methylated by DNMT enzymes, such as DNMT1 [55–57]. We found using immunochemistry
using the Z-DNA antibody that the Z-DNA structure becomes less abundant globally in prospermatogonia
between 13.5 dpc and 15.5 dpc (Figure 1). Using a genetic approach, we found that Z-DNA removal is an
active process and depends on ZBTB43, because it does not take place in Zbtb43−/− fetal testis samples.
Remodeling Z-DNA structure can now be counted among the major remodeling events in the germ line in
addition to remodeling chromatin structure and DNA methylation (Figure 1). Importantly, remodeling of
Z-DNA to B-DNA by ZBTB43 is, a prerequisite for de novo DNA methylation (Figure 2A). At PPRs ZBTB43
affects the function of DNMT3A, the de novo methyltransferase responsible carrying out de novo methylation
in prospermatogonia [58]. This can be achieved indirectly by generating B-DNA at PPRs. Our biochemical
experiments showed that, indeed, Z-DNA structures are not suitable substrates for DNMT3A. It is unlikely that
ZBTB43 directly recruits DNMT3A to PPRs, as we found no protein–protein interaction between ZBTB43 and
DNMT3A by co-immunoprecipitation experiments. Future genome-wide mapping experiments will determine
the dynamics of ZBTB43 binding to PPRs, Z-DNA structure, and DNA methylation during prospermatogonia
development at specific PPRs in vivo. We expect to find that Z-DNA is lost in prospermatogonia at specific
PPRs after ZBTB43 binding has occurred at that site, and DNA methylation is established at PPRs after
Z-DNA is removed. ZBTB43 may dissociate from the PPRs after remodeling Z-DNA structure, and this can
explain the relatively small number of in vivo ChIP-seq peaks compared with in vitro affinity-seq peaks. On the
other hand, the dissociation of ZBTB43 from PPRs may not be an immediate reaction, because ZBTB43 can
bind to PPRs in the B-DNA form as well, consistent with detecting ZBTB43 ChIP-seq peaks in 15.5 dpc. pros-
permatogonia, which have largely undergone the Z-DNA to B-DNA remodeling. ZBTB43 may remain bound
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to PPRs after they become methylated, this would be consistent with the preference of ZBTB43 to methylated
DNA over unmethylated DNA in vitro. Because DNA methylation is known to induce Z-DNA [59,60],
ZBTB43 could have an important role in preventing re-formation of Z-DNA in the late-stage
prospermatogonia.

ZBTB43 safeguards genome integrity
The integrity of the male gamete’s epigenome as we described above (Figure 2A), and the genome integrity of
the species (Figure 2B) both require remodeling Z-DNA by ZBTB43. PPRs are risk factors for DNA transloca-
tions in cancer [61,62]. It has been shown that PPRs induce DSBs in mammalian cells [63–65]. (CG)n repeats
form Z-DNA structures, and these are recognized and cleaved by ERCC1-XPF and other enzymes, producing
DSBs [63]. The fragility of PPRs is thought to be due to Z-DNA formation, but this idea has not been formally
proven, because there hasn’t been a way to manipulate Z-DNA structure in the organism in vivo. Our genetic
evidence gives support to this idea: we detected γH2AX speckles indicating double-strand break formation in

Figure 2. Removing the Z-DNA structures in propermatogonia has consequences to epigenome integrity and genome

stability.

(A) Effect on epigenome stability. ZBTB43 facilitates the process of de novo DNA methylation in the fetal male germ cells. Top

row: In wild type prospermatogonia ZBTB43 binds at PPR sequences that exist in the Z-DNA structure and changes the DNA

structure. By doing this, ZBTB43 creates B-DNA which can be recognized as substrate by methyltransferase enzymes. DNA

methylation establishment occurs normally at PPR-rich DNA regions at the fetal stage, and CpG methylation persists through

the spermatozoa stage. Bottom row: In the Zbtb43−/− mutant prospermatogonia that lacks ZBTB43 protein, PPRs remain in

the Z-DNA structure, and do not undergo de novo DNA methylation. Hypomethylation of PPRs is detected in

prospermatogonia and sperm. (B) Effect on genome stability. Compared with the wild type cells (top row), Zbtb43−/− mutant

prospermatogonia (bottom row) exhibit speckles of γH2AX in immunohistochemical analysis, indicating that in the absence of

ZBTB43 DNA double strand breaks occur due to the Z-DNA structure in these cells in vivo. These breaks may result in

genomic deletions or rearrangements, because ZBTB43 binding sites are highly mutagenic in mammalian mutation assays.
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prospermatogonia of Zbtb43−/− fetal testis samples [1]. This finding suggests that PPRs break because they exist
in the Z-DNA structure in the Zbtb43−/− mutant fetal germ cells in the absence of scheduled remodeling by
ZBTB43. Because ZBTB43 is most robustly detected at the perinuclear regions, γH2AX signals would be
expected at these regions in the mutant prospermatogonia, but they appear more centrally. We speculate that
one role of ZBTB43 might be to recruit and retain the PPR DNA at the nuclear periphery where those microsa-
tellites would be protected from breakage. In the absence of ZBTB43, those mutagenic sites would be released
into more central positions of the nucleus where the breaks could then occur more easily. Follow-up genome-
wide mapping experiments will determine the dynamics of DNA structural changes from Z-DNA to B-DNA.
We expect to find Z-DNA and DSB formation in Zbtb43−/− mutant prospermatogonia at the PPR sites where
ZBTB43 binding is detected in normal prospermatogonia.
One prominent PPR-rich ZBTB43-binding peak from an intron of Rps6kl1 was found highly mutagenic in

mammalian COS-7 cells [1]. Mutagenicity of this site could even be higher in Zbtb43−/− prospermatogonia,
which are mitotically arrested cells, and DSBs at Z-DNA structures could not be repaired by error-free homolo-
gous recombination. When DSBs are repaired through error-prone DSB repair mechanisms, such as the nonho-
mologous DNA end joining (NHEJ) [66,67] or the microhomology-mediated end joining (MMEJ) repair
pathways [68,69], large-scale genomic rearrangements, deletions and translocations occur in a
replication-independent manner [63,64,70,71]. If such mutagenic events take place in the soma, they might
lead to disease, such as cancer. However, if such mutations arise in the germ line, they might endanger the
genome integrity of the species, or impact genome evolution [65,72]. If the Rps6kl1 site, for example, broke and
was repaired by the NHEJ or MMEJJ pathway, this could lead to germ line mutations. In vitro assays showed
that ZBTB43 binds this sequence in the Z-DNA structure and changes it to B-DNA. ZBTB43 facilitates de
novo DNA methylation at this site in prospermatogonia, which suggests that ZBTB43 binds and remodels this
DNA fragment into B-DNA in vivo. By eliminating the Z-DNA structures in the mouse germ line, ZBTB43
lessens the risk of DSBs and safeguards genome stability of the species.
It will be important to find out whether the DSB formation in the Zbtb43−/− prospermatogonia leads to

mutations, which then could be passed to the next generation via the sperm. Future whole genome sequencing
experiments of single sperm DNA will answer this question. We do not have the evolutionary time at hand to
isolate advantageous mutations which will be present in each cell of the offspring from the Zbtb43 mutant
germ line. Nature, however, has carried out such an experiment in the Stickleback fish [65]. Sticklebacks lack
the gene that encodes the ZBTB43 protein, and in its germ cells Z-DNA would not be expected to be remod-
eled at PPRs, and the fragile Z-DNA would be expected to break frequently. Repeated loss of pelvic structures
during evolution was observed in pairs of Stickleback species. Loss of pelvic fins lent an advantage to the lake
fish, compared with the sea water fish, and it was selected for during parallel evolution. This anatomical change
corresponded in each case to a genomic deletion of an enhancer at a PPR-rich region. This PPR rich region
was shown to be mutagenic in COS-7 cells, and to be able to adopt the Z-DNA structure in vitro, similar to
the PPR-rich region that binds ZBTB43 in the mouse germ cells. It remains to be shown that the Stickleback
fragile site forms Z-DNA and in the germ cells.

Outlook and open questions
ZBTB43 has a role in the growth and perinatal viability in the mouse, according to the parental effect pheno-
types observed in our mouse breeding experiments. This intergenerational effect from germ line to offspring
may be related to regulating Z-DNA in prospermatogonia at specific PPR-rich regions in the genome. Future
experiments will answer whether this involves one or both ZBTB43 functions, safeguarding epigenome and
genome integrity in the germ line. It is possible that the partially penetrant parental effect phenotypes are the
result of aberrant DNA methylation establishment in the germ line, which is passed on to the offspring, and
may not fully be maintained. It is less likely that germ line mutations occur at fragile PPR regions with high
enough frequency to affect 50–60% of the offspring out of Zbtb43−/− parents. Which PPR site(s) are important
for growth and viability, is still to be identified. We detected in vitro ZBTB43 binding at about one third of pre-
dicted Z-DNA sites, and in vivo binding at much less of those sites. ZBTB43 may select the most fragile sites
and protects those from DSBs. Alternatively, ZBTB43 may select specific Z-DNA sequences in the germline
that have evolved to be of value for regulatory purposes, by facilitating essential methylation at those sites.
We find that removing Z-DNA structures in the nucleus by ZBTB43 is specific to the germ cells in the fetal

testis where it has relevance to genome integrity and DNA methylation. It will be interesting to find out how
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general these findings are. Is there scheduled remodeling of Z-DNA in other cell types, for example in the
female germ line, and does it affect DNA methylation of PPRs there? Do other ZBTB proteins recognize
Z-DNA, and do they have a function in remodeling Z-DNA in any cell type? Do they carry out their other bio-
logical functions by remodeling DNA structure? Does any ZBTB protein recognize the newly discovered eGZ
motif [73] which forms at CGG trinucleotide repeats in the left-handed Z-DNA helix shape? Such finding
would expand the scope of Z-DNA binding proteins beyond dinucleotide repeats to understanding trinucleo-
tide repeat stability. Indeed, trinucleotide repeat stability is related to unusual DNA structures and may be epi-
genetically regulated [74–77].
Z-DNA is only one type of alternative DNA structure. Fragile sites in the genome are found at such

sequences that can form at alternative DNA structures and are thought to break easily due to DNA structure
formation at those sequences [52]. What removes other alternative DNA structures in the germ line? Is there
scheduled remodeling of any other non-B DNA structures in the germ line or in the organism? Do other
ZBTB proteins bind any other alternative DNA structures? Has the ZBTB family evolved to safeguard genome
integrity by recognizing and remodeling different types of non-B-DNA structures? Several ZBTB family
members have specific roles during T-cell development [20]. It will be interesting to find out whether the devel-
opmental function of ZBTBs involves remodeling alternative DNA structure.
Self-renewal in adult spermatogonia requires PLZF (ZBTB16) [78]. PLZF is also required for regulating the

balance between self-renewal and differentiation in neurogenic, osteogenic, and hematopoetic progenitors [79].
It is not known, however, if PLZF is involved in DNA structure remodeling, and if the stem cell state requires
keeping certain sequences in the B-DNA shape. One recent study suggests based on single cell transcriptomics
and CRISPR screening data that ZBTB43 might be a potential actor in the cell self-renewal process in cancer
[80]. Mechanistically, keeping the B-DNA structure may be important in the stem cell stages during develop-
ment, as another transcription factor, ZSCAN4, retains nucleosomes at (CA)n microsatellite repeats, ensuring
that they remain in the B-DNA structure in ES cells [81]. It is interesting to note that apart from similarity to
other ZBTB proteins, ZBTB43 shows 11% identity at the amino acid level with the ZSCAN4 genes, and they
are classified in Ensembl [82] as ancient paralogs. The ZBTBs closest to ZBTB43 are ZBTB7a and ZBTB5 with
16% and 15% identity.
ZBTB43 affects de novo DNA methylation by remodeling Z-DNA to B-DNA. Another member of the ZBTB

family, ZBTB24 is mutant in 30% of ICF2 syndrome, which is characterized by DNA hypomethylation at
centromeric α-satellite and pericentromeric satellite-2/3 repeats and at other, mostly heterochromatic and late

Figure 3. Preventing versus repairing double strand breaks at non-B DNA structures are two distinct possibilities for

avoiding disease.

The ZBTB family may have evolved to interfere with DSB formation, and remodeling of non-B DNA structures may occur in

other cell types in addition to prospermatogonia. Other ZBTB proteins may also help to induce B-DNA and establish the

normal DNA methylation patterns required for healthy cell function. The preventive mechanism of remodeling non-B DNA

structures is distinct from other protective mechanisms that repair DSBs to avoid mutations and disease. This feature of

ZBTB43 and potentially other ZBTBs could be considered in medicine.
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replicating parts of the genome [83]. ICF2 lymphocytes exhibit multiradial chromosomes, resulting from
chromosomal breaks [84]. The primary cause of the abnormal chromosomes may be DNA hypomethylation at
the pericentric regions [84]. Is it possible that ZBTB24 remodels secondary DNA structures to prevent ICF2? It
is interesting to note that according to structural analysis, ZFs 5–7 of ZBTB24 are involved in DNA binding,
but ZF4 is also involved in gene activation [47] and its mutation C383Y is causative in ICF2 [38,41]. Also, only
50% of ZBTB24 genomic binding sites occur at the CTGCCAGGACCT consensus [46,47], and we speculate
that the other half may occur at DNA structures. Is it possible that ZF4 of ZBTB24 is important at those sites
for binding secondary DNA structures? Does ZBTB24 or do other ZBTB proteins enable DNA methylation by
remodeling DNA structures similar to ZBTB43? It can be expected that remodeling any secondary DNA struc-
ture to B-DNA will generate the substrate for enzymes that recognize DNA in the B-DNA shape.
DSBs have deadly consequences to causing mutations and diseases (Figure 3). Fragile sites share an import-

ant feature, the ability to form non-B DNA structures [52]. Recent years have seen concerted efforts toward
understanding the mechanisms of how DSBs are generated and repaired, with clear implications to prevention
and therapy of disease [53,63,72,85–87]. In addition to the mechanisms that repair DSBs at non-B-DNA fragile
sites, is it possible that a general preventive mechanism has evolved as is exemplified by ZBTB43-mediated
remodeling of Z-DNA to B-DNA? B-DNA could be generated from the dangerous non-B-DNA in specific
cells, and this may or may not also affect DNA methylation. If the answer is yes, then such remodeling mech-
anism may be harnessed in prevention of human disease (Figure 3).

Perspectives
• Remodeling of DNA structure not only coincides with the major wave of global epigenetic

remodeling in the fetal male germline, but these layers of reprogramming are functionally con-
nected: epigenetic remodeling depends on remodeling DNA structure. First example when
Z-DNA structure can be genetically manipulated in an organism, revealing that DSBs occur at
PPRs because of the Z-DNA structure and not simply the PPR DNA sequence.

• The germ line genome and epigenome integrity are protected by remodeling Z-DNA. The spe-
cific findings on Z-DNA remodeling by ZBTB43 in prospermatogonia may have more general
implications to scheduled remodeling of other DNA structures, similar remodeling functions
for other ZBTB proteins, and additional cell types.

• Follow-up studies will characterize the molecular mechanism, structural aspects, and dynam-
ics of genome wide Z-DNA remodeling by ZBTB43 relative to DNA methylation at specific
sites in prospermatogonia, and test whether ZBTB43 prevents mutations in the germ line.
Future studies will test whether other ZBTB proteins have the ability to bind and change
non-B DNA structures.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was funded by VAI, and an NIH/NIGMS grant GM143308 (P.E.S.).

Abbreviations
BTB, broad-complex, Tramtrack and Bric-à-brac; DNMT1, DNA methyltransferase 1; dpc, days post coitum;
DSB, double strand breaks; ICF2, immunodeficiency, centromeric instability and facial anomalies 2; NHEJ,
nonhomologous DNA end joining; PPR, purine/pyrimidine dinucleotide repeat; ZBTB, zinc finger domain
containing.

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1881

Biochemical Society Transactions (2022) 50 1875–1884
https://doi.org/10.1042/BST20221015

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/50/6/1875/941056/bst-2022-1015c.pdf by guest on 23 M

ay 2023

https://creativecommons.org/licenses/by/4.0/


References
1 Meng, Y., Wang, G., He, H., Lau, K.H., Hurt, A., Bixler, B.J. et al. (2022) Z-DNA is remodelled by ZBTB43 in prospermatogonia to safeguard the

germline genome and epigenome. Nat. Cell Biol. 24, 1141–1153 https://doi.org/10.1038/s41556-022-00941-9
2 Abe, M., Tsai, S.Y., Jin, S.G., Pfeifer, G.P. and Szabo, P.E. (2011) Sex-specific dynamics of global chromatin changes in fetal mouse germ cells. PLoS

ONE 6, e23848 https://doi.org/10.1371/journal.pone.0023848
3 Singh, P., Li, A.X., Tran, D.A., Oates, N., Kang, E.R., Wu, X. et al. (2013) De novo DNA methylation in the male germ line occurs by default but is

excluded at sites of H3K4 methylation. Cell Rep. 4, 205–219 https://doi.org/10.1016/j.celrep.2013.06.004
4 Kobayashi, H., Sakurai, T., Miura, F., Imai, M., Mochiduki, K., Yanagisawa, E. et al. (2013) High-resolution DNA methylome analysis of primordial germ

cells identifies gender-specific reprogramming in mice. Genome Res. 23, 616–627 https://doi.org/10.1101/gr.148023.112
5 Seisenberger, S., Andrews, S., Krueger, F., Arand, J., Walter, J., Santos, F. et al. (2012) The dynamics of genome-wide DNA methylation

reprogramming in mouse primordial germ cells. Mol. Cell 48, 849–862 https://doi.org/1016/j.molcel.2012.11.001
6 Guo, H., Hu, B., Yan, L., Yong, J., Wu, Y., Gao, Y. et al. (2017) DNA methylation and chromatin accessibility profiling of mouse and human fetal germ

cells. Cell Res. 27, 165–183 https://doi.org/10.1038/cr.2016.128
7 Huang, T.C., Wang, Y.F., Vazquez-Ferrer, E., Theofel, I., Requena, C.E., Hanna, C.W. et al. (2021) Sex-specific chromatin remodelling safeguards

transcription in germ cells. Nature 600, 737–742 https://doi.org/10.1038/s41586-021-04208-5
8 Izzo, A., Ziegler-Birling, C., Hill, P.W.S., Brondani, L., Hajkova, P., Torres-Padilla, M.E. et al. (2017) Dynamic changes in H1 subtype composition during

epigenetic reprogramming. J. Cell Biol. 216, 3017–3028 https://doi.org/10.1083/jcb.201611012
9 Kawabata, Y., Kamio, A., Jincho, Y., Sakashita, A., Takashima, T., Kobayashi, H. et al. (2019) Sex-specific histone modifications in mouse fetal and

neonatal germ cells. Epigenomics 11, 543–561 https://doi.org/10.2217/epi-2018-0193
10 Barau, J., Teissandier, A., Zamudio, N., Roy, S., Nalesso, V., Herault, Y. et al. (2016) The DNA methyltransferase DNMT3C protects male germ cells

from transposon activity. Science 354, 909–912 https://doi.org/10.1126/science.aah5143
11 Jain, D., Meydan, C., Lange, J., Claeys Bouuaert, C., Lailler, N., Mason, C.E. et al. (2017) . rahu is a mutant allele of Dnmt3c, encoding a DNA

methyltransferase homolog required for meiosis and transposon repression in the mouse Male germline. PLoS Genet. 13, e1006964 https://doi.org/10.
1371/journal.pgen.1006964

12 Kaneda, M., Okano, M., Hata, K., Sado, T., Tsujimoto, N., Li, E. et al. (2004) Essential role for de novo DNA methyltransferase Dnmt3a in paternal and
maternal imprinting. Nature 429, 900–903 https://doi.org/10.1038/nature02633

13 Bourc’his, D. and Bestor, T.H. (2004) Meiotic catastrophe and retrotransposon reactivation in male germ cells lacking Dnmt3L. Nature 431, 96–99
https://doi.org/10.1038/nature02886

14 Watanabe, T., Tomizawa, S., Mitsuya, K., Totoki, Y., Yamamoto, Y., Kuramochi-Miyagawa, S. et al. (2011) Role for piRNAs and noncoding RNA in de
novo DNA methylation of the imprinted mouse Rasgrf1 locus. Science 332, 848–852 https://doi.org/10.1126/science.1203919

15 Molaro, A., Falciatori, I., Hodges, E., Aravin, A.A., Marran, K., Rafii, S. et al. (2014) Two waves of de novo methylation during mouse germ cell
development. Genes Dev. 28, 1544–1549 https://doi.org/10.1101/gad.244350.114

16 Nagamori, I., Kobayashi, H., Nishimura, T., Yamagishi, R., Katahira, J., Kuramochi-Miyagawa, S. et al. (2018) Relationship between PIWIL4-Mediated
H3K4me2 demethylation and piRNA-Dependent DNA methylation. Cell Rep. 25, 350–356 https://doi.org/10.1016/j.celrep.2018.09.017

17 Shirane, K., Miura, F., Ito, T. and Lorincz, M.C. (2020) NSD1-deposited h3k36me2 directs de novo methylation in the mouse Male germline and
counteracts polycomb-associated silencing. Nat. Genet. 52, 1088–1098 https://doi.org/10.1038/s41588-020-0689-z

18 Filion, G.J., Zhenilo, S., Salozhin, S., Yamada, D., Prokhortchouk, E. and Defossez, P.A. (2006) A family of human zinc finger proteins that bind
methylated DNA and repress transcription. Mol. Cell. Biol. 26, 169–181 https://doi.org/10.1128/MCB.26.1.169-181.2006

19 Zhu, C., Chen, G., Zhao, Y., Gao, X.M. and Wang, J. (2018) Regulation of the development and function of B cells by ZBTB transcription factors. Front.
Immunol. 9, 580 https://doi.org/10.3389/fimmu.2018.00580

20 Cheng, Z.Y., He, T.T., Gao, X.M., Zhao, Y. and Wang, J. (2021) ZBTB transcription factors: key regulators of the development, differentiation and
effector function of T cells. Front. Immunol. 12, 713294 https://doi.org/10.3389/fimmu.2021.713294

21 Maeda, T. (2016) Regulation of hematopoietic development by ZBTB transcription factors. Int. J. Hematol. 104, 310–323 https://doi.org/10.1007/
s12185-016-2035-x

22 Narbonne-Reveau, K. and Maurange, C. (2019) Developmental regulation of regenerative potential in Drosophila by ecdysone through a bistable loop of
ZBTB transcription factors. PLoS Biol. 17, e3000149 https://doi.org/10.1371/journal.pbio.3000149

23 Karemaker, I.D. and Vermeulen, M. (2018) ZBTB2 reads unmethylated CpG island promoters and regulates embryonic stem cell differentiation. EMBO
Rep. 19, e44993 https://doi.org/10.15252/embr.201744993

24 de Dieuleveult, M. and Miotto, B. (2018) DNA methylation and chromatin: role(s) of methyl-CpG-Binding protein ZBTB38. Epigenet. Insights 11,
2516865718811117 https://doi.org/10.1177/2516865718811117

25 Hudson, N.O., Whitby, F.G. and Buck-Koehntop, B.A. (2018) Structural insights into methylated DNA recognition by the C-terminal zinc fingers of the
DNA reader protein ZBTB38. J. Biol. Chem. 293, 19835–19843 https://doi.org/10.1074/jbc.RA118.005147

26 Marchal, C., Defossez, P.A. and Miotto, B. (2022) Context-dependent CpG methylation directs cell-specific binding of transcription factor ZBTB38.
Epigenetics 17, 2122–2143 https://doi.org/10.1080/15592294.2022.2111135

27 Pozner, A., Hudson, N.O., Trewhella, J., Terooatea, T.W., Miller, S.A. and Buck-Koehntop, B.A. (2018) The C-terminal zinc fingers of ZBTB38 are novel
selective readers of DNA methylation. J. Mol. Biol. 430, 258–271 https://doi.org/10.1016/j.jmb.2017.12.014

28 Yoon, H.G., Chan, D.W., Reynolds, A.B., Qin, J. and Wong, J. (2003) N-CoR mediates DNA methylation-dependent repression through a methyl CpG
binding protein kaiso. Mol. Cell 12, 723–734 https://doi.org/10.1016/j.molcel.2003.08.008

29 Daniel, J.M., Spring, C.M., Crawford, H.C., Reynolds, A.B. and Baig, A. (2002) The p120(ctn)-binding partner Kaiso is a bi-modal DNA-binding protein
that recognizes both a sequence-specific consensus and methylated CpG dinucleotides. Nucleic Acids Res. 30, 2911–2919 https://doi.org/10.1093/
nar/gkf398

30 Prokhortchouk, A., Hendrich, B., Jorgensen, H., Ruzov, A., Wilm, M., Georgiev, G. et al. (2001) The p120 catenin partner Kaiso is a DNA
methylation-dependent transcriptional repressor. Genes Dev. 15, 1613–1618 https://doi.org/10.1101/gad.198501

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1882

Biochemical Society Transactions (2022) 50 1875–1884
https://doi.org/10.1042/BST20221015

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/50/6/1875/941056/bst-2022-1015c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1038/s41556-022-00941-9
https://doi.org/10.1038/s41556-022-00941-9
https://doi.org/10.1038/s41556-022-00941-9
https://doi.org/10.1038/s41556-022-00941-9
https://doi.org/10.1371/journal.pone.0023848
https://doi.org/10.1016/j.celrep.2013.06.004
https://doi.org/10.1101/gr.148023.112
https://doi.org/1016/j.molcel.2012.11.001
https://doi.org/10.1038/cr.2016.128
https://doi.org/10.1038/s41586-021-04208-5
https://doi.org/10.1038/s41586-021-04208-5
https://doi.org/10.1038/s41586-021-04208-5
https://doi.org/10.1038/s41586-021-04208-5
https://doi.org/10.1083/jcb.201611012
https://doi.org/10.2217/epi-2018-0193
https://doi.org/10.2217/epi-2018-0193
https://doi.org/10.2217/epi-2018-0193
https://doi.org/10.1126/science.aah5143
https://doi.org/10.1371/journal.pgen.1006964
https://doi.org/10.1371/journal.pgen.1006964
https://doi.org/10.1038/nature02633
https://doi.org/10.1038/nature02886
https://doi.org/10.1126/science.1203919
https://doi.org/10.1101/gad.244350.114
https://doi.org/10.1016/j.celrep.2018.09.017
https://doi.org/10.1038/s41588-020-0689-z
https://doi.org/10.1038/s41588-020-0689-z
https://doi.org/10.1038/s41588-020-0689-z
https://doi.org/10.1038/s41588-020-0689-z
https://doi.org/10.1128/MCB.26.1.169-181.2006
https://doi.org/10.1128/MCB.26.1.169-181.2006
https://doi.org/10.3389/fimmu.2018.00580
https://doi.org/10.3389/fimmu.2021.713294
https://doi.org/10.1007/s12185-016-2035-x
https://doi.org/10.1007/s12185-016-2035-x
https://doi.org/10.1007/s12185-016-2035-x
https://doi.org/10.1007/s12185-016-2035-x
https://doi.org/10.1007/s12185-016-2035-x
https://doi.org/10.1371/journal.pbio.3000149
https://doi.org/10.15252/embr.201744993
https://doi.org/10.1177/2516865718811117
https://doi.org/10.1074/jbc.RA118.005147
https://doi.org/10.1080/15592294.2022.2111135
https://doi.org/10.1016/j.jmb.2017.12.014
https://doi.org/10.1016/j.molcel.2003.08.008
https://doi.org/10.1093/nar/gkf398
https://doi.org/10.1093/nar/gkf398
https://doi.org/10.1101/gad.198501
https://creativecommons.org/licenses/by/4.0/


31 Blattler, A., Yao, L., Wang, Y., Ye, Z., Jin, V.X. and Farnham, P.J. (2013) ZBTB33 binds unmethylated regions of the genome associated with actively
expressed genes. Epigenetics Chromatin 6, 13 https://doi.org/10.1186/1756-8935-6-13

32 Nikolova, E.N., Stanfield, R.L., Dyson, H.J. and Wright, P.E. (2020) A conformational switch in the zinc finger protein Kaiso mediates differential readout
of specific and methylated DNA sequences. Biochemistry 59, 1909–1926 https://doi.org/10.1021/acs.biochem.0c00253

33 Nikolova, E.N., Stanfield, R.L., Dyson, H.J. and Wright, P.E.C.H. (2018) O hydrogen bonds mediate highly specific recognition of methylated CpG sites by
the zinc finger protein kaiso. Biochemistry 57, 2109–2120 https://doi.org/10.1021/acs.biochem.8b00065

34 Buck-Koehntop, B.A., Stanfield, R.L., Ekiert, D.C., Martinez-Yamout, M.A., Dyson, H.J., Wilson, I.A. et al. (2012) Molecular basis for recognition of
methylated and specific DNA sequences by the zinc finger protein kaiso. Proc. Natl Acad. Sci. U.S.A. 109, 15229–15234 https://doi.org/10.1073/pnas.
1213726109

35 Bohne, F., Langer, D., Martine, U., Eider, C.S., Cencic, R., Begemann, M. et al. (2016) Kaiso mediates human ICR1 methylation maintenance and H19
transcriptional fine regulation. Clin. Epigenetics 8, 47 https://doi.org/10.1186/s13148-016-0215-4

36 Hiramatsu, S., Watanabe, K.S., Zeggar, S., Asano, Y., Miyawaki, Y., Yamamura, Y. et al. (2019) Regulation of Cathepsin E gene expression by the
transcription factor Kaiso in MRL/lpr mice derived CD4+ T cells. Sci. Rep. 9, 3054 https://doi.org/10.1038/s41598-019-38809-y

37 Kaplun, D., Starshin, A., Sharko, F., Gainova, K., Filonova, G., Zhigalova, N. et al. (2021) Kaiso regulates DNA methylation homeostasis. Int. J. Mol. Sci.
22, 7587 https://doi.org/10.3390/ijms22147587

38 de Greef, J.C., Wang, J., Balog, J., den Dunnen, J.T., Frants, R.R., Straasheijm, K.R. et al. (2011) Mutations in ZBTB24 are associated with
immunodeficiency, centromeric instability, and facial anomalies syndrome type 2. Am. J. Hum. Genet. 88, 796–804 https://doi.org/10.1016/j.ajhg.
2011.04.018

39 Cerbone, M., Wang, J., Van der Maarel, S.M., D’Amico, A., D’Agostino, A., Romano, A. et al. (2012) Immunodeficiency, centromeric instability, facial
anomalies (ICF) syndrome, due to ZBTB24 mutations, presenting with large cerebral cyst. Am. J. Med. Genet. A 158A, 2043–2046 https://doi.org/10.
1002/ajmg.a.35486

40 Chouery, E., Abou-Ghoch, J., Corbani, S., El Ali, N., Korban, R., Salem, N. et al. (2012) A novel deletion in ZBTB24 in a Lebanese family with
immunodeficiency, centromeric instability, and facial anomalies syndrome type 2. Clin. Genet. 82, 489–493 https://doi.org/10.1111/j.1399-0004.2011.
01783.x

41 Nitta, H., Unoki, M., Ichiyanagi, K., Kosho, T., Shigemura, T., Takahashi, H. et al. (2013) Three novel ZBTB24 mutations identified in Japanese and
Cape Verdean type 2 ICF syndrome patients. J. Hum. Genet. 58, 455–460 https://doi.org/10.1038/jhg.2013.56

42 Conrad, M.A., Dawany, N., Sullivan, K.E., Devoto, M. and Kelsen, J.R. (2017) Novel ZBTB24 mutation associated with immunodeficiency, centromere
instability, and facial anomalies type-2 syndrome identified in a patient with very early onset inflammatory bowel disease. Inflamm. Bowel Dis. 23,
2252–2255 https://doi.org/10.1097/MIB.0000000000001280

43 Jeanpierre, M., Turleau, C., Aurias, A., Prieur, M., Ledeist, F., Fischer, A. et al. (1993) An embryonic-like methylation pattern of classical satellite DNA
is observed in ICF syndrome. Hum. Mol. Genet. 2, 731–735 https://doi.org/10.1093/hmg/2.6.731

44 Velasco, G., Grillo, G., Touleimat, N., Ferry, L., Ivkovic, I., Ribierre, F. et al. (2018) Comparative methylome analysis of ICF patients identifies
heterochromatin loci that require ZBTB24, CDCA7 and HELLS for their methylated state. Hum. Mol. Genet. 27, 2409–2424 https://doi.org/10.1093/
hmg/ddy130

45 Wu, H., Thijssen, P.E., de Klerk, E., Vonk, K.K., Wang, J., den Hamer, B. et al. (2016) Converging disease genes in ICF syndrome: ZBTB24 controls
expression of CDCA7 in mammals. Hum. Mol. Genet. 25, 4041–4051 https://doi.org/10.1093/hmg/ddw243

46 Thompson, J.J., Kaur, R., Sosa, C.P., Lee, J.H., Kashiwagi, K., Zhou, D. et al. (2018) ZBTB24 is a transcriptional regulator that coordinates with
DNMT3B to control DNA methylation. Nucleic Acids Res. 46, 10034–10051 https://doi.org/10.1093/nar/gky682

47 Ren, R., Hardikar, S., Horton, J.R., Lu, Y., Zeng, Y., Singh, A.K. et al. (2019) Structural basis of specific DNA binding by the transcription factor
ZBTB24. Nucleic Acids Res. 47, 8388–8398 https://doi.org/10.1093/nar/gkz557

48 Hardikar, S., Ying, Z., Zeng, Y., Zhao, H., Liu, B., Veland, N. et al. (2020) The ZBTB24-CDCA7 axis regulates HELLS enrichment at centromeric satellite
repeats to facilitate DNA methylation. Protein Cell 11, 214–218 https://doi.org/10.1007/s13238-019-00682-w

49 Drew, H., Takano, T., Tanaka, S., Itakura, K. and Dickerson, R.E. (1980) High-salt d(CpGpCpG), a left-handed Z’ DNA double helix. Nature 286,
567–573 https://doi.org/10.1038/286567a0

50 Crawford, J.L., Kolpak, F.J., Wang, A.H., Quigley, G.J., van Boom, J.H., van der Marel, G. et al. (1980) The tetramer d(CpGpCpG) crystallizes as a
left-handed double helix. Proc. Natl Acad. Sci. U.S.A. 77, 4016–4020 https://doi.org/10.1073/pnas.77.7.4016

51 Rich, A. and Zhang, S. (2003) Timeline: Z-DNA: the long road to biological function. Nat. Rev. Genet. 4, 566–572 https://doi.org/10.1038/nrg1115
52 Thys, R.G., Lehman, C.E., Pierce, L.C. and Wang, Y.H. (2015) DNA secondary structure at chromosomal fragile sites in human disease. Curr. Genomics

16, 60–70 https://doi.org/10.2174/1389202916666150114223205
53 Szlachta, K., Manukyan, A., Raimer, H.M., Singh, S., Salamon, A., Guo, W. et al. (2020) Topoisomerase II contributes to DNA secondary

structure-mediated double-stranded breaks. Nucleic Acids Res. 48, 6654–6671 https://doi.org/10.1093/nar/gkaa483
54 Rich, A., Nordheim, A. and Wang, A.H. (1984) The chemistry and biology of left-handed Z-DNA. Annu. Rev. Biochem. 53, 791–846 https://doi.org/10.

1146/annurev.bi.53.070184.004043
55 Bestor, T. (1987) Supercoiling-dependent sequence specificity of mammalian DNA methyltransferase. Nucleic Acids Res. 15, 3835–3843 https://doi.

org/10.1093/nar/15.9.3835
56 Zacharias, W., Larson, J.E., Kilpatrick, M.W. and Wells, R.D. (1984) Hhai methylase and restriction endonuclease as probes for B to Z DNA

conformational changes in d(GCGC) sequences. Nucleic Acids Res. 12, 7677–7692 https://doi.org/10.1093/nar/12.20.7677
57 Vardimon, L. and Rich, A. (1984) In Z-DNA the sequence G-C-G-C is neither methylated by Hha I methyltransferase nor cleaved by Hha I restriction

endonuclease. Proc. Natl Acad. Sci. U.S.A. 81, 3268–3272 https://doi.org/10.1073/pnas.81.11.3268
58 Okano, M., Bell, D.W., Haber, D.A. and Li, E. (1999) DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation and

mammalian development. Cell 99, 247–257 https://doi.org/10.1016/S0092-8674(00)81656-6
59 Fujii, S., Wang, A.H., van der Marel, G., van Boom, J.H. and Rich, A. (1982) Molecular structure of (m5 dC-dG)3: the role of the methyl group on

5-methyl cytosine in stabilizing Z-DNA. Nucleic Acids Res. 10, 7879–7892 https://doi.org/10.1093/nar/10.23.7879

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1883

Biochemical Society Transactions (2022) 50 1875–1884
https://doi.org/10.1042/BST20221015

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/50/6/1875/941056/bst-2022-1015c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1186/1756-8935-6-13
https://doi.org/10.1186/1756-8935-6-13
https://doi.org/10.1186/1756-8935-6-13
https://doi.org/10.1186/1756-8935-6-13
https://doi.org/10.1021/acs.biochem.0c00253
https://doi.org/10.1021/acs.biochem.8b00065
https://doi.org/10.1073/pnas.1213726109
https://doi.org/10.1073/pnas.1213726109
https://doi.org/10.1186/s13148-016-0215-4
https://doi.org/10.1186/s13148-016-0215-4
https://doi.org/10.1186/s13148-016-0215-4
https://doi.org/10.1186/s13148-016-0215-4
https://doi.org/10.1038/s41598-019-38809-y
https://doi.org/10.1038/s41598-019-38809-y
https://doi.org/10.1038/s41598-019-38809-y
https://doi.org/10.1038/s41598-019-38809-y
https://doi.org/10.3390/ijms22147587
https://doi.org/10.1016/j.ajhg.2011.04.018
https://doi.org/10.1016/j.ajhg.2011.04.018
https://doi.org/10.1002/ajmg.a.35486
https://doi.org/10.1002/ajmg.a.35486
https://doi.org/10.1111/j.1399-0004.2011.01783.x
https://doi.org/10.1111/j.1399-0004.2011.01783.x
https://doi.org/10.1111/j.1399-0004.2011.01783.x
https://doi.org/10.1038/jhg.2013.56
https://doi.org/10.1097/MIB.0000000000001280
https://doi.org/10.1093/hmg/2.6.731
https://doi.org/10.1093/hmg/ddy130
https://doi.org/10.1093/hmg/ddy130
https://doi.org/10.1093/hmg/ddw243
https://doi.org/10.1093/nar/gky682
https://doi.org/10.1093/nar/gkz557
https://doi.org/10.1007/s13238-019-00682-w
https://doi.org/10.1007/s13238-019-00682-w
https://doi.org/10.1007/s13238-019-00682-w
https://doi.org/10.1007/s13238-019-00682-w
https://doi.org/10.1038/286567a0
https://doi.org/10.1073/pnas.77.7.4016
https://doi.org/10.1038/nrg1115
https://doi.org/10.2174/1389202916666150114223205
https://doi.org/10.1093/nar/gkaa483
https://doi.org/10.1146/annurev.bi.53.070184.004043
https://doi.org/10.1146/annurev.bi.53.070184.004043
https://doi.org/10.1093/nar/15.9.3835
https://doi.org/10.1093/nar/15.9.3835
https://doi.org/10.1093/nar/12.20.7677
https://doi.org/10.1073/pnas.81.11.3268
https://doi.org/10.1016/S0092-8674(00)81656-6
https://doi.org/10.1016/S0092-8674(00)81656-6
https://doi.org/10.1016/S0092-8674(00)81656-6
https://doi.org/10.1093/nar/10.23.7879
https://creativecommons.org/licenses/by/4.0/


60 Zacharias, W., Jaworski, A. and Wells, R.D. (1990) Cytosine methylation enhances Z-DNA formation in vivo. J. Bacteriol. 172, 3278–3283 https://doi.
org/10.1128/jb.172.6.3278-3283.1990

61 Zhao, J., Bacolla, A., Wang, G. and Vasquez, K.M. (2010) Non-B DNA structure-induced genetic instability and evolution. Cell. Mol. Life Sci. 67, 43–62
https://doi.org/10.1007/s00018-009-0131-2

62 Boehm, T., Mengle-Gaw, L., Kees, U.R., Spurr, N., Lavenir, I., Forster, A. et al. (1989) Alternating purine-pyrimidine tracts may promote chromosomal
translocations seen in a variety of human lymphoid tumours. EMBO J. 8, 2621–2631 https://doi.org/10.1002/j.1460-2075.1989.tb08402.x

63 McKinney, J.A., Wang, G., Mukherjee, A., Christensen, L., Subramanian, S.H.S., Zhao, J. et al. (2020) Distinct DNA repair pathways cause genomic
instability at alternative DNA structures. Nat. Commun. 11, 236 https://doi.org/10.1038/s41467-019-13878-9

64 Wang, G., Christensen, L.A. and Vasquez, K.M. (2006) Z-DNA-forming sequences generate large-scale deletions in mammalian cells. Proc. Natl Acad.
Sci. U.S.A. 103, 2677–2682 https://doi.org/10.1073/pnas.0511084103

65 Xie, K.T., Wang, G., Thompson, A.C., Wucherpfennig, J.I., Reimchen, T.E., MacColl, A.D.C. et al. (2019) DNA fragility in the parallel evolution of pelvic
reduction in stickleback fish. Science 363, 81–84 https://doi.org/10.1126/science.aan1425

66 Lieber, M.R., Gu, J., Lu, H., Shimazaki, N. and Tsai, A.G. (2010) Nonhomologous DNA end joining (NHEJ) and chromosomal translocations in humans.
Subcell. Biochem. 50, 279–296 https://doi.org/10.1007/978-90-481-3471-7_14

67 Rassool, F.V. (2003) DNA double strand breaks (DSB) and non-homologous end joining (NHEJ) pathways in human leukemia. Cancer Lett. 193, 1–9
https://doi.org/10.1016/s0304-3835(02)00692-4

68 Sinha, S., Villarreal, D., Shim, E.Y. and Lee, S.E. (2016) Risky business: microhomology-mediated end joining. Mutat. Res. 788, 17–24 https://doi.org/
10.1016/j.mrfmmm.2015.12.005

69 McVey, M. and Lee, S.E. (2008) MMEJ repair of double-strand breaks (director’s cut): deleted sequences and alternative endings. Trends Genet. 24,
529–538 https://doi.org/10.1016/j.tig.2008.08.007

70 Aparicio, T., Baer, R. and Gautier, J. (2014) DNA double-strand break repair pathway choice and cancer. DNA Repair 19, 169–175 https://doi.org/10.
1016/j.dnarep.2014.03.014

71 So, A., Le Guen, T., Lopez, B.S. and Guirouilh-Barbat, J. (2017) Genomic rearrangements induced by unscheduled DNA double strand breaks in somatic
mammalian cells. FEBS J. 284, 2324–2344 https://doi.org/10.1111/febs.14053

72 Hanscom, T. and McVey, M. (2020) Regulation of error-prone DNA double-strand break repair and Its impact on genome evolution. Cells 9, 1657
https://doi.org/10.3390/cells9071657

73 Fakharzadeh, A., Zhang, J., Roland, C. and Sagui, C. (2022) Novel eGZ-motif formed by regularly extruded guanine bases in a left-handed Z-DNA helix
as a major motif behind CGG trinucleotide repeats. Nucleic Acids Res. 50, 4860–4876 https://doi.org/10.1093/nar/gkac339

74 de Pontual, L. and Tome, S. (2022) Overview of the complex relationship between epigenetics markers, CTG repeat instability and symptoms in myotonic
dystrophy type 1. Int. J. Mol. Sci. 23, 3477 https://doi.org/10.3390/ijms23073477

75 Wheeler, V.C. and Dion, V. (2021) Modifiers of CAG/CTG repeat instability: insights from mammalian models. J. Huntingtons Dis. 10, 123–148
https://doi.org/10.3233/JHD-200426

76 Khristich, A.N. and Mirkin, S.M. (2020) On the wrong DNA track: molecular mechanisms of repeat-mediated genome instability. J. Biol. Chem. 295,
4134–4170 https://doi.org/10.1074/jbc.REV119.007678

77 Zhao, X. and Usdin, K. (2021) (Dys)function follows form: nucleic acid structure, repeat expansion, and disease pathology in FMR1 disorders. Int. J. Mol.
Sci. 22, 9167 https://doi.org/10.3390/ijms22179167

78 Buaas, F.W., Kirsh, A.L., Sharma, M., McLean, D.J., Morris, J.L., Griswold, M.D. et al. (2004) Plzf is required in adult Male germ cells for stem cell
self-renewal. Nat. Genet. 36, 647–652 https://doi.org/10.1038/ng1366

79 Liu, T.M., Lee, E.H., Lim, B. and Shyh-Chang, N. (2016) Concise review: balancing stem cell self-renewal and differentiation with PLZF. Stem Cells 34,
277–287 https://doi.org/10.1002/stem.2270

80 Zhang, Z., Wang, Z.X., Chen, Y.X., Wu, H.X., Yin, L., Zhao, Q. et al. (2022) Integrated analysis of single-cell and bulk RNA sequencing data reveals a
pan-cancer stemness signature predicting immunotherapy response. Genome Med. 14, 45 https://doi.org/10.1186/s13073-022-01050-w

81 Srinivasan, R., Nady, N., Arora, N., Hsieh, L.J., Swigut, T., Narlikar, G.J. et al. (2020) Zscan4 binds nucleosomal microsatellite DNA and protects mouse
two-cell embryos from DNA damage. Sci. Adv. 6, eaaz9115 https://doi.org/10.1126/sciadv.aaz9115

82 Cunningham, F., Allen, J.E., Allen, J., Alvarez-Jarreta, J., Amode, M.R., Armean, I.M. et al. (2022) Ensembl 2022. Nucleic Acids Res. 50, D988–DD95
https://doi.org/10.1093/nar/gkab1049

83 Vukic, M. and Daxinger, L. (2019) DNA methylation in disease: immunodeficiency, centromeric instability, facial anomalies syndrome. Essays Biochem.
63, 773–783 https://doi.org/10.1042/EBC20190035

84 Unoki, M. (2021) Chromatin remodeling in replication-uncoupled maintenance DNA methylation and chromosome stability: insights from ICF syndrome
studies. Genes Cells 26, 349–359 https://doi.org/10.1111/gtc.12850

85 Wang, G. and Vasquez, K.M. (2014) Impact of alternative DNA structures on DNA damage, DNA repair, and genetic instability. DNA Repair 19,
143–151 https://doi.org/10.1016/j.dnarep.2014.03.017

86 Atkin, N.D., Raimer, H.M. and Wang, Y.H. (2019) Broken by the cut: a journey into the role of topoisomerase II in DNA fragility. Genes 10, 791
https://doi.org/10.3390/genes10100791

87 Yoshioka, K.I., Kusumoto-Matsuo, R., Matsuno, Y. and Ishiai, M. (2021) Genomic instability and cancer risk associated with erroneous DNA repair.
Int. J. Mol. Sci. 22, 12254 https://doi.org/10.3390/ijms222212254

© 2022 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1884

Biochemical Society Transactions (2022) 50 1875–1884
https://doi.org/10.1042/BST20221015

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/50/6/1875/941056/bst-2022-1015c.pdf by guest on 23 M

ay 2023

https://doi.org/10.1128/jb.172.6.3278-3283.1990
https://doi.org/10.1128/jb.172.6.3278-3283.1990
https://doi.org/10.1128/jb.172.6.3278-3283.1990
https://doi.org/10.1007/s00018-009-0131-2
https://doi.org/10.1007/s00018-009-0131-2
https://doi.org/10.1007/s00018-009-0131-2
https://doi.org/10.1007/s00018-009-0131-2
https://doi.org/10.1002/j.1460-2075.1989.tb08402.x
https://doi.org/10.1002/j.1460-2075.1989.tb08402.x
https://doi.org/10.1038/s41467-019-13878-9
https://doi.org/10.1038/s41467-019-13878-9
https://doi.org/10.1038/s41467-019-13878-9
https://doi.org/10.1038/s41467-019-13878-9
https://doi.org/10.1073/pnas.0511084103
https://doi.org/10.1126/science.aan1425
https://doi.org/10.1007/978-90-481-3471-7_14
https://doi.org/10.1007/978-90-481-3471-7_14
https://doi.org/10.1007/978-90-481-3471-7_14
https://doi.org/10.1007/978-90-481-3471-7_14
https://doi.org/10.1007/978-90-481-3471-7_14
https://doi.org/10.1016/s0304-3835(02)00692-4
https://doi.org/10.1016/s0304-3835(02)00692-4
https://doi.org/10.1016/s0304-3835(02)00692-4
https://doi.org/10.1016/j.mrfmmm.2015.12.005
https://doi.org/10.1016/j.mrfmmm.2015.12.005
https://doi.org/10.1016/j.tig.2008.08.007
https://doi.org/10.1016/j.dnarep.2014.03.014
https://doi.org/10.1016/j.dnarep.2014.03.014
https://doi.org/10.1111/febs.14053
https://doi.org/10.3390/cells9071657
https://doi.org/10.1093/nar/gkac339
https://doi.org/10.3390/ijms23073477
https://doi.org/10.3233/JHD-200426
https://doi.org/10.3233/JHD-200426
https://doi.org/10.1074/jbc.REV119.007678
https://doi.org/10.3390/ijms22179167
https://doi.org/10.1038/ng1366
https://doi.org/10.1002/stem.2270
https://doi.org/10.1186/s13073-022-01050-w
https://doi.org/10.1186/s13073-022-01050-w
https://doi.org/10.1186/s13073-022-01050-w
https://doi.org/10.1186/s13073-022-01050-w
https://doi.org/10.1126/sciadv.aaz9115
https://doi.org/10.1093/nar/gkab1049
https://doi.org/10.1042/EBC20190035
https://doi.org/10.1111/gtc.12850
https://doi.org/10.1016/j.dnarep.2014.03.017
https://doi.org/10.3390/genes10100791
https://doi.org/10.3390/ijms222212254
https://creativecommons.org/licenses/by/4.0/

	The remodeling of Z-DNA in the mammalian germ line
	Abstract
	Global epigenome remodeling in the germ line
	ZBTB proteins
	Alternative DNA structures
	ZBTB43 safeguards epigenome integrity
	ZBTB43 safeguards genome integrity
	Outlook and open questions
	Competing Interests
	Funding
	References


