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To induce cell type-specific forms of gene regulation, pio-
neer factors open tightly packed, inaccessible chromatin
sites, enabling the molecular machinery to act on func-
tionally significant information encoded in DNA. While
previous studies of pioneer factors have revealed their
functions in transcriptional regulation, pioneer factors
that open chromatin for other physiological events remain
undetermined. In this issue of Genes & Development,
Spruce and colleagues (pp. 398-412) report the functional
significance of a “pioneer complex” in mouse meiotic re-
combination. This complex, comprised of the zinc finger
DNA-binding protein PRDM9 and the SNF2 family chro-
matin remodeler HELLS, exposes nucleosomal DNA to
designate the sites of DNA double-strand breaks that ini-
tiate meiotic recombination. Both HELLS and PRDM9 are
required for the determination of these recombination hot
spots. Through the identification of a pioneer complex for
meiotic recombination, this study broadens the conceptu-
al scope of pioneer factors, indicating their functional sig-
nificance in biological processes beyond transcriptional
regulation.

In order for cells to obtain cell type-specific functions,
certain information-bearing sequences of DNA, termed
regulatory elements, must be accessible to the mole-
cular machinery. Barriers to regulatory elements must
be removed, an aspect of developmental regulation that
emerged in the context of transcription. One class of
transcription factors, “pioneer factors,” opens otherwise
inaccessible chromatin to expose the cell type-specific
regulatory elements that define transcription programs,
thereby enabling cell fate decisions (Iwafuchi-Doi and
Zaret 2014). Pioneer transcription factors bind DNA in a
“closed” chromatin state—i.e., surrounded by arrays of
nucleosomes—to increase the accessibility of target sites.
Then, other proteins, including nonpioneer transcription
factors and chromatin remodelers, are recruited to and/
or function at the newly opened sites. Although the
regulation of chromatin accessibility is essential for vari-
ous physiological processes, the pioneer mechanisms by
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which nucleosomal DNA becomes accessible have re-
mained for the large part unknown, and how they func-
tion outside the context of transcriptional regulation is
mostly a mystery.

In this issue of Genes & Development, Spruce et al.
(2020) report a novel pioneer mechanism distinct from
the established functions of pioneer factors in transcrip-
tional regulation: the regulation of meiotic recombina-
tion. An essential hallmark of sexual reproduction,
meiotic recombination promotes the shuffling of genetic
material between maternal and paternal alleles, which
fosters genetic diversity in offspring (Hunter 2015). In var-
ious species of mammals, chromatin state—in particular,
chromatin bearing the histone modification H3K4me3—
directs the catalysis of programmed DNA double-strand
breaks (DSBs) at specific regions of DNA. The formation
of DSBs at these regions, which are frequent in the meiotic
cell population and are termed “hot spots,”are mediated
by the enzyme SPO11 and comprise the initial step of
meiotic recombination. This mechanism is in contrast
to the recombination that takes place in somatic cells,
where chromatin is remodeled not before but after the for-
mation of nonprogrammed DSBs. Thus, there exists an ex-
clusive and intricate mechanism for the determination of
meiotic recombination hot spots in germ cells. Spruce
et al. (2020) have systematically analyzed the epigenomic
features of recombination hot spots in mouse spermato-
genesis, reporting that hot spots bear a chromatin state
distinct from other regulatory elements (Spruce et al.
2020).

In the initial step of meiotic recombination, the zinc
finger DNA-binding protein PRDMJ9 (also known as Mei-
sets) determines the locations of DSB hot spots (Grey et al.
2018; Paigen and Petkov 2018). A member of the PRDM
family of transcription factors, PRDM9 is a rapidly
evolved protein with a sequence-specific DNA-binding
domain that is diverged among species and, remarkably,
even among strains of the same species. PRDM9
recognizes and defines specific hot spots, mediating the
deposition of histone modifications such as H3K4me3
and H3K36me3. PRDMY9 also binds the centers of
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recombination hot spots, which are depleted of nucleo-
somes (Baker et al. 2014; Lange et al. 2016). The work by
Spruce et al. (2020) advances our understanding of
PRDMUY’s functions. Through the analyses of ATAC-seq
(assay for transposase-accessible chromatin using se-
quencing) data, the team detected open chromatin at nu-
cleosome-depleted regions in mouse spermatocytes.
Then, using various genetic strategies, the team detected
strain-specific PRDM9-binding sites and demonstrated
that PRDMJ9 is required for the formation of open chroma-
tin at hot spots—evidence of a pioneer function.

Next, Spruce et al. (2020) sought to understand the na-
ture of PRDMY’s pioneer activity. Drawing on previous
work in which spermatocytes deficient for the gene Hells
exhibited severe meiotic defects (Zeng et al. 2011), Spruce
et al. (2020) hypothesized that HELLS, a SNF2 family
chromatin remodeler, is involved in the PRDM9-depen-
dent opening of chromatin at recombination hot spots.
Their data indicate that HELLS and PRDM9 function as
a “pioneer complex” for recombination hot spots, a con-
clusion supported by several independent, complementa-
ry results. Of note, in Hells mutant spermatocytes,
meiotic DSBs occur not at PRDM9-dependent recombina-
tion hot spots but instead within gene promoters, a pheno-
type consistent with that of Prdm9 mutant spermatocytes
(Brick et al. 2012). Thus, on a genetic level, both PRDM9
and HELLS are required for the determination of hot spots.
Through mouse experiments and experiments that reca-
pitulate hot spot determination in cultured human cells,
the team found that (1) PRDM9 is required for the recruit-
ment of HELLS to hot spots, (2) HELLS is required for ro-
bust PRDM9-binding at hot spots, and (3) HELLS and
PRDMY interact independent of DNA binding. Taken to-
gether, PRDMY and HELLS form a pioneer complex that is
required for the formation of open chromatin at and deter-
mination of hot spots (Fig. 1A).

Intriguingly, only when HELLS and PRDM9 are to-
gether do they fulfill pioneer functions—and only at re-
combination hot spots. In wild-type spermatocytes,
HELLS is found at both hot spots and gene promoters;
however, pioneer activity appears to be specific to hot
spots. In mouse spermatogenesis, the chromatin at recom-
bination hot spots is not open before or after the time of
recombination, although the chromatin at promoters re-
mains open throughout spermatogenesis (Maezawa et al.
2018). Through the identification of a functionally critical
HELLS-PRDM9 pioneer complex, Spruce et al. (2020)
have exposed several directions for future research. For
example, given the various interaction partners reported
for PRDMO9 (Grey et al. 2018; Paigen and Petkov 2018),
it is important to determine how interactions between
PRDMY9 and HELLS regulate chromatin environments
versus interactions between PRDM9 and other factors.
Moreover, since HELLS was reported to be required for
female meiotic prophase (De La Fuente et al. 2006), it is
important to investigate the functions of the HELLS-
PRDM9 complex in female meiosis. Given the strain-
and species-specific functions of PRDMY, understanding
the evolution of the HELLS-PRDM9 complex makes for
another intriguing scientific goal.
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Figure 1. Models for pioneer complexes in meiotic recombina-
tion and classical nonhomologous end joining. (A) A HELLS-
PRDMO protein complex is necessary for the formation of open
chromatin at and the determination of meiotic recombination
hot spots. (B) AHELLS-CDCA7 protein complex pioneers a chro-
matin state amenable to classical nonhomologous end joining.

Before now, studies of pioneer factors have focused on
transcription factors with the ability to open inaccessible
chromatin themselves (Iwafuchi-Doi and Zaret 2014).
The work of Spruce et al. (2020) presents the new concept
of a “pioneer complex” comprised of a DNA-binding pro-
tein and a chromatin remodeler. Consistent with this,
HELLS forms a bipartite complex with the CXXC-type
zinc finger protein CDCA7, which functions in classical
nonhomologous end joining (cNHE]) (Jenness et al. 2018;
Unoki et al. 2019). Given that mutations in CDCA7 and
HELLS cause immunodeficiency, centromeric instability,
and facial anomalies (Jenness et al. 2018; Unoki et al.
2019), it is interesting to speculate that a HELLS-
CDCAY complex pioneers, in part or whole, a chromatin
state amenable to cNHE] (Fig. 1B). In cNHE], DSB forma-
tion is not programmed and precedes chromatin events,
a reversal of events in meiotic recombination. That
said, perhaps ¢cNHE]J and meiotic recombination share
something in common: the preparation of a “pioneered
chromatin state” for subsequent DSB repair mechanisms.
Together, these studies exemplify the possibility that
pioneer processes are crucial for biological phenomena be-
yond transcriptional regulation.
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