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SUMMARY

Telomere length homeostasis is essential for genomic stability and unlimited self-renewal of 

embryonic stem cells (ESCs). We show that telomere-associated protein Rif1 is required to 

maintain telomere length homeostasis by negatively regulating Zscan4 expression, a critical factor 

for telomere elongation by recombination. Depletion of Rif1 results in terminal 

hyperrecombination, telomere length heterogeneity, and chromosomal fusions. Reduction of 

Zscan4 by shRNA significantly rescues telomere recombination defects of Rif1-depleted ESCs and 

associated embryonic lethality. Further, Rif1 negatively modulates Zscan4 expression by 

maintaining H3K9me3 levels at subtelomeric regions. Mechanistically, Rif1 interacts and 
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stabilizes H3K9 methylation complex. Thus, Rif1 regulates telomere length homeostasis of ESCs 

by mediating heterochromatic silencing.

INTRODUCTION

Telomere-associated protein Rif1 was originally identified in budding yeast as a RAP1 

interacting factor 1 that negatively regulates telomere length (Hardy et al., 1992). Rif1 plays 

an important role in yeast telomere length homeostasis by regulating telomerase recruitment 

to telomeres (Levy and Blackburn, 2004; Teixeira et al., 2004) or by stabilizing Rap1 in 

conjunction with Rif2 (Shi et al., 2013). Rif1 is also involved in repression of TERRA 

transcription (Iglesias et al., 2011). Rif1 has been recently shown to play roles in the DNA 

damage response and replication timing regulation in differentiated mammalian cells 

(Buonomo et al., 2009; Callen et al., 2013; Chapman et al., 2013; Cornacchia et al., 2012; Di 

Virgilio et al., 2013; Escribano-Díaz et al., 2013; Silverman et al., 2004; Wang et al., 2009; 

Xu and Blackburn, 2004; Yamazaki et al., 2012; Zimmermann et al., 2013). In addition, Rif1 

deficiency in vivo leads to embryonic lethality in mice (Buonomo et al., 2009), suggesting 

that Rif1 is critical for early embryo development.

Thus far, no evidence has been found for a role of mammalian Rif1 ortholog in telomere 

length regulation. It is interesting that Rif1 is highly expressed in mouse embryonic stem 

cells (ESCs) and germ cells (Adams and McLaren, 2004; Hu et al., 2009). Rif1 also is a 

target of Oct4, Sox2, and Nanog in ESCs and implicated in ES self-renewal (Loh et al., 

2006; Wang et al., 2006), but the function of Rif1 in ESCs remains elusive. In an attempt to 

understand the roles of Rif1 in ESC self-renewal and pluripotency and the underlying 

mechanisms, we found that Rif1 is required to maintain telomere length homeostasis and 

genomic stability of ESCs by facilitating heterochromatin silencing at subtelomeres to 

prevent overexpression of Zscan4, a critical factor that controls telomere recombination 

(Zalzman et al., 2010).

RESULTS

Depletion of Rif1 Impairs Cell Proliferation and Pluripotency of ESCs

We confirmed that Rif1 was highly expressed in ESCs and testis, while its expression level 

was very low in mouse embryonic fibroblasts (MEF) and various somatic tissues (Figures 

1A and 1B), implying that Rif1 may play important roles in ESCs and early development. 

To understand the role of Rif1 in ESCs, we established Rif1 knockdown (KD) cell lines by 

RNA interference using at least two shRNA constructs (Figure S1A available online; 

Supplemental Experimental Procedures) and assessed the capacity for proliferation, 

differentiation, and pluripotency of ESCs. The mRNA and protein levels of Rif1 were 

effectively reduced to about 20% of controls, similar to those of MEF (Figures 1C and 1D). 

Cell proliferation was reduced in stable Rif1 KD cells (Figure 1E; Figure S1B), consistent 

with reduced 5′-bromo-2′-deoxyuridine (BrdU) incorporation (Figures S1C and S1D). Also, 

Rif1-depleted cells after long-term culture (passage number >20) showed markedly 

increased expression of genes associated with cellular senescence, particularly p16 (INK4a) 

and p21 (Cip1) (Bringold and Serrano, 2000; Herbig et al., 2004) (Figure S1E). 
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Consistently, long-term culture of Rif1 KD cells also led to senescence-associated β-

galactosidase (SA-β-gal) expression, a marker for senescence (Figures S1F and S1G). Of 

note, the increased expression of senescence-associated genes and SA-β-gal staining were 

most likely due to indirect effects of long-term cell culture, since we did not find such 

upregulation in the short-term Rif1 KD cells.

In addition, expression of pluripotency genes, such as Oct4, was reduced in stable Rif1 KD 

cells (Figures S1H and S1I). In vitro embryoid body formation assay showed that Rif1 KD 

impaired differentiation of ESCs toward the neural lineage, as indicated by βIII-tubulin 

staining. However, Rif1 deficiency did not seem to affect differentiation toward the 

endoderm lineage (as indicated by α-fetoprotein staining) and mesoderm lineage (as 

indicated by α-smooth muscle actin staining) (Figure S1J). Notably, stable Rif1 KD ESCs 

produced neither teratomas by injection under the skin of immunodeficient mice (Figure 

S1K) nor chimeras by injection into albino recipient embryos, in contrast to control KD 

ESCs (Figure S1L). These data strongly argue that Rif1 is essential for early embryogenesis 

and pluripotency of ESCs.

Rif1 Negatively Regulates Expression of Zscan4

To understand the mechanisms underlying Rif1 function in ESCs and early embryogenesis, 

we performed global gene expression analysis of Rif1 stable KD ESC lines (more than ten 

passages) using Affymetrix 430 2.0 arrays. More genes were upregulated than 

downregulated in ESCs following Rif1 depletion, compared to KD controls (Table S1; 

Figures S2A–S2C). Among those genes, Zscan4, together with Tcstv1 and Tcstv3, which are 

specific to early two-cell-stage embryos and ESCs (Falco et al., 2007; Zalzman et al., 2010; 

Zhang et al., 2006), were highly upregulated in Rif1-depleted ESCs (Figures S2A and S2B).

A selected group of genes that showed differential expression by microarray was verified by 

quantitative real-time PCR analysis in two additional ESC lines (Figure S2D). Also, Zscan4 

protein levels were significantly elevated in Rif1 KD ESCs, compared to control KD ESCs, 

and were minimal in MEF, by western blot analysis (Figure S2E). Changes in expression of 

these genes could result from indirect effects caused by Rif1 depletion. Thus, we further 

generated and analyzed the global gene expression in transient Rif1 KD (48 hr after KD) 

ESCs (Figures 1F and 1G; Table S2). Consistently, Zscan4, Tcstv3, and an additional gene, 

Eif1α, specific to two-cell embryos, showed rapid upregulation following transient KD of 

Rif1 (Figures 1F and 1G). Quantitative PCR analysis of two ESC lines with different genetic 

background also confirmed the microarray data (Figures S2F and S2G). Similar expression 

profile was achieved in ESCs using another Rif1 KD construct (shRNA-2) (Figure S2G), 

indicating that the gene expression changes were specific to Rif1 depletion. Increased 

protein levels of Zscan4 by Rif1 KD were confirmed by immunoblot (Figure 1H). Both 

Zscan4 and Rif1 mRNA and protein levels were high in ESCs but extremely low or 

undetectable in somatic cells, such as MEF, and several types of tissues (Figure 1; Figure 

S2E). Global gene expression analysis showed that genes upregulated in Rif1 transient KD 

ESCs mostly overlapped with those of Rif1 stable KD ESCs.

To determine whether depletion of Rif1 increases the proportion of Zscan4+ ESCs at any 

given time, we generated a Zscan4 promoter-driven EGFP (Zscan4-EGFP) ESC line. We 
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transiently knocked down Rif1 and sorted ESCs into Zscan4+ and Zscan4−populations by 

flow cytometry (Figure 1I; Figure S2H). Consistent with a recent report (Zalzman et al., 

2010), Zscan4 was expressed in only about 5% of control KD ESCs at any given time. 

However, Rif1 KD doubled the percentage of Zscan4+ ESCs (Figure 1J). Higher expression 

levels of Zscan4 associated with Rif1 depletion might result from alteration of tightly 

regulated population equilibrium in ESCs by increasing the percentage of Zscan4+ cells or 

from increasing the overall levels of Zscan4 mRNA.

Rif1 Suppresses Hyper Telomere Recombination to Maintain Telomere Length 
Homeostasis and Chromosomal Stability

Sporadic Zscan4 expression in an ESC population is associated with telomere extension by 

recombination (Zalzman et al., 2010). Early two-cell embryos can activate rapid telomere 

lengthening through telomere recombination or telomere sister chromatid exchange (T-SCE) 

(Liu et al., 2007). We confirmed that telomeres were shorter in Zscan4− than in Zscan4+ 

ESCs (Figure 2A). In contrast, average telomere lengths were longer in Rif1 KD than in 

control ESCs (Figures 2B and 2C). However, telomere length heterogeneity, telomere loss, 

and end-to-end chromosomal fusions were pronounced in Rif1-depleted ESCs (Figures 2B–

2D). Rif1 KD in other independent ESC lines also led to telomere elongation and telomere 

signal free-ends indicative of telomere loss, whereas Zscan4 KD resulted in telomere 

shortening and loss (Figure S3A). Telomerase activity, estimated by semiquantitative 

telomeric repeat amplification protocol assay, remained similar between Rif1 and control 

KD ESCs or ESCs without transfection manipulation (Figure S3B), suggesting that 

telomerase activity is unlikely to be responsible for heterogeneous telomere elongation. 

Instead, a telomerase-independent mechanism of telomere lengthening might be triggered by 

Rif1 depletion. Indeed, the frequency of T-SCE was considerably increased in Rif1 KD 

ESCs compared to that in control KD ESCs (Figures 2E and 2F). Extremely heterogeneous 

telomere lengths are associated with increased frequency of T-SCE (Bailey et al., 2004; 

Londoño-Vallejo et al., 2004). It is interesting that DNA damage signals at telomeres 

indicated by γH2AX foci (TIFs) (Takai et al., 2003) showed no noticeable differences 

between Rif1 and control KD ESCs or between control ESCs and ESCs with Zscan4 

overexpression (Figures S3C and S3D). Analysis of DNA damage at telomeres marked by 

53BP1 also showed only low frequency of double-strand telomere damage in Rif1-depleted 

ESCs, like that in control ESCs, in contrast to the high incidence of TIFs found in 

mitomycin-C-treated MEF that served as feeders (Figures S3E and S3F). These data show 

that depletion of Rif1 in ESCs did not increase double-strand breakage at telomeres. 

However, cell cycle progression, particularly S phase, was impaired in Rif1-depleted ESCs 

(Figures S3G and S3H), which is consistent with the role of Rif1 in S-phase checkpoint 

(Silverman et al., 2004). Collectively, Rif1 is important for maintaining telomere length 

homeostasis, genomic stability, and cell cycle checkpoint in ESCs by suppression of hyper 

T-SCE.

Zscan4 KD Rescues Telomere Length Homeostasis and Proliferation of Rif1-Depleted 
ESCs

Hyper telomere recombination induces cell senescence (Hagelstrom et al., 2010). Zscan4 is 

critical to elongate telomeres and maintain genomic stability of mouse ESCs (Zalzman et al., 
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2010). Although other genes located at subtelomeric regions including Tcstv1 and Tcstv3 

also are upregulated after Rif1 KD, whether they play a role in regulating telomere length in 

ESCs remains unclear. We reasoned that aberrantly elevated expression of Zscan4 following 

Rif1 depletion might trigger hyper telomere elongation, leading to disrupted telomere length 

homeostasis and cell senescence. To test this hypothesis, we performed Zscan4 KD 

experiments to rescue phenotypes of stable Rif1 KD ESCs. Both mRNA and protein level of 

Zscan4 in Rif1-depleted ESCs following Zscan4 KD dropped to levels similar to those of 

control KD ESCs (Figure 3A). ESCs with Rif1/Zscan4 double KD proliferated faster than 

did Rif1 KD ESCs, despite rates still slower than those of control ESCs (Figure 3B). 

Consistently, the cell cycle progression was partially rescued, presumably due to the 

chromosome fusion and genomic instability already accumulated during long-term culture 

after Rif1 depletion (Figure 3C). Furthermore, aberrant telomere elongation was reversed in 

Rif1/Zscan4 double KD ESCs (Figures 3D–3F). Meanwhile, elevated frequency of T-SCE in 

Rif1-depleted ESCs was reduced, comparable to that of control ESCs following Zscan4 KD 

(Figure 3G). As expected, Zscan4 KD failed to rescue telomere loss and chromosomal 

fusions that preexisted in Rif1-depleted ESCs, which also explains partial rescue of the cell 

proliferation phenotype (Figures 3D and 3E). Of note, the average of arbitrary telomere 

fluorescence units (TFUs) indicative of relative telomere lengths in Figure 3E (indicated by 

“shControl”) was larger than that of ES controls shown in Figure 2C. This is probably 

because the Rif1 KD ESCs were cultured for additional eight passages, and telomeres of 

mouse ESCs/induced pluripotent stem cells are known to become elongated with prolonged 

passage (Marion et al., 2009; Varela et al., 2011; Wang et al., 2012). Nevertheless, these 

data suggest that excessive expression of Zscan4 resulting from depletion of Rif1 mediates 

cell senescence through aberrant telomere lengthening and heterogeneity accompanied by 

hyper frequency of T-SCE. Suppression of Zscan4 is one of major functions of Rif1 in 

maintaining telomere length homeostasis of mouse ESCs.

Embryogenesis Defects on Rif1-Deficient Background Can Be Rescued by Reducing 
Zscan4 Levels

It has been shown that Rif1-deficient mice are embryonic lethal mutants (Buonomo et al., 

2009). However, the roles of Rif1 at early embryogenesis were not well understood. More 

important, because Rif1 may be potentially implicated in multiple important biological 

processes, the significance of Rif1’s functions in regulating ESC telomere recombination 

during early embryogenesis needs to be addressed. We generated chimera mice using GFP-

tagged control and Rif1 KD cell lines and examined chimerism at embryonic day (E)12.5. 

While control KD ESCs gave rise to 46% (6/13) of chimeric fetus (GFP+) (Figure 4A), Rif1 

KD ESCs failed to contribute to the developing embryos (E12.5) (0/50). Next, we addressed 

the role of Rif1-mediated telomere recombination in early embryogenesis. We reasoned that, 

since Zscan4 is a critical downstream effector in Rif1-mediated telomere maintenance 

pathway, reducing the aberrantly upregulated Zscan4 expression in Rif1-depleted cells may 

rescue the defects in early embryogenesis. Thus, we generated control KD (shControl) ESCs 

as well as ESCs in which Rif1 and Zscan4 were simultaneously depleted (shRif1+shZscan4) 

or in which only Rif1 was depleted (shRif1). To avoid secondary effects potentially arising 

from prolonged Rif1 depletion, we immediately used these cells to generate chimeric mice 

after KD (48–72 hr). As expected, shRif1 ESCs still did not contribute to the developing 

Dan et al. Page 5

Dev Cell. Author manuscript; available in PMC 2016 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



embryos at E12.5 (0/5; Figure 4B), while shControl ESCs contributed to chimeric fetus 

normally (31%; 4/13). Notably, shRif1+shZscan4 ESCs gave rise to 17% (4/24) of chimeric 

fetus that exhibited GFP fluorescence (Figure 4B). In line with these observations, 

simultaneous depletion of Rif1 and Zscan4 appeared to rescue the cell growth phenotypes 

more efficiently (Figure 4C). These data suggest that reducing excessive Zscan4 levels 

could, at least partially, rescue embryogenesis defects associated with Rif1 deficiency.

Depletion of Rif1 Influences Zscan4 Promoter Activity

Rif1 KD resulted in immediate upregulation of Zscan4 (Figures 1F and 1G; Figures S2F and 

S2G), but Zscan4 KD did not cause appreciable changes in the expression of Rif1 (Figure 

5A). We determined whether Zscan4 promoter activity is affected following Rif1 KD using 

the luciferase activity assay. The promoter activity of Zscan4 dramatically increased 

following Rif1 KD but was not influenced by KD of Zscan4 itself (Figure 5B). We then 

sought to investigate whether overexpression of Zscan4 could affect its promoter activity. 

Zscan4c contains one SCAN-B domain and four zinc finger motifs (Storm et al., 2009), so 

we designed three expression vectors containing different domains of Zscan4 (Figure 5C). 

Zscan4 promoter activity was increased by overexpression of full-length Zscan4 and also by 

Zscan4-1, which contains the SCAN-B domain. Zscan4-2 with Zinc finger motifs seemed 

not to alter the reporter activity (Figure 5D). These results demonstrate that the SCAN-B 

domain is necessary but not sufficient for activation of Zscan4 promoter activity and that 

Zinc finger motifs are dispensable for the promoter activity but can complement its 

activation by the SCAN-B domain.

Furthermore, we divided the promoter of Zscan4 into nine regions (Figure 5E), with the 

initiation codon located at +812 base pairs (bp) (Zalzman et al., 2010). The promoter activity 

was low in Luc1/Luc2 but rapidly increased from Luc3 (Figure 5F), suggesting that the core 

promoter or enhancer of Zscan4 is located near the Luc3 region. Luc8/9 did not show 

detectable activity. While Luc1 did not show activity changes, Luc2 showed increased 

activity resulting from depletion of Rif1 (Figure 5G). Luc3–Luc6 regions also exhibited 

increased Zscan4 promoter activity by Rif1 KD. Luc7 did not contain Luc2 but also showed 

increased promoter activity after Rif1 KD. Similarly, overexpression of Zscan4 influenced 

Luc2 at +608 to +811 and at +32 to +608 (Figure 5H). Depletion of Rif1 results in an 

increase in Zscan4 promoter activity. The question was how Rif1 negatively regulates 

Zscan4 expression.

Rif1 Depletion Reduces H3K9me3 Enrichment at Heterochromatin

Further analysis of the microarray data identifies that many of the upregulated genes on Rif1 

depletion are located at subtelomeric sites (Table S3). We hypothesized that Rif1 might 

function at telomeres or subtelomeres of ESCs at a given time. By immunofluorescence 

microscopy, Rif1 was located with large clustered and peripheral heterochromatin in a 

proportion of ESCs and associated with some telomeric repeat binding factor 1 (TRF1) foci, 

suggestive of localization of Rif1 at telomeric or subtelomeric regions (Figure S4A).

H3K9me3 marks the heterochromatin and plays a critical role in epigenetic silencing thereat 

(Mikkelsen et al., 2007). Rif1 KD ESCs exhibited generally reduced H3K9me3 fluorescence 
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intensity by immunofluorescence microscopy (Figures 6A and 6B). Immunoblot analysis 

also showed that H3K9me3 levels were decreased after Rif1 KD, but double KD of Rif1 and 

Zscan4 did not change H3K9me3 levels (Figure 6C and Figure S4B). However, H3K27me3 

and H3K4me3 levels remained relatively stable following Rif1 depletion (Figure S4B).

Telomeres and subtelomeres are densely compacted with DNA methylation and histone 

modifications. Chromatin modifications of telomeres and subtelomeres are important 

regulators of mammalian telomere lengths (Blasco, 2007). DNA demethylation by treatment 

with 5-aza-2′-deoxycytidine (5-azaC) caused a mild increase in populations of Zscan4+ 

cells, as found with flow cytometry analysis of Zscan4-EGFP cells. However, histone 

demethylation by treatment with inhibitor of histone lysine methyltransferases (BIX-01294) 

(Kubicek et al., 2007) remarkably increased the population of Zscan4+ cells by 3- to 4-fold 

(Figures S5A–S5C), supporting the notion that intermittent activation and expression of 

Zscan4 could be regulated by histone modifications at subtelomeric heterochromatin. 

Actually, the Zscan4 gene is located at the subtelomeric region of chromosome 7, and 

interestingly, telomerase-deficient ESCs or MEFs with short telomeres also exhibit 

significantly increased expression of Zscan4 (Huang et al., 2011) and decreased levels of 

repressive histones in telomeric and subtelomeric chromatin (Benetti et al., 2007). These 

data provide further evidence in supporting telomere position effects in mammalian cells 

(Baur et al., 2001; Koering et al., 2002). Collectively, these data imply that Zscan4 might be 

negatively regulated by histone modifications.

Furthermore, we performed the chromatin immunoprecipitation sequencing (ChIP-seq) 

experiments to investigate the genome-wide distribution of H3K9me3 in Rif1-depleted 

ESCs. Consistent with previous findings (García-Cao et al., 2004; Martens et al., 2005; 

Mikkelsen et al., 2007), H3K9me3 was enriched at telomeres, subtelomeres, and 

pericentromeric heterochromatin (Figures 6D–6G). In Rif1 KD ESCs, H3K9me3 enrichment 

was significantly reduced in 33% of genomic regions (16,370 of a total 47,947 regions) and 

increased only in 1% (472 of total 47,947 regions) (Figure 6D; Tables S4 and S5). The 

ChIP-seq data are corroborated by the immunoblot results, showing similar reduction in 

H3K9me3 levels following Rif1 depletion (Figure 6C and Figure S4B). Decreased 

H3K9me3 level was primarily located in the distal intergenic regions (Figure 6E). The 

H3K9me3 level was reduced at telomeric repeats in Rif1 KD ESCs (Figure 6F), and also at a 

majority of subtelomeric (within 10Mb from telomere ends) and pericentromeric regions 

(within 10 Mb from centromeres) (p < 10−5 versus genome random) (Figure 6G). For 

example, H3K9me3 levels were substantially reduced at the subtelomeric regions of Chr7 

and Chr13 where the Zscan4 clusters and Tcstv3 and Tcstv1 genes are located, respectively 

(Figures 6H and 6I). Likewise, H3K9me3 levels at pericentromeric regions of Chr6 and at 

subtelomeres of ChrY declined in Rif1-depleted ESCs (Figures 6J and 6K). These data are 

consistent with upregulation of these genes following stable Rif1 KD by microarray analysis 

(Figure S2 and Table S1). The ChIP-seq experiments suggest that Rif1 may indirectly 

mediate Zscan4 regulation via histone modifications at the subtelomeres.
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Rif1 Regulates Zscan4 Expression by Stabilizing H3K9 Methylation at Subtelomeric 
Heterochromatin

The ChIP-seq data suggested a role for Rif1 in regulating local heterochromatic distribution. 

To test whether Rif1 directly binds to the Zscan4 loci and subtelomeric heterochromatic 

regions, we performed ChIP-quantitative PCR (qPCR) using Rif1 antibody and the primers 

specific for the promoter-proximal regions of Zscan4c loci, subtelomeres of chromosome 7, 

and telomeres. Rif1 indeed bound to six proximal locations upstream to the Zscan4 

promoter, subtelomeres of chromosome 7, and telomeres (Figure 7A). Also, H3K9me3 

levels in Rif1-depleted cells declined at the same locations (Figure 7B). Consistent with 

ChIP-seq results (Figure 6H), the ChIP-qPCR data suggest that Rif1 likely plays a direct role 

in regulating H3K9me3 levels and facilitates epigenetic silencing at the Zscan4 loci and 

subtelomeres.

To further elucidate the molecular basis for Rif1 function, we performed 

coimmunoprecipitation experiments to probe possible interactions between Rif1 and the 

H3K9 methylation complex. Indeed, Rif1 interacts with the core components of this 

complex, including Kap1, Suv39h1, heterochromatin protein α, G9a, and Glp (Figure 7C, 

left). These interactions were specific for the H3K9 methylation machinery, but not for Lsd1 

(histone demethylase), Ezh2, or Suz12 (component of the H3K27 methylation machinery). 

In support, Rif1 was enriched at H3K9me3-, but not H3K27me3- or H3K4me3-containing 

nucleosomes (Figure 7C, left). Reciprocally, Rif1 could be pulled down by anti-H3K9me3 

antibody (Figure 7C, right). These data show that Rif1 selectively interacts with components 

of the H3K9 methylation complex.

Interestingly, the levels of major H3K9 methyltransferases, Suv39h1, Glp, and G9a—but not 

the H3K4 or H3K27 modifying enzymes (e.g., Ezh2)—were reduced in Rif1 KD ESCs 

(Figure 7D). A previous study demonstrated that the stability of the major H3K9 

methyltransferases, such as Setdb1, Suv39h1, and G9a, are dependent on the physical 

interactions with other noncatalytic components within a H3K9 methylation modification 

supercomplex (Fritsch et al., 2010). We hypothesized that Rif1 may bridge these interactions 

and, therefore, regulate the stability of H3K9 methyltransferases. Thus, we used IP/western 

approaches to interrogate the interactions between H3K9 methylation components in Rif1-

depleted cells. In these cells, Glp or HP1 pulled a smaller amount of other core components 

of H3K9 methylation machinery, suggesting that the interactions among those proteins were 

greatly reduced (Figure 7E). It was notable that 2-fold (2×) Rif1 KD lysate was used for Glp 

IP, since its level was mildly reduced in the Rif1 KD cells. In addition, we also performed a 

ChIP-qPCR experiment to examine whether Rif1 regulates the occupancy of the H3K9 

methylation machinery at its targets. In Rif1 KD cells, Glp occupancy at the promoter-

proximal regions of Zscan4 and Dazl was reduced by 5- to 10-fold, compared to that of 

control KD cells (Figure 7F). The reduced Glp occupancy could result from a mild reduction 

of the overall level and/or defective recruitment of Glp in Rif1 KD cells. Taken together, 

Rif1 stabilizes the H3K9 methylation machinery in ESCs (Figure 7G, left). In Rif1-depleted 

cells, the core components of the H3K9 methylation machinery were greatly disrupted, 

which leads to reduction of overall protein level and occupancy at the Rif1-regulated genes 

(Figure 7G, right).
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In summary, Rif1 regulates telomere elongation and genomic stability of mouse ESCs. 

Moreover, Rif1 facilitates epigenetic silencing at subtelomeric heterochromatin, so that Rif1 

suppresses the genes located at the subtelomeric regions, including Zscan4, Tcstv3, and 

Tcstv1. Zscan4 also activates its own promoter, possibly forming a positive feedback loop to 

increase Zscan4 expression. Thus, Rif1 plays critical roles in maintaining the transient 

activation of Zscan4 in a given ES population, which is essential for telomere maintenance 

and indefinite self-renewal of ESCs (Figure 7H).

DISCUSSION

We show that high expression levels of Rif1 in ESCs are required to suppress Zscan4 

overexpression and prevent hyper telomere recombination. High telomerase activity is 

known to be necessary for telomere length maintenance and continuous proliferation of 

ESCs. Sporadic expression of Zscan4 in ESCs is also required for lengthening telomeres via 

recombination-based mechanisms. Without intermittent activation of Zscan4, ESCs lose 

their ability to proliferate indefinitely (Zalzman et al., 2010). On the contrary, aberrantly 

high expression levels of Zscan4 and its continuous expression in ESC populations could 

cause hyper telomere recombination and cellular senescence over long-term culture (Figure 

1). This unique mode of expression suggests a tightly regulated mechanism, but the factors 

that control Zscan4 expression remain a mystery. Herein, we show that Rif1 negatively 

regulates Zscan4 to prevent its overexpression in ESCs. Rif1-depleted ESCs exhibit 

remarkably high expression levels of Zscan4. Moreover, Rif1 modulates epigenetic 

silencing at subtelomeres including the Zscan4 locus. This mechanism may restrict Zscan4 

expression to a limited subpopulation of ESCs.

Rif1 has recently been identified as a suppressor of variegation mutants in mice using N-

ethyl-N-nitrosourea ENU mutagenesis and whole-exome deep-sequencing approaches 

(Daxinger et al., 2013), consistent with our finding that Rif1 is a transcriptional repressor 

(Figures 1F and 1G; Tables S1 and S2). Notably, in Rif1-depleted ESCs, a significant 

portion of upregulated genes are located at pericentromeric regions (e.g., histone cluster 

genes) and subtelomeric regions of short p arm (e.g., Zscan4, Eif2s3y, Uty, Ddx3y, and 

Rbym1a1), where H3K9me3 is enriched. Along this line, we found a consistent, decrease of 

H3K9me3 modification in the Rif1-depleted cells by immunofluorescence microscopy and 

immunoblotting approaches. This observation was further confirmed by H3K9me3 ChIP-seq 

approach, showing that H3K9me3 enrichment was reduced at subtelomeres (Figure 6; 

Tables S4 and S5), including Zscan4 loci. Rif1 specifically interacts with H3K9 methylation 

complex, which is critical for the stability of this complex (Figures 7C and 7D). Rif1 

depletion reduces the overall levels of H3K9 methyltransferases, such as G9a, as well as Glp 

occupancy (Figure 7) at the proximal promoter of Zscan4. Taken together, Rif1 plays an 

important role in regulation of H3K9me3 and epigenetic transcriptional silencing in ESCs.

In agreement with the fact that Zscan4 is a critical telomere recombination factor, we 

observed that Rif1 depletion leads to telomere hyper recombination, elongation, and 

heterogeneity. These data are substantiated by the experiments showing that double 

depletion of Rif1 and Zscan4 rescues the telomere recombination phenotypes, which 

suggests that Rif1 maintains telomere length homeostasis via regulation of Zscan4. Elevated 
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terminal recombination also may contribute to telomere attrition and genomic instability 

(Wang et al., 2004). Therefore, it is not surprising that Rif1-depleted ESCs exhibit greatly 

reduced pluripotency both in vitro and in vivo and that simultaneous depletion of Rif1 and 

Zscan4 partially rescues the defective embryogenesis caused by Rif1 deficiency.

Human RIF1 protein is reported to localize at dysfunctional telomeres and telomeric DNA 

clusters in alternative lengthening of telomere (ALT) cells; however, its function in telomere 

regulation remains unclear (Silverman et al., 2004). The primary function of mammalian 

Rif1 in somatic cells appears to be involved in DNA damage responses instead of telomere 

length regulation (Buonomo et al., 2009; Silverman et al., 2004; Xu and Blackburn, 2004). 

Here, we demonstrate that Rif1 indeed regulates telomere length homeostasis of ESCs by 

suppressing excessive Zscan4-mediated telomere recombination. Aberrantly increased T-

SCE and heterogeneous telomere elongation via recombination are characteristics of the 

ALT pathway (Bailey et al., 2004; Londoño-Vallejo et al., 2004). Therefore, this study also 

may provide insights into tumorigenesis by ALT mechanisms.

EXPERIMENTAL PROCEDURES

Mouse ESCs

Animals were cared for and treated according to guidelines set by U.S. National Research 

Council, and the use of mice for this research was approved by the Nankai Animal Care and 

Use Committee. Mouse ESCs are detailed in Supplemental Experimental Procedures.

Generation of Rif1 KD ESCs by shRNA

After an initial test on RNAi efficiency using four different shRNA sequences against Rif1 

mRNA, Rif1 shRNA3 and control shRNA were used for the following experiments if not 

otherwise mentioned (Supplemental Experimental Procedures). The sequences were cloned 

into pSIREN-RetroQ (Clontech), and the resultant vectors were transfected into F1 or N12 

ESCs with Lipofectamine 2000 according to the manufacturer’s instructions. Long-term 

Rif1 KD ESCs were then selected with 1.5 μg/ml puromycin for 2 weeks.

Microarray Analysis of Rif1 KD ESCs

J1 ESCs were transfected with control shRNA and Rif1 shRNA using lipofectamine 2000. 

Forty-eight hours after transfection, cells were collected for global gene expression analysis 

using Affymetrix mouse genome 430 2.0 array. Stable Rif1 KD F1 ESCs at passage 16 were 

used for long-term gene expression chip microarray using Affymetrix mouse genome 430 

2.0 array. Hybridization, staining, and scanning of the chips was performed as outlined in 

the Affymetrix technical manual. Hybridized arrays were scanned with a Gene Array 

Scanner (Affymetrix). Significantly different genes were identified using a one-class 

unpaired significance analysis of microarrays (Tusher et al., 2001) and fold change. Only 

probe sets showing a false discovery rate (FDR) less than 5% and absolute fold change 

greater than 2.0 were retained in the final list. Hierarchical clustering was performed with 

the aforementioned differentially expressed genes using cluster software (version 3) and by 

applied mean centering and normalization of genes and arrays before average linkage 

clustering.
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Telomere Quantitative Fluorescence In Situ Hybridization

Telomere length and function (telomere integrity and chromosome stability) was estimated 

by quantitative fluorescence in situ hybridization (QFISH). Cells were incubated with 0.5 

μg/ml nocodazole for 1.5 hr to enrich cells at metaphases. Chromosome spreads were made 

by a routine method. Metaphase-enriched cells were exposed to hypotonic treatment with 75 

mM KCl solution, fixed with methanol: glacial acetic acid (3:1) and spread onto clean 

slides. Telomere FISH and quantification were performed as described previously (Herrera 

et al., 1999; Poon et al., 1999), except for fluorescein isothiocyanate (FITC)-labeled 

(CCCTAA) peptide nucleic acid (PNA) probe (Panagene) used in this study. Telomeres 

were denatured at 80°C for 3 min and hybridized with telomere-specific PNA probe (0.5 μg/

ml). Chromosomes were counterstained with 0.5 μg/ml DAPI. Fluorescence from 

chromosomes and telomeres was digitally imaged on a Zeiss microscope with FITC/DAPI 

filters, using AxioCam and AxioVision software 4.6. For quantitative measurement of 

telomere length, telomere fluorescence intensity was integrated using the TFLTELO 

program (a gift kindly provided by P. Lansdorp, Terry Fox Laboratory), and calibrated using 

standard fluorescence beads.

Telomere Chromatid Orientation-Fluorescence In Situ Hybridization

Strand-specific chromatid orientation-fluorescence in situ hybridization (CO-FISH) was 

performed according to Bailey et al. (2004), with minor modification. Subconfluent cells 

were incubated with BrdU. Nocodazole was added for 1.5 hr prior to cell harvest, and 

metaphase spreads were prepared by standard cytogenetic method as described earlier. 

Chromosome preparations were stained with Hoechst 33258 (0.5 μg/ml), incubated in 2× 

SSC (Invitrogen) for 20 min and exposed to 365 nm UV light (Stratalinker 1800 UV 

irradiator) for 40 min. The BrdU-substituted DNA was digested with Exonuclease III 

(Promega). The slides were then dehydrated through cold ethanol series and air dried. PNA-

FISH was performed with Fluorescein-OO-(CCCTAA)3 (Bio-Synthesis). Slides were 

hybridized, washed, dehydrated, mounted, and counterstained with VectaShield antifade 

medium (Vector), containing 0.1 μg/ml DAPI. Digital images were captured using a CCD 

camera on a Zeiss Axio-Imager Z1 microscope equipped with Metasystems Isis software.

ChIP-Seq, ChIP-qPCR, and Data Analysis

ChIP and data analysis were performed as described elsewhere (Hunter et al., 2012; 

Martinez et al., 2010; Maze et al., 2011; Mikkelsen et al., 2007; Rowe et al., 2010), using 

primary antibodies to Rif1 (ab13422, Abcam) or H3K9me3 (ab8898, Abcam). Normal 

rabbit immunoglobulin G (IgG) (Santa Cruz, sc-2027) served as control. Briefly, control KD 

and Rif1 KD mouse ESCs (3 × 107) were fixed with freshly prepared 1% paraformaldehyde 

for 10 min at room temperature. Cells were harvested, and their nuclei were extracted, lysed, 

and sonicated. DNA fragments were then enriched by immunoprecipitation with 10 μg 

H3K9me3 antibody (Abcam, ab8898) for ChIP-seq. The eluted protein:DNA complex was 

reverse-crosslinked at 65°C overnight. DNA was recovered with a MiniElute column 

(QIAGEN) after Proteinase and RNase A treatment. Approximately 100 ng of each ChIP 

DNA and its parental genomic DNA (Input) were subjected to a 50 bp single-end library 

construction, and cluster generation and Illumina HiSeq 2000 sequencing were performed at 
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the Yale Stem Cell Center Sequencing Core Facility. The output sequencing tags were 

filtered and preanalyzed with the standard ELAND workflow to obtain the fastq data file. 

Sequence reads were mapped to mm9 (NCBI 37) using Bowtie (Langmead et al., 2009), 

with default settings allowing one single mismatch. Peak calling (versus input) was 

performed by SICER (Zang et al., 2009) using the following cutoffs: FDR < 0.0001, 

window size = 300 bp, and gap size = 600 bp. To identify genomic regions with differential 

H3K9me3 enrichment following Rif1 KD, we used the R-SEG algorithm (Song and Smith, 

2011), with slight modifications to the default settings (bin size of 5 kb; posterior probability 

of each bin: > 0.95). We used a three-state hidden Markov model for segmentation of the 

genome (devoid, unchanged, and increased).

In ChIP-qPCR experiments, the ChIP-enriched DNA was analyzed by real-time PCR using 

primers for Zscan4c loci, subtelomeres, telomeres, or Dazl. β-actin served as negative 

control, and relative fold changes were normalized to pan-H3 levels.

Immunofluorescence-Telomere FISH

The immunofluorescence (IF)-FISH method was performed based on an established 

protocol (Sfeir et al., 2010). Briefly, cells were grown on gelatin-treated coverslips and fixed 

with 2% paraformaldehyde for 10 min at room temperature. Cells were then blocked in 

blocking solution (1 mg/ml BSA, 3% goat serum, 0.1% Triton X-100, and 1 mM EDTA, pH 

8.0) and incubated with anti-53BP1 antibody (Abcam, ab36823) in blocking solution. 

Secondary antibody against rabbit IgG was labeled with Alexa Fluor 568 (Invitrogen). Cells 

were fixed again with 2% paraformaldehyde for 5 min, and FISH was performed with FITC-

(TTAGGG)3 PNA telomere probe (Panagene) as described earlier. DNA was counterstained 

with 0.5 μg/ml Hoechst 33342 in Vectashield mounting medium. Fluorescence was detected 

and imaged using a Zeiss fluorescence microscope and using the same exposure time for 

each group.

Mouse Embryogenesis Assay

Control KD and Rif1 KD stable ESCs were transfected with Ef1α-EGFP reporter vector and 

selected with G418, and EGFP-positive cells were picked for further expansion and chimera 

production by microinjection. Stable Ef1α-EGFP control and Rif1 KD ESCs were then 

injected into albino ICR blastocysts, using a Piezo injector, and transferred into uterine 

horns of surrogate mice 2.5 days postcoitum. For embryo imaging, chimera fetus was 

collected at E12.5 and imaged under stereo fluorescence microscopy (Leica, M165FC). For 

short-term Rif1 KD and Rif1/Zscan4 double KD, shControl, shRif1, and shZscan4 retrovirus 

were packaged by transfection of the indicated RNAi vectors into PlatE packaging cells. 

Ef1α-EGFP F1 ESCs were infected with shControl, shRif1, or shRif1/shZscan4 double KD 

retrovirus for 48 hr. Infected ESCs were injected into ICR blastocysts as described earlier.

Statistical Analysis

Percentages were transformed using arcsine transformation. Percentage of transformed data 

and other numbers were analyzed by ANOVA, and means were compared by Fisher’s 

protected least significant difference (PLSD) using the StatView software from SAS 

Institute. Significant differences were defined as p < 0.05, 0.01, or lower.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rif1 Is Required for ESC Self-Renewal and Negatively Regulates Expression of Zscan4
(A) Relative Rif1 expression levels in ESCs and MEFs.

(B) Rif1 expression levels in various mouse tissues by qPCR analysis.

(C) KD efficiency of Rif1 by transient shRNA confirmed by qPCR and western blot.

(D) Very low Rif1 protein level in Rif1 stable KD ESCs by western blot, comparable to that 

of MEFs.

(E) Reduced clonal size and cell proliferation of ESCs (F1 of B6C3F1 background) resulting 

from stable Rif1 KD following 24 passages.

(F) Heat map cluster showing genes that are differentially expressed (FDR ≤ 0.05, and fold 

≥ 2.0) following transient Rif1 KD by shRNA for 48 hr, compared to control shRNA.

(G) Scatterplot showing differentially expressed genes (FDR ≤ 0.05, and fold ≥ 2.0) 

following transient Rif1 KD.

(H) Elevated Zscan4 protein level following Rif1 KD for 48 hr by shRNA shown by western 

blot.

(I) Expression pattern of Zscan4 in J1 ESCs visualized by EGFP reporter (green), showing 

only a subset of ESCs expressing Zscan4 at a given time.

(J) Rif1 transient KD increases Zscan4-EGFP positive cells by FACS.

Error bars indicate mean ± SEM (n = 3). ***p < 0.001 by ANOVA and PLSD analysis. See 

also Figures S1 and S2.
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Figure 2. Rif1 Regulates Telomere Length Homeostasis in ESCs
(A) Longer telomeres in Zscan4-positive than in Zscan4-negative cells by qPCR.

(B) Clonal chromosome fusion (arrow) in Rif1 KD ESCs (ESC) shown by telomere-specific 

PNAFISH.

(C) Distribution histogram of relative telomere length in Rif1 KD ESCs analyzed by 

telomere Q-FISH and TFL-TELO software. Green lines indicate median telomere length. 

The average length ± SD is given in the upper right corner. Arrowheads indicate frequency 

of telomere loss.

(D) Increased frequency of chromosomal terminal fusions by Rif1 KD.

(E) Micrographs showing T-SCE (arrows) by CO-FISH analysis.

(F) Increased frequency of T-SCE per chromosome by Rif1 KD. Statistical comparison 

made by Mann-Whitney test.

See also Figure S3.
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Figure 3. Zscan4 KD Partially Rescues Cell Proliferation and Shortens Telomeres in Rif1-
Depleted ESC
(A) Expression levels of Rif1 and Zscan4 by qPCR analysis (upper panel) and Zscan4 

protein levels by western blot analysis (lower panel) after shZscan4 in Rif1-depleted ESCs.

(B) Increased rates of cell proliferation in Rif1 KD ESC after shZscan4. The fold increase in 

the cell number of shZscan4 cells was compared with that of shControl cells (arbitrarily set 

as 1.0).

(C) Cell cycle analysis of Rif1 KD ESC after shZscan4 treatment.

(D) Telomere specific PNA-FISH image of Rif1 KD ESC treated with shControl and 

shZscan4. Arrow, telomere loss and chromosomal fusions.

(E) Distribution histogram of relative telomere length in Rif1 KD ESCs treated with 

shControl and shZscan4. Green line indicates median telomere length. Arrows on y axis 

indicate frequency of telomere loss.

(F) Telomere length shown as relative telomere to single copy gene (T/S) ratio by qPCR 

analysis.

(G) Decreased frequency of T-SCE per chromosome after shZscan4 in Rif1-depleted ESCs, 

comparable to that of control KD ESCs. Statistical comparison made by Mann-Whitney test.

Error bars indicate mean ± SEM (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001, compared 

to controls.
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Figure 4. Embryogenesis Defects on Rif1-Deficient Backgrounds Are Rescued by Zscan4 KD
(A) Chimera fetus at E12.5 obtained from blastocyst injection of EGFP-labeled control and 

stable Rif1 KD ESCs into albino recipient embryos (number of embryos transferred = 40 and 

65, respectively). BF, bright field.

(B) A cohort of transient KD cells labeled with EGFP (shcontrol, shRif1 alone, and shRif1/

Zscan4) were generated. Chimera fetus at E12.5 was obtained from injection of this cohort 

of cells into albino recipient embryos (number of embryos transferred = 30, 22, and 30, 

respectively).

(C) Growth curves show that Zscan4 KD significantly rescued the proliferation phenotype 

caused by short-term Rif1 depletion. Transient KD cells were seeded (2 × 105 cells per well) 

24 hr before counting, and cell number was counted every 12 hr by the TC10 Automated 

Cell Counter (Bio-Rad).
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Figure 5. Rif1 Depletion Results in Increased Zscan4 Promoter Activity
(A) KD efficiency of Zscan4 by shRNA for 24 hr by qPCR. Rif1 level was not influenced by 

Zscan4 KD.

(B) Transient Rif1 KD for 24 hr increases Zscan4 promoter activity, while Zscan4 KD does 

not influence Zscan4 promoter activity by dual luciferase reporter assay.

(C) Diagram of full length of Zscan4, zinc finger motifs depleted Zscan4-1, and SCAN-B 

domain depleted Zscan4-2. Filled circles indicates the conserved motif of the Zscan4 gene 

family, and open circles represent the less conserved motif.

(D) Zscan4 overexpression for 24 hr increases Zscan4 promoter activity through its SCAN-

B domain.

(E) Agarose gel images of nine fragment regions of the Zscan4 promoter. Luc1, +811 to 

+608; Luc2, +811 to +32; Luc3, +811 to −329; Luc4, +811 to −1,189; Luc5, +811 to −1,759 

(full length of putative Zscan4 promoter); Luc6, +608 to −1,759; Luc7, +32 to −1,759; 

Luc8, −329 to −1,759; Luc9, −1,189 to −1,759.

(F) Promoter activity of different regions of Zscan4. The full-length 2,570 bp of putative 

Zscan4 promoter cover regions 2,570 bp upstream to Zscan4c translational start codon.

Dan et al. Page 21

Dev Cell. Author manuscript; available in PMC 2016 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(G and H) Luciferase activity of Luc1-Luc7 24 hr after Rif1 KD (G) or overexpression (OE) 

of Zscan4 (H).

Mean ± SEM (n = 3–4). *p < 0.05, **p < 0.01, and ***p < 0.001, compared to controls or 

Mock.
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Figure 6. Reduced Genome-wide Enrichment of H3K9me3 by Rif1 Depletion
(A) Immunofluorescence staining of heterochromatic H3K9me3 (red). Nuclei stained with 

Hoechst 33342 (blue) show brighter fluorescence signal in the heterochromatin. Scale bar 

represents 10 μm.

(B) Quantification of relative H3K9me3 fluorescence intensity using ImageJ software. n, 

number of cells counted. Mean ± SEM (n = 3).

(C) Western blot analysis shows reduced H3K9me3 levels in Rif1 KD ESCs by loading of 

progressive dilutions of both control and KD samples. H3, loading control.
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(D) Genome-wide distribution of H3K9me3 in Rif1 KD ESCs compared with control KD 

(WT) ESCs by ChIP-seq. x axis: differential scores signify the differences in signal 

intensities of H3K9me3 islands in Rif1 and control KD cells (R-SEG; see Experimental 

Procedures). Positive value: enriched in Rif1 KD ESCs; negative value: devoid in Rif1 KD 

ESCs; zero: no change. y axis: occurrence of H3K9me3 islands with the same differential 

scores.

(E) Annotation of H3K9me3-devoid genomic regions in Rif1 KD ESCs.

(F) Telomeric H3K9me3 enrichment of Rif1 KD ESCs is lower than that of control KD 

(WT) ESCs. ChIP-seq raw reads (before Bowtie alignment) containing (TTAGGG)5 and 

(CCCTAA)5 represent the H3K9me3 enrichment at telomeres.

(G) H3K9me3-devoid islands at subtelomeric and pericentromeric regions in Rif1 KD ESCs 

(p < 10E-5 versus random genomic regions). Shown is the enrichment (versus genome 

random) of such islands on every subtelomeric and pericentromeric regions.

(H–K) Declined H3K9me3 levels at representative subtelomeric and pericentromeric 

regions. Shown are subtelomeric regions at Chr7, which encode Zscan4 clusters (H); 

subtelomeric regions of Chr13, which encode the Tcstv1, LOC639910, and AF067061 genes 

(I); pericentromeric regions of Chr6 (J); and subtelomeric regions of ChrY (K). Blue peaks 

(WT, top level): H3K9me3 peaks identified by SICER in control KD ES (WT) cells. Cyan 

peaks (KD, middle level): H3K9me3 peaks in Rif1 KD ESCs. Red and green peaks 

(KD/WT, bottom level): Differential scores (KD/WT) denote H3K9me3 signal intensity 

differences identified by R-SEG (see Experimental Procedures).

See also Figures S4 and S5.
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Figure 7. Rif1 Modulates H3K9 Methylation Machinery to Regulate Zscan4 Expression
(A) ChIP-qPCR analysis of Rif1 occupancy at six proximal regions of Zscan4c promoter, 

subtelomere of chr7, and telomeres. Relative fold enrichment was normalized to H3 ChIP 

signals at the same regions, and the β-actin locus served as negative controls. Mean ± SD 

from three independent assays.

(B) ChIP-qPCR analysis of H3K9me3 occupancy at the same locations using normalization 

methods and primers indicated in (A). Mean ± SD from three independent assays.

(C) Rif1 interacting proteins were immunoprecipitated and resolved on 4%–20% gradient 

gel. IgG, pre-immune rabbit IgG, which served as negative control.

(D) Nuclear extracts from control KD and Rif1 KD ESCs were analyzed by western blotting 

using the indicated antibodies.

(E) The IP-western approach demonstrated the critical role for Rif1 in stabilizing H3K9 

methyltransferase complexes. Since the global levels of Glp were reduced in Rif1 KD cells, 

twice the amount (2×) of Glp-IP samples from the Rif1 KD cells was used in these 

experiments. Under these conditions, equal amounts of Glp or Hp1α were pulled down from 

control or Rif1 KD cells (red boxes). However, their interactions with each other or with 

other components of the H3K9 methylation complex, such as G9a, Setdb1, or Kap1, were 

much reduced.
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(F) ChIP-qPCR assays showed that Glp occupancy at the Zscan4 locus (P1–P6) was greatly 

reduced in the Rif1-depleted cells (5- to 10-fold). Glp signals were normalized to H3 ChIP 

signals. β-actin locus and Dazl locus served as negative and positive controls, respectively. 

Mean ± SD from three independent assays.

(G) A schematic of the molecular functions of Rif1 based on our findings. Left: In WT ESC, 

Rif1 stabilizes the H3K9 methylation complex and recruits this complex to downstream 

gene targets, such as Zscan4. Right: in the absence of Rif1 protein, the H3K9 methylation 

complex fails to assemble appropriately, resulting in two parallel phenotypes. First, several 

key components are partially degraded. Second, the complex is less efficiently recruited to 

the Zscan4 locus, leading to excessive Zscan4 expression.

(H) A model for Rif1 function and epigenetic regulation of Zscan4 expression and self-

renewal of ESCs.
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