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Figure 1. The H3K4me3 reader function of ZCWPW1 is required for synapsis and meiotic recombination. (A) Hematoxylin staining of adult C57BL/6 wild

type, Zcwpw1�/�, and Zcwpw1KI/KI testes (left panel) and epididymides (right panel). Adult Zcwpw1�/� and Zcwpw1KI/KI testis sections showed near

Figure 1 continued on next page

Huang et al. eLife 2020;9:e53459. DOI: https://doi.org/10.7554/eLife.53459 2 of 26

Research article Cell Biology Genetics and Genomics

https://doi.org/10.7554/eLife.53459


Figure 1 continued

complete arrest of spermatogenesis. Arrows, apoptotic spermatocytes; arrowheads, empty seminiferous tubules; asterisks, seminiferous tubules lacking

post-meiotic spermatocytes. The spermatogenic arrest led to empty epididymides in adult Zcwpw1�/� and Zcwpw1KI/KI mice. (St) Seminiferous tubules,

(Ep) Epididymides. Adult mice (6–8 weeks) with n = 5 for each genotype. (B) Chromosome spreads of spermatocytes from the testes of adult WT (upper

panel), Zcwpw1�/� (middle panel), and Zcwpw1KI/KI (lower panel) males were immunostained for the SC marker proteins SYCP1 (green) and SYCP3

(red). The arrow indicates a pachytene spermatocyte in WT mice, with completely synapsed chromosomes, and the arrowheads indicate the pachytene-

like spermatocytes in adult Zcwpw1�/� and Zcwpw1KI/KI mice with incompletely synapsed chromosomes. (C) Chromosome spreads of spermatocytes

from the testes of adult WT and Zcwpw1KI/KI males were immunostained for DMC1 (green) and SYCP3 (red). Representative images of spermatocytes at

zygotene and pachytene in WT and at zygotene and pachytene-like stages in Zcwpw1KI/KI are shown. (D) Each dot represents the number of DMC1 foci

per cell, with black dots indicating WT spermatocytes and red dots indicating Zcwpw1KI/KI spermatocytes. Solid lines show the mean and SD of foci

number in each group of spermatocytes. P values were calculated by Student’s t-test. N represents the number of cells counted, with black indicating

WT spermatocytes and red indicating Zcwpw1KI/KI spermatocytes. (E) Chromosome spreads of spermatocytes from the testes of adult WT and

Zcwpw1KI/KI males immunostained for RAD51 (green) and SYCP3 (red). (F) Each dot represents the number of RAD51 foci per cell, with black dots

indicating WT spermatocytes and red dots indicating Zcwpw1KI/KI spermatocytes. Solid lines show the mean and SD of the foci number for each group

of spermatocytes. P values were calculated by Student’s t test. Adult mice (6–8 weeks) with n = 3 for each genotype.
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Figure 1—figure supplement 1. Generation of Zcwpw1 reader-dead-mutant mice and Prdm9 knockout mice. (A) Schematic representation of the

genome editing strategy to generate knock-in Zcwpw1 reader-dead-mutant mice. (B) Sequence alignment of human ZCWPW1 (NP_060454.3) and

mouse ZCWPW1 (NP_001005426.2). Conserved regions of ZCWPW1 are indicated by green shaded areas for the zf-CW domain and gray-shaded areas

for the PWWP domain. Red asterisks indicate the point mutation sites. (C) Schematic representation of the CRISP-cas9 genome editing strategy used to

generate the Prdm9 knockout mice showing the gRNAs (arrows), the corresponding coding exons (black and red thick lines), and the non-coding exons

(gray thick lines). Red thick lines (coding exons) represent approximately12 kb deleted from the wild-type Prdm9 allele.
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Figure 1—figure supplement 2. Distribution pattern of ZCWPW1 in WT, Zcwpw1KI/KI and Zcwpw1�/� mice. (A)

Western blots showing that ZCWPW1 was not detected in Zcwpw1�/� testes but was present in WT testes, and

Figure 1—figure supplement 2 continued on next page
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Figure 1—figure supplement 2 continued

with a similarly intense signal for Zcwpw1KI/KI. Tubulin was used as the loading control. The experiments were

performed using PD20 mice with n = 3 for each genotype. (B) Western blots using an antibody against ZCWPW1

showing that ZCWPW1 was not detected in Zcwpw1�/� testes but was present in WT testes. Asterisks indicate

candidate band for ZCWPW1. (C) Immunofluorescence staining of ZCWPW1 and SYCP3 in WT, Zcwpw1KI/KI and

Zcwpw1�/� histological cross-sections. DNA was stained with DAPI. Abbreviations: L/Z, leptotene/zygotene

spermatocytes; Pa, pachytene spermatocytes; Spc, spermatocytes; ES, elongated spermatids. (D) The numbers of

synapsed chromosome pairs in WT, Zcwpw1�/� and Zcwpw1KI/KI spermatocytes. In Zcwpw1�/� and Zcwpw1KI/KI

spermatocytes, the average number of synapsed chromosome pairs was 8. All experiments were performed on

adult mice (6–8 weeks old) with n = 3 for each genotype.
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Figure 1—figure supplement 3. Meiotic recombination defects in Zcwpw1 knock-in mice. (A) Chromosome spreads of spermatocytes from the testes

of adult WT and Zcwpw1KI/KI males immunostained for the recombination factor MSH4 (green) and SYCP3 (red). (B) Each dot represents the number of

MSH4 foci per cell. Black dots indicate WT spermatocytes, and red dots indicate Zcwpw1KI/KI spermatocytes. Solid lines show the mean and SD of foci

in each group of spermatocytes. P -values were calculated by Student’s t-test. (C) Chromosome spreads of spermatocytes from WT and Zcwpw1KI/KI

male mice immunostained for the recombination factor RNF212 (green) and SYCP3 (red). Representative images are shown for spermatocytes at the

zygotene, pachytene, and pachytene-like stages of the three genotypes. (D) Each dot represents the number of RNF212 foci per cell, with black dots

indicating WT spermatocytes and red dots indicating Zcwpw1KI/KI spermatocytes. Solid lines show the mean and SD of foci number for each group of

spermatocytes. P-values were calculated by Student’s t-test. (E) Chromosome spreads of spermatocytes from the testes of adult WT and Zcwpw1KI/KI

males immunostained for MLH1 (green) and SYCP3 (red). Representative images are shown for spermatocytes at the pachytene stage in WT and the

pachytene-like stage in Zcwpw1KI/KI. All experiments were performed on adult mice (6–8 weeks old) with n = 3 for each genotype.
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Figure 2. The H3K4me3 reader function of ZCWPW1 is required for DSB repair. (A) Chromosome spreads of

spermatocytes from the testes of adult WT, Zcwpw1�/�, and Zcwpw1KI/KI males immunostained for the DSB

Figure 2 continued on next page
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Figure 2 continued

marker gH2AX (green) and SYCP3 (red). (B) Chromosome spreads of spermatocytes from the testes of adult WT,

Zcwpw1�/�, and Zcwpw1KI/KI males immunostained for the DSB repair protein p-ATM (green) and SYCP3 (red).

Representative images are shown for spermatocytes at the leptotene, zygotene, pachytene (arrow indicates the XY

body), and pachytene-like (arrowheads indicate the p-ATM signal) stages of the three genotypes. All experiments

were performed on adult mice (6–8 weeks) with n = 3 for each genotype.

Huang et al. eLife 2020;9:e53459. DOI: https://doi.org/10.7554/eLife.53459 9 of 26

Research article Cell Biology Genetics and Genomics

https://doi.org/10.7554/eLife.53459


Figure 3. Zcwpw1 is an H3K4me3 reader. (A) ChIP-seq genome snapshot of the distribution of H3K4me3 and ZCWPW1 peaks in C57BL/6 WT,

Zcwpw1�/�, and Zcwpw1KI/KI mice along a 554 kb region of chromosome 14. H3K4me3 and ZCWPW1 signals were normalized (See Methods).

Overlapping regions are indicated by grey or blue shaded areas, while non-overlapping regions of interest are indicated by orange shaded areas. R1

and R2 represent two independent replicates. The H3K4me3 tract (red)was generated with isolated stage-specific (SCP3+H1T�) spermatocyte nuclei

(Lam et al., 2019) The unit of Y axis is fold change as described in the method. (B) Venn diagram showing the overlap between ZCWPW1 peaks and

H3K4me3 peaks. H3K4me3 data generated in whole testes (left, this study) compared with H3K4me3 data generated with isolated stage-specific

(SCP3+H1T�) spermatocyte nuclei (right, Lam et al.). Italics (14,387) indicates the number of H3K4me3 peaks overlapping ZCWPW1, while standard font

(14,369) indicates the number of ZCWPW1 peaks overlapping with H3K4me3 marks. Sometimes, one broad ZCWPW1 peak perhaps overlap with two

narrow H3K4me3 peaks, which will cause these two numbers differ. P-values were calculated by using the permTest (see Materials and methods,

ntimes = 1000). (C) Profile plot of averaged normalized H3K4me3 signals (see Methods) in ZCWPW1 peaks obtained in this work and in Lam et al. The

profile shows the average values over 4 kb intervals for all 14,688 detected peaks (binding sites). The unit of Y axis is average fold change as described

Figure 3 continued on next page
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Figure 3 continued

in the method. (D) Profile plot of the averaged ZCWPW1 signal in 14,688 ZCWPW1 peaks, in C57BL/6 WT, Zcwpw1�/� and Zcwpw1KI/KI mice. The unit

of Y axis is average fold change as described in the method. (E) Pie chart showing the ratio of four ZCWPW1 peak groups determined by their overlap

with histone modification peaks generated with isolated stage-specific spermatocyte nuclei (Lam et al.). The ‘+” indicates overlap, while ‘�” indicates

no overlap. All ChIP-seq experiments were performed in PD14 mice with n = 4 for each genotype.
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Figure 3—figure supplement 1. Genome-wide properties of ZCWPW1-associated binding sites. (A) The distribution of ZCWPW1 peak intensity and

peak length by location in genomic elements. (***p<0.001 by two-tailed Wilcoxon rank sum test). The red boxplots and left Y-axis indicate peak

intensity, while the blue boxplots and right Y-axis indicate peak length. (B) Percentage of ZCWPW1 binding sites (peaks) overlapping with DNA

elements compared with the random binding sites obtained by random shuffling of the identified ZCWPW1 binding sites. The X-axis indicates the

percentage of binding sites overlapping with DNA elements. The random groups and P-values were generated using permTest, an R function in the

regioneR package (see Methods, ntimes = 1000). The barplot height of the random group represents the means of 1000 tests. Bars represent ± SD. (C)

Percentage of ZCWPW1 binding sites (peaks) overlapping with transposable elements (TEs) compared with the random binding sites obtained by

random shuffling of the ZCWPW1 binding sites. The X-axis indicates the percentage of binding sites overlapping with TEs. The random groups and P-

values were generated using the same method as (B). (D) Percentage of ZCWPW1 binding sites (peaks) overlapping with Alu repeats compared with

the binding sites obtained by random shuffling of the identified ZCWPW1 binding sites. The X-axis indicates the percentage of binding sites

overlapping with Alu repeats. The random groups and P-value were generated as above.
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Figure 3—figure supplement 2. Transcriptional profiling analysis of WT and Zcwpw1�/� testes. (A) Scatterplot of

DEGs between WT and Zcwpw1�/� at PD14. Downregulated in Zcwpw1�/�, red; upregulated in Zcwpw1�/�, blue;

no significant change (NC), green. P-adjust < 0.05 and FC � 2 (Fold change). (B) Functional enrichment analysis of

DEGs by Metascape. The upper bar chart shows DEGs with lower expression in Zcwpw1�/�, and the lower bar

chart shows DEGs with higher expression in Zcwpw1�/�. (C) Venn diagram of the overlap between the genes with

promoter regions overlapping ZCWPW1 binding sites and DEGs showing lower expression in Zcwpw1�/�. All

RNA-seq experiments were performed on PD14 mice with n = 3 for each genotype.
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Figure 3—figure supplement 3. Correlations between ZCWPW1 peaks and H3K4me3 and H3K36me3 peaks. (A) Percentage of ZCWPW1 binding sites

(peaks) overlapping with H3K36me3 peaks identified by Lam et al., 2019 or Grey et al., 2018, compared with the random binding sites obtained by

random shuffling of the identified ZCWPW1 peaks. The X-axis indicates the percentage of binding sites overlapping with H3K36me3 peaks. The

random groups and P-values were generated using the method described above. (B) Profile plot of the averaged normalized H3K36me3 signal (See

Methods) obtained from Grey et al. (whole testes) and Lam et al. (isolated stage-specific spermatocyte nuclei) in ZCWPW1 peaks. The profile shows the

average values over 4 kb intervals for all 14688 peaks (binding sites). (C) Boxplots showing the peak intensity of four ZCWPW1 groups determined by

their overlap with histone modification peaks (Lam et al.). + indicates overlap, - indicates no overlap. The P-values were calculated using the two-tailed

Wilcoxon rank sum test. (D) Heatmap and averaged profile plot of the H3K36me3 signal (Grey et al.) on two types of H3K4me3 peaks (Grey et al.),

including H3K4me3 peaks overlapping ZCWPW1 and H3K4me3 peaks not overlapping ZCWPW1. The 14,387 H3K4me3 peaks were randomly sampled

from the total H3K4me3 peaks not overlapping with ZCWPW1 (61,384). Each row of the heatmap shows the H3K36me3 distribution on an H3K4me3

peak center ± 2 k bp. The color change from white to purple indicates a change in the normalized H3K4me3 signal from weak to strong.
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Figure 3—figure supplement 4. Zcwpw1, H3K4me3 and H3K36me3 localize to the nucleus in leptotene and zygotene spermatocytes. (A) Chromosome

spreads of spermatocytes from the testes of adult WT were immunostained for H3K4me3 (red), Zcwpw1 (green), and SYCP3 (blue). Representative

images of spermatocytes at leptotene and zygotene stages are shown. (B) Chromosome spreads of spermatocytes from the testes of adult WT were

immunostained for H3K36me3 (red), Zcwpw1 (green), and SYCP3 (blue). Representative images of spermatocytes at leptotene (upper panels) and

zygotene (lower panels) stages are shown. All experiments were performed on adult mice (6–8 weeks old) with n = 3 for each genotype.
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Figure 4. Zcwpw1 binding is strongly promoted by the histone modification activity of Prdm9. (A) ChIP-seq genome snapshot of the distribution of

H3K4me3, H3K36me3, ZCWPW1, and PRDM9 peaks in C57BL/6 mice along a 372 kb region of chromosome 12. Overlapping peaks in samples from all

Figure 4 continued on next page
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Figure 4 continued

four analyses are indicated by grey or blue shaded areas, while non-overlapping regions of interest are indicated by orange shaded areas. The unit of Y

axis is fold change as described in the method. (B) Venn diagram showing the overlap between PRDM9 peaks and ZCWPW1 binding sites. On the left

are in vivo PRDM9 data generated by Grey et al., 2018, while on the right are in vitro affinity-seq PRDM9 data generated by Walker et al., 2015.

Italics indicate PRDM9 peak overlap with ZCWPW1, while standard font indicates ZCWPW1 peak overlap with PRDM9 peaks. (C) Heatmap showing the

correlation among H3K4me3, H3K36me3, and ZCWPW1 with PRDM9 peaks (Grey et al., 2018). Each row represents a PRDM9 binding site of ± 2 kb

around the center and ranked by ZCWPW1 signal from the highest to the lowest. Color indicates normalized ChIP-seq signal (See Methods). (D) ChIP-

seq genome snapshot showing changes in H3K4me3 and ZCWPW1 binding distributions following Prdm9 knockout (Prdm9�/�) along a 27/12 kb region

of chromosome 16 and a 76 kb region of chromosome 7. The PRDM9 data were obtained from Grey et al., 2018. The unit of Y axis is fold change as

described in the method. (E) Profile plot of averaged H3K4me3 and ZCWPW1 signals obtained in this work with two types of PRDM9 peaks Grey et al.,

2018 following Prdm9 knockout. The Y-axis shows log base-2 transformation of the normalized signal. The unit of Y axis is average fold change as

described in the method. All ChIP-seq experiments were performed using PD14 mice with n = 4 for each genotype.
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Figure 4—figure supplement 1. Correlation between Zcwpw1 binding sites and Prdm9-induced dual histone methylation. (A) The rank-first de novo

binding motif of Zcwpw1. (B) The similarity of this Zcwpw1 binding motif with those of other transcription factors. (C) Barplots showing the constituent

Figure 4—figure supplement 1 continued on next page
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Figure 4—figure supplement 1 continued

ratio in four types of ZCWPW1 peaks, representing the ratio of ZCWPW1 peaks sharing overlap with PRDM9 peaks, and those not sharing overlap with

PRDM9 peaks. Black indicates overlap, white indicates no overlap. The four ZCWPW1 groups classified by their overlap with histone modification peaks

(Lam et al.). + indicates overlap, - indicates no overlap. (D) Profile plot of averaged H3K4me3 and H3K36me3 signals in different types of PRDM9 peaks

generated by Grey et al. The profile shows the average values over 4 kb intervals for all 2601 detected PRDM9 binding sites. (E) Profile plot of averaged

H3K4me3 and H3K36me3 in different types of PRDM9 peaks generated by Walker et al.; the profile shows the average values over 4 kb intervals for all

36898 of the detected PRDM9 binding regions. (F) Heatmap showing the correlation among H3K4me3, H3K36me3, and ZCWPW1 in the PRDM9 peaks

(Walker et al.). Each row in the heatmap represents a PRDM9 binding site of ± 2 kb around the center and ranked from the highest to the lowest

according to ZCWPW1 signal intensity. Color indicates normalized ChIP-seq signal (see methods).
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Figure 4—figure supplement 2. Correlation between Zcwpw1 chromatin occupancy and Prdm9-induced

H3K4me3. (A) Heatmap showing H3K4me3 and ZCWPW1 signals obtained in this work, in two types of PRDM9

Figure 4—figure supplement 2 continued on next page
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Figure 4—figure supplement 2 continued

peaks (Grey et al.) following Prdm9 knockout. Each row in the heatmaps represents a PRDM9 binding site of ± 2

kb around the center and ranked from the highest to the lowest according to PRDM9 density. Color indicates

ChIP-seq density. (B) Heatmap showing H3K4me3 and ZCWPW1 signals obtained from this work, on two types of

PRDM9 peaks identified by Walker et al. following Prdm9 knockout. Each row in the heatmaps represents a

PRDM9 binding site of ± 2 kb around the center and ranked from the highest to the lowest according to PRDM9

density. Color indicates ChIP-seq density. (C) Profile plot of averaged H3K4me3 and ZCWPW1 signals obtained in

this work and in two types of PRDM9 peaks identified by Walker et al. following Prdm9 knockout. The Y-axis

indicates the log base-2 transformation of the normalized signals. All ChIP-seq experiments were performed using

PD14 mice with n = 4 for each genotype.
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Figure 4—figure supplement 3. Change in Zcwpw1 chromatin occupancy following Prdm9 knockout. (A) Venn diagram showing the overlap of the

ZCWPW1 peaks between WT and Prdm9 knockout (Prdm9�/�). ZCWPW1 peaks were grouped by their detection in either WT, Prdm9�/�, or both as

either gained (652) – indicating peaks only found after Prdm9 knockout, maintained (781) – indicating peaks found in both backgrounds, or lost (13,907)

– indicating peaks found only in WT. (B) Pie chart showing the ratio of four ZCWPW1 peak groups determined by their overlap with two types PRDM9

peaks (Grey et al.; Walker et al.). + indicates overlap, - indicates no overlap. (C) Boxplots showing the peak intensity of the three ZCWPW1 groups. The

Y-axis indicates the log base-2 transformation of normalized signals. P-values were calculated by two-tailed Wilcoxon rank sum test. (D) Barplots

showing the percentage of ZCWPW1 peaks overlapping with promoter regions for the three groups of ZCWPW1 peaks. (E) Barplots showing the

constituent ratio of each ZCWPW1 peak group according to whether they overlapped with PRDM9, which includes the merged peaks of Grey et al and

Walker et al. Black indicates overlap, white indicates no overlap. (F) Motif analysis of the lost ZCWPW1 peaks that did not overlap with merged PRDM9

peaks. The value of background had been transformed to the condition that the ratio was stable and the number of regions was scaled to 3028.
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Figure 5. Zcwpw1 localizes to DMC1-labelled DSB hotspots in a Prdm9-dependent manner. (A) ChIP-seq genome snapshot of the distribution of

H3K4me3, H3K36me3, ZCWPW1, PRDM9, and DMC1 peaks in C57BL/6 mice with changes in H3K4me3 and ZCWPW1 binding sites in Prdm9 knockout

Figure 5 continued on next page
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Figure 5 continued

mice. ZCWPW1 and DMC1 overlapping regions are indicated by gray-shaded areas, while non-overlapping regions of interest are indicated by orange

or blue shaded areas. The unit of Y axis is fold change as described in the method. (B) Heatmap showing DMC1 (Grey et al), H3K4me3 (Lam et al),

H3K36me3 (Lam et al), H3K4me3 (WT and Prdm9�/�), and ZCWPW1 (WT and Prdm9�/�) corresponding with Gained, Lost, or Maintained groups of

ZCWPW1 peaks (also see Figure 4—figure supplement 3A). We used k-means clustering to define the ‘gain’ and ‘maintain’ group. We performed k-

means clustering analysis to define the ‘gain’ and ‘maintain’ groups, and found two different subtypes within each group: a subtype with H3K4me3

signal similar along the ZCWPW1 peaks ± 2 kb, and a subtype with H3K4me3 mostly enriched on the ZCWPW1 peak center. All ChIP-seq experiments

were performed using PD14 mice with n = 4 for each genotype. (C) Working model of ZCWPW1 in recognizing H3K4me3 and H3K36me3 deposited by

PRDM9.

Huang et al. eLife 2020;9:e53459. DOI: https://doi.org/10.7554/eLife.53459 24 of 26

Research article Cell Biology Genetics and Genomics

https://doi.org/10.7554/eLife.53459


Figure 5—figure supplement 1. Correlation between the chromatin occupancy of Zcwpw1 and DMC1. (A) Venn diagram showing the overlap of the

DMC1 (Grey et al) and Spo11 (Lange et al.) peaks with ZCWPW1 binding sites. P-values were calculated using the permTest (see Methods,

Figure 5—figure supplement 1 continued on next page
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Figure 5—figure supplement 1 continued

ntimes = 1000). (B) Heatmap and profile plot of the ZCWPW1 signal in all DMC1 peaks. Each row in the heatmap represents a DMC1 binding site of ±2

kb around the center and ranked according to ZCWPW1 signal from the highest to the lowest. Color indicates the normalized ChIP-seq signal (See

methods). (C) Scatterplot showing the correlation between the normalized ZCWPW1 signal and DMC1 signal on all DMC1 peaks, with spearman

correlation coefficient. The x and y axis indicated 2-based log transformation of normalized signal the ZCWPW1 and DMC1 after adding 1. (D) Line

plots showing the overlap of ZCWPW1 peaks with DMC1 peaks based on different minimum cutoff values for ZCWPW1 peak intensity. The Y-axis

indicates the overlap number, and the X-axis indicates the minimum cutoff of ZCWPW1 peak intensity. The red line represents the total number of

ZCWPW1 peaks with a specific minimum cutoff for ZCWPW1 peak intensity. The black line represents the overlap number of ZCWPW1 peaks with

DMC1 peaks with a specific minimum cutoff for ZCWPW1 peak intensity. (E) Pie chart showing the ratio of four DMC1 peak groups (Grey et al.)

determined by their overlap with merged PRDM9 peaks (Grey et al.; Walker et al.) and ZCWPW1 peaks. + indicates overlap, - indicates no overlap. (F)

The number of region (peak)-gene associations among distance stratifications of ZCWPW1 peaks in three subtypes within the TSS ± 1000 kb region.
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