
Report
DREAM represses distinct
 targets by cooperating
with different THAP domain proteins
Graphical abstract
Highlights
d THAP domain proteins LIN-36 and LIN-15B cooperate with

the Rb-DREAM complex

d LIN-36 and LIN-15B repress distinct sets of DREAM targets

via different mechanisms

d With LIN-36, DREAM represses cell-cycle genes through

gene body enrichment of H2A.Z

d With LIN-15B, DREAM represses germline genes through

H3K9me2 promoter marking
Gal et al., 2021, Cell Reports 37, 109835
October 19, 2021 ª 2021 The Author(s).
https://doi.org/10.1016/j.celrep.2021.109835
Authors

Csenge Gal, Francesco Nicola Carelli,

Alex Appert, ..., Jane Murphy,

Andrea Frapporti, Julie Ahringer

Correspondence
ja219@cam.ac.uk

In brief

Gal et al. show that two THAP domain

proteins are key mediators of

retinoblastoma-DREAM function in

C. elegans, repressing distinct targets by

different mechanisms. With LIN-36,

DREAM represses cell-cycle genes

through gene body enrichment of H2A.Z;

with LIN-15B, DREAM represses

germline-specific genes in the soma

through H3K9me2 promoter marking.
ll

mailto:ja219@cam.ac.uk
https://doi.org/10.1016/j.celrep.2021.109835
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.109835&domain=pdf


OPEN ACCESS

ll
Report

DREAM represses distinct targets
by cooperating with different THAP domain proteins
Csenge Gal,1,2 Francesco Nicola Carelli,1,2 Alex Appert,1 Chiara Cerrato,1 Ni Huang,1 Yan Dong,1 Jane Murphy,1

Andrea Frapporti,1 and Julie Ahringer1,3,*
1Wellcome Trust/Cancer Research UK Gurdon Institute and Department of Genetics, University of Cambridge, Cambridge, UK
2These authors contributed equally
3Lead contact
*Correspondence: ja219@cam.ac.uk

https://doi.org/10.1016/j.celrep.2021.109835
SUMMARY
The DREAM (dimerization partner [DP], retinoblastoma [Rb]-like, E2F, and MuvB) complex controls cellular
quiescence by repressing cell-cycle andother genes, but itsmechanismof action is unclear. Here,wedemon-
strate that two C. elegans THAP domain proteins, LIN-15B and LIN-36, co-localize with DREAM and function
bydifferentmechanisms for repressionof distinct sets of targets. LIN-36 represses classical cell-cycle targets
by promoting DREAM binding and gene body enrichment of H2A.Z, and we find that DREAM subunit EFL-1/
E2F is specific for LIN-36 targets. In contrast, LIN-15B repressesgermline-specific targets in the somaby facil-
itating H3K9me2 promoter marking. We further find that LIN-36 and LIN-15B differently regulate DREAM
binding. In humans, THAP proteins have been implicated in cell-cycle regulation by poorly understoodmech-
anisms. We propose that THAP domain proteins are key mediators of Rb/DREAM function.
INTRODUCTION

During animal development, cell proliferation is tightly controlled,

and differentiated cells spend the majority of the time in a quies-

cent, nondividing state. The regulation of quiescence is crucial,

as uncontrolled proliferation can lead to tumor formation, while

premature senescence is associated with aging. Despite its

importance, mechanisms of quiescence regulation remain

poorly understood.

The retinoblastoma (Rb) family of pocket proteins (Rb, p130,

and p107) are key regulators of the cell-division cycle, regulating

progression from G1 to S phase and maintaining the G0 state via

transcriptional repression of proliferation-promoting genes (Dick

and Rubin, 2013). The majority of cancers disable Rb protein

function or alter its regulation (Liu et al., 2013; Nor Rashid

et al., 2011; Sadasivam and DeCaprio, 2013). Loss of Rb also

leads to developmental defects (Du et al., 1996; Lee et al.,

1992; Lu and Horvitz, 1998). A mechanistic understanding of

Rb proteins is essential for understanding their roles in normal

development and cancerous transformations.

Of the Rb family of proteins p130 is the most highly expressed

during stable cell-cycle arrest, such as quiescence and senes-

cence, through which it represses proliferation-promoting genes

as part of a repressive complex called DREAM (dimerization

partner [DP], Rb-like, E2F, and MuvB; Lewis et al., 2004; Litov-

chick et al., 2007, 2011; Schmit et al., 2007). In different organ-

isms, disruption of DREAM leads to developmental defects, an

increase in genomic instability, tumorigenesis, and lethality

(Hauser et al., 2012; Malumbres and Barbacid, 2009; Reichert

et al., 2010; Schade et al., 2019). The mechanisms by which

DREAM functions in these different processes is unclear.
C
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The DREAM complex is highly conserved in subunit composi-

tion and function in animals (Sadasivam and DeCaprio, 2013).

Mammalian DREAM is composed of the Rb-like protein p130

(or p107 in the absence of p130), an E2F (E2F4/E2F5), a DP pro-

tein, andMuvB proteins (LIN9, LIN54, LIN52, LIN37, and RBBP4)

(Litovchick et al., 2007; Schmit et al., 2007). As in mammals,

C. elegans DREAM (LIN-35/Rb, DPL-1/DP, EFL-1/E2F, LIN-9,

LIN-37, LIN-53, LIN-54, and LIN-52) represses cell-cycle-spe-

cific genes and others, including germline genes in somatic tis-

sues (Goetsch et al., 2017; Korenjak et al., 2004; Latorre et al.,

2015; Rechtsteiner et al., 2019). Since DREAM itself contains

no known enzymatic activity, it is thought to repress targets

through effector proteins. Indeed, such a role has been pro-

posed for the Sin3B-HDAC complex in mammalian cells (Bainor

et al., 2018; Rayman et al., 2002). In addition, we previously

showed that repression of a subset ofC. elegansDREAM targets

involves deposition of HTZ-1/H2A.Z on their gene bodies

(Latorre et al., 2015). To further mechanistic understanding, we

undertook an RNAi screen for additional factors needed for

repression of a DREAM target. Here, we show that two THAP

domain proteins function with DREAM by different mechanisms

to repress distinct sets of targets.

RESULTS

AnRNAi screen identifies novel regulators of Rb/DREAM
targets
To identify proteins involved in DREAM transcriptional repres-

sion, we constructed a DREAM-regulated reporter gene by

fusing the promoter of the target sep-1 to a histone-EGFP cod-

ing region and then carried out an RNAi screen for genes
ell Reports 37, 109835, October 19, 2021 ª 2021 The Author(s). 1
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Figure 1. THAP-domain proteins LIN-36 and LIN-15B regulate Rb/

DREAM targets

(A) p-sep-1::eGFP DREAM target reporter gene used for the RNAi screen.

(B) lin-35 mutant animals have increased expression the p-sep-1::eGFP re-

porter relative to wild type. Arrows indicate the two germ cells in starved L1

animals.

(C) IGV view of linear BEADS-normalized ChIP-seq coverage for the indicated

factors.

(D) Overlap of ChIP-seq peaks called for the indicated factors.

(E) Overlap between direct targets in the indicated mutants. Numbers in pa-

rentheses indicate LIN-36-shared targets (green) and LIN-15B-shared targets

(purple) (see STAR Methods).

(F and G) IGV view of RNA sequencing (RNA-seq) data (in RPM, reads per

million mapped reads) of a LIN-36-shared (F) and LIN-15B-shared (G) target.
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needed for reporter repression (Figure 1A). The screen was

carried out in quiescent starved L1 larvae, which contain 550

nondividing somatic cells and 2 germ cells. In wild-type
2 Cell Reports 37, 109835, October 19, 2021
starved L1s, the P-sep-1::his-58::eGFP transgene is ex-

pressed in the germline and largely repressed in the soma (Fig-

ure 1B). In lin-35/Rb mutants, reporter expression is increased

in the soma compared to the wild type (Figure 1B). The RNAi

screen targeted 1,104 genes encoding nuclear proteins

to identify genes that are required to prevent somatic expres-

sion of the P-sep-1::his-58::eGFP reporter (see STAR

Methods). Following RNAi knockdown, EGFP expression was

measured using a worm sorter, which identified 36 genes for

which knockdown caused reporter de-repression (Table S1),

including seven out of eight DREAM components (lin-35/Rb,

efl-1, dpl-1, lin-54, lin-9, lin-37, and lin-53), validating the

screen. Others include components of the MCM complex, a

number of RNA-binding proteins, proteins required for kineto-

chore function, and lin-36, which encodes a THAP-domain-

containing protein.

LIN-36 was of particular interest, as its loss has been shown

to cause cell-cycle defects similar to those of DREAM mutants

(Boxem and van den Heuvel, 2002), but it has not been well

characterized. LIN-36 contains a THAP domain, which is an

atypical zinc-finger DNA-binding domain derived from a trans-

posase (Clouaire et al., 2005; Roussigne et al., 2003).

C. elegans has 17 THAP- or THAP-like-domain-containing pro-

teins, of which 7 have been shown to genetically interact with

lin-35/Rb (Table S1) (Boxem and van den Heuvel, 2002; Ceron

et al., 2007; Chesney et al., 2006; Ouellet and Roy, 2007; Poulin

et al., 2005; Reddy and Villeneuve, 2004; Saito et al., 2004),

suggesting a broad relationship between THAP domain pro-

teins and LIN-35/Rb. Humans have 12 THAP domain proteins,

THAP0 to THAP11, which have been implicated in diverse

cellular processes, including the regulation of cell-cycle genes

(Cayrol et al., 2007; Ceron et al., 2007). Disruption of THAP pro-

teins has also been linked to various diseases, including can-

cers (Balakrishnan et al., 2009; Gervais et al., 2013; Richter

et al., 2017). We used RNAi to test whether other THAP domain

genes are required for repression of the P-sep-1::his-58::eGFP

reporter and found that LIN-15B is also needed (Table S1). We

note that GON-14 protein shares significant similarity with LIN-

15B but lacks key conserved residues in its degenerate THAP

domain (Chesney et al., 2006; Clouaire et al., 2005), and

RNAi of gon-14 did not increase reporter expression. Previous

work showed that LIN-15B and LIN-35 share some transcrip-

tional targets (Rechtsteiner et al., 2019), and LIN-15B has

been implicated in negative regulation of the G1/S transition

of the cell cycle (Boxem and van den Heuvel, 2002). Here, we

investigate the roles of LIN-36 and LIN-15B in the repression

of DREAM targets.

LIN-36 and LIN-15B co-localize with LIN-35
To explore the relationships among LIN-35, LIN-36, and LIN-15B,

we first compared their genome-wide binding patterns using

chromatin immunoprecipitation sequencing (ChIP-seq) in wild-

type starved L1 animals using antibodies to LIN-35 and LIN-15B

and detecting LIN-36 by an endogenous GFP-tag (see STAR

Methods). We found that LIN-36 and LIN-15B both show a high

degree of overlap with LIN-35, with 95% of LIN-36 and 72% of

LIN-15B peaks overlapping a LIN-35 peak (Figures 1C, 1D, and

S1A; Table S2). For each factor, most (59%–69%) peaks overlap
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a promoter or enhancer, with much of the remainder localizing to

repetitive elements (Figure S1B). Many of the repeat regions are

marked byH3K9me2, supporting a possible connection between

H3K9me2 and DREAM (Figure S1C; Rechtsteiner et al., 2019).

LIN-36 and LIN-15B repress discrete sets of LIN-35
targets
Wenext compared the effects of loss of LIN-35, LIN-36, and LIN-

15B on gene expression (Table S3).We used available null alleles

lin-35(n745) and lin-15B(n744) and generated full-deletion allele

lin-36(we36) using CRISPR-Cas9 gene editing (see STAR

Methods). We also profiled the partial loss-of-function allele

lin-36(n766). For all mutants, we observed that the primary effect

was loss of repression (Table S3) and hence focused our work on

direct repressed targets, which are defined as genes upregu-

lated in lin-35, lin-36, or lin-15B mutants and bound by the cor-

responding factor (see STAR Methods).

We observed that repressed targets of LIN-36 or LIN-15B

each significantly overlap LIN-35/Rb targets (>21-fold enrich-

ment, hypergeometric test p < 10�76), but strikingly, genes regu-

lated by LIN-36 and LIN-15B are mostly distinct (Figures 1E and

1F). Here, we focus on genes directly regulated by LIN-35 and

LIN-36 (LIN-36-shared targets; n = 171) or LIN-35 and LIN-15B

(LIN-15B-shared targets; n = 51) (Table S3). Using gene ontology

(GO) analyses, we found that LIN-36-shared targets are highly

enriched for cell-cycle and cell-division terms (Table S3). No en-

riched GO terms were found for LIN-15B-shared targets (Table

S3); however, we observed that they have high germline expres-

sion specificity (Figures S2A and S2B; Table S3). LIN-36-shared

targets and LIN-15B-shared targets also dramatically differ in the

binding profiles of LIN-35, LIN-36, and LIN-15B, with higher

signal for all three factors at LIN-36-shared targets compared

to LIN-15B-shared targets (Figures S2C and S2D). Altogether,

these observations suggest that LIN-15B-shared and LIN-36-

shared genes represent two distinct classes of DREAM targets

with potentially different regulation and functional roles.

LIN-36 maintains gene body HTZ-1
Wepreviously showed that transcriptional repression of a subset

of DREAM target genes involves LIN-35-dependent enrichment

of the histone variant H2A.Z/HTZ-1 over their gene bodies

(gbHTZ-1) (Latorre et al., 2015). To assess whether LIN-36

and/or LIN-15B act with LIN-35 in facilitating gbHTZ-1, we first

asked whether gene body enrichment of HTZ-1 was associated

with either set of shared targets. Indeed, we observed that LIN-

36-shared targets were more enriched for high gbHTZ-1 than

LIN-15B-shared targets (Figures 2A and S3A; Table S4).

Evaluating gbHTZ-1 levels on targets in wild-type and mutant

starved L1s, we found that the majority of LIN-36-shared targets

require both LIN-35 and LIN-36 for high gbHTZ-1 levels, but loss

of LIN-15B had no obvious effect at these loci (Figures 2B, 2C,

and S3B; Table S4). In contrast, although some LIN-15B-shared

targets required LIN-35 and LIN-15B for gbHTZ-1, these were in

the minority (Figures 2B, D). Overall, approximately half (144/

293) of all DREAM targets characterized by high gbHTZ-1 corre-

spond to LIN-36-shared targets, and both LIN-36 and LIN-35

function to facilitate the recruitment or maintenance of HTZ-1

over these targets.
LIN-15B promotes H3K9me2 marking for repression of
its targets
In addition to differences in gbHTZ-1, we observed a substantial

difference in the HTZ-1 profiles over the promoters of different

sets of DREAM targets. While LIN-36-shared targets have a

bimodal distribution of HTZ-1 flanking the associated LIN-35

and LIN-36 peaks in wild-type animals, HTZ-1 was instead cen-

trally enriched at LIN-15B-shared target peaks (Figure S3C). The

HTZ-1 profiles suggest that promoters of LIN-36-shared and

LIN-15B-shared targets have different chromatin states. Indeed,

whereas LIN-36-shared target peaks showed high DNA accessi-

bility, peaks associated with promoters of LIN-15B-shared tar-

gets had low DNA accessibility, indicative of a generally closed

chromatin conformation (Figure S3D).

We considered that repression of LIN-15B-shared targets

could involve a chromatin-based repression mechanism

involving H3K9me2, as previous work showed that LIN-15B fa-

cilitates H3K9me2 marking of some DREAM target promoters,

although the relevance of H3K9me2 at these genes was not

determined (Rechtsteiner et al., 2019). In addition, we observed

that LIN-35, LIN-36, and LIN-15B associate with H3K9me2-

marked repeats (Figure S1C).

Investigating this connection, we found that H3K9me2 was

strongly enriched at LIN-15B-shared, but not LIN-36-shared,

target promoters (Figure 2F; Table S4). We further found that

H3K9me2 marking at LIN-15B-shared target promoters is

dependent on LIN-15B (Figure 2G). Notably, H3K9me2 was

significantly reduced at 50% of LIN-15B-shared target pro-

moters in lin-15Bmutants, and to a lower extent in lin-35mutants

(Figure 2G), whereas little effect was seen in lin-36mutants or at

LIN-36-shared targets.

To test the functional relevance of H3K9me2 in target repres-

sion, we profiled gene expression in mutants ofmet-2, which en-

codes the major H3K9me2 histone methyltransferase (Bessler

et al., 2010). We found that LIN-15B-shared targets had higher

expression inmet-2mutants, with 43% being significantly upre-

gulated, whereas met-2 loss had little effect on LIN-36-shared

targets (Figure 2H; Table S3). Mechanistically, these results

implicate LIN-15B and DREAM in directing repression of their

shared targets via MET-2-dependent H3K9me2 promoter

marking.

EFL-1/E2F function is specific for LIN-36-shared targets
We next investigated whether repression of LIN-36-shared and

LIN-15B-shared targets differed in their requirement for DREAM

components. The DREAM complex consists of DNA-binding

protein EFL-1/E2F and partner DPL-1/DP1, which are proposed

to be bridged to the MuvB sub-complex (LIN-9, LIN-37, LIN-53,

LIN-54, and LIN-52) by LIN-35/Rb (Goetsch et al., 2017). To eval-

uate requirements for different components, we compared gene

expression changes among mutants of lin-35/Rb, efl-1, dpl-1,

and MuvB sub-complex component lin-37 (Table S3). We found

that changes in dpl-1 and lin-37mutants were similar to those of

lin-35mutants, suggesting a commonmechanism. Both LIN-36-

shared and LIN-15B-shared targets were derepressed in the two

mutants, suggesting that DPL-1 and LIN-37 participate in LIN-35

core roles (Figure S3F). In stark contrast, efl-1 mutants only

derepressed LIN-36-shared targets (Figure S3F). The striking
Cell Reports 37, 109835, October 19, 2021 3
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Figure 2. Gene body HTZ-1 and promoter H3K9me2 at LIN-36-shared and LIN-15B-shared targets

(A) HTZ-1 ChIP-seq coverage over gene bodies of LIN-36-shared and LIN-15B-shared targets. ***p < 0.001, Wilcoxon rank sum test.

(B) Fraction (and number) of LIN-36-shared and LIN-15B-shared direct targets showing a significant loss of gbHTZ-1 in the respective mutants. *p < 0.05, **p <

0.01, and ***p < 0.001, overrepresentation of gbHTZ-1 loss by hypergeometric test with Benjamini-Hochberg (BH) correction.

(C) gbHTZ-1 ChIP-seq coverage in wild type, lin-35, lin-36, and lin-15B mutants over LIN-36-shared and LIN-15B-shared direct targets.

(D and E) IGV view of HTZ-1 ChIP-seq (BEADS-normalized coverage) and RNA-seq (RPM) profiles over a LIN-36-shared (D) and LIN-15B-shared (E) direct target.

(F) H3K9me2 ChIP-seq coverage at promoters of LIN-36-shared and LIN-15B-shared targets, respectively. ***p < 0.001, Wilcoxon rank sum test.

(G) Fraction (and number) of LIN-36-shared and LIN-15B-shared direct target promoters showing a significant loss of H3K9me2 in the respective mutants. *p <

0.05 and ***p < 0.001, overrepresentation of gbHTZ-1 loss by hypergeometric test with BH correction.

(H) Log2-fold change of LIN-36-shared and LIN-15B-shared target expression between met-2 mutant and wild type. ***p < 0.001 and *p < 0.05, t test.
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similarities between the lin-36 and efl-1 transcriptomes suggest

that EFL-1 functions as a transcriptional repressor specifically at

LIN-36-shared DREAM targets.

Motifs at LIN-36-shared and LIN-15B-shared targets
To investigate the nature of the differential regulation of the LIN-

36-shared versus LIN-15B-shared targets, we searched for
4 Cell Reports 37, 109835, October 19, 2021
DNA sequencemotifs that might distinguish their respective pro-

moters (seeSTARMethods). E2Fmotifs and sequences similar to

cell-cycle-dependent element (CDE) cell-cycle homology region

(CHR)motifs were previously observed to be enriched at DREAM

target regions (Kirienko and Fay, 2007; Latorre et al., 2015; Tab-

uchi et al., 2011). CDE-CHR is a bipartite motif in which the CDE

has an E2F consensus (M€uller and Engeland, 2010). In line with
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previous studies, we confirmed CDE-CHR and E2F among the

most enriched motifs when searching the sets of all LIN-15B,

LIN-36, LIN-35, or EFL-1 peaks (Table S2; Figure S4A). As ex-

pected from the high degree of overlap among the four peak

sets, the E2F, CDE-CHR, and several other motifs found are

very similar to each other; none showed differential enrichment

in LIN-36-shared versus LIN-15B-shared target sites (Table S2).

To further investigate potential sequence differences in the

LIN-36-shared versus LIN-15B-shared targets, we searched

for DNA sequence motifs in the two sets of direct target se-

quences (see STAR Methods). We found variants of the E2F

motif in LIN-36-shared targets (E2F-a1 and E2F-a2) and LIN-

15B-shared targets (E2F-b), as well as a previously undescribed

motif (here called LONG-a and LONG-b) (Table S2; Figure S4B).

E2F-a1 closely matches the E2F motifs found in the searches of

all LIN-15B, LIN-36, LIN-35, or EFL-1 peaks (Table S2). Notably,

we observed that both the E2F-b and the LONG motifs show

stronger association with LIN-15B-shared targets compared to

LIN-36-shared targets (Figure S4C). E2F-a1 and E2F-a2 showed

a nonsignificant trend for enrichment in LIN-36-shared targets.

Almost all direct target peaks contained one or more sites corre-

sponding to an E2F, CDE-CHR, or LONG motif, but we did not

observe any significantly distinct motif combinations in LIN-

15B-shared or LIN-36-shared targets (Figures S4D and S4E).

We note that the small number of direct target peaks may have

limited our ability to identify preferentially associated motifs.

Nonetheless, the observed differences in E2F and LONG motifs

might explain in part the distinct regulation of LIN-15B-shared

and LIN-36-shared target genes.

Requirements for the LIN-36 and LIN-15B THAP
domains
LIN-36 and LIN-15B both harbor a THAPdomain (Figure S5A). To

assess the requirements for the THAP domains, we created in-

frame deletion alleles that removed THAP domain sequence

from the endogenous lin-36 and lin-15B genes (Figure S5A).

We found that LIN-36(DTHAP) was not detectable by western

blot or immunofluorescence, suggesting it is needed for LIN-36

stability (Figures S5B and S5C). In line with this, gene expression

changes in lin-36(DTHAP)mutants are similar to those of the full-
deletion mutant (Figure S5D; Table S3). As LIN-36(DTHAP) was

not detectable, its activity could not be assessed.

We found that the LIN-15B(DTHAP)mutant protein localized to

the nucleus similar to the endogenous protein (Figure 3A). LIN-

15B(DTHAP) also displayed a ChIP-binding pattern similar to

that of the wild-type protein, with 6774/8861 (�76%) LIN-15B

peaks found in wild type also observed in lin-15B(DTHAP) (Fig-

ures 3B; Table S2). Despite the relatively normal localization

pattern, 160 genes were derepressed in lin-15B(DTHAP) mu-

tants, including 29% of LIN-15B-shared targets, all of which re-

tained LIN-15B(DTHAP) binding (Figures 3C and S5E; Table S3).

We conclude that the LIN-15B THAP domain is not essential for

binding to its targets, but it is important for LIN-15B function. The

finding that LIN-15B(DTHAP) localizes to LIN-15B sites suggests

its recruitment is mediated either by other putative DNA-binding

domains (Figure S5A; Table S1) or by binding to other factors.

LIN-36 and LIN-35 co-facilitate binding, whereas LIN-
15B and LIN-35 mutually inhibit binding
To investigate potential interdependencies in chromatin binding

at the LIN-36- and LIN-15B-specific targets, we conducted

ChIP-seq analyses in mutants (Table S4). We found that LIN-

35 and LIN-36 promote the association of EFL-1 and each other

at LIN-36-shared targets, with >50%of sites dropping in signal in

lin-36 and lin-35 mutants (Figures 4A and 4B, left panels). In

contrast, LIN-36-shared targets showed normal levels of LIN-

35, LIN-36, and EFL-1 in lin-15B mutants, consistent with the

lack of requirement for LIN-15B at these targets (Figure 4C, left

panel). We also found that LIN-15B binding at LIN-36-shared tar-

gets was independent of LIN-36 (Figure 4A, left panel). There-

fore, LIN-35 and LIN-36 appear to mutually facilitate complex

formation and/or stability at LIN-36-shared targets.

The LIN-15B-shared targets are strikingly different. At many of

these sites, the loss of LIN-15B resulted in an unexpected in-

crease of LIN-35, LIN-36, and EFL-1 signals (Figure 4C, right

panels). Similarly, lin-35 mutants showed a significant increase

in LIN-15B occupancy at LIN-15B-shared targets (Figure 4B,

right panels). In contrast, loss of LIN-36 caused only minor,

mostly not significant differences in LIN-35, LIN-15B, and

EFL-1 binding, (Figure 4A, right panel). Intriguingly, we found
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that the strength of LIN-15B(DTHAP) binding was significantly

increased at �38% of LIN-15B-shared targets (Figures S5F

and S5G), suggesting that the THAP domain may destabilize

LIN-15B binding. The finding that LIN-35 and LIN-15B repress

LIN-15B-shared targets while mutually antagonizing chromatin

association suggests a potential dynamic cycling of DREAM

and LIN-15B, which may involve the LIN-15B THAP domain.

DISCUSSION

The DREAM complex represses cell-cycle genes to enforce

cellular quiescence and represses developmental genes to
6 Cell Reports 37, 109835, October 19, 2021
ensure correct patterns of gene expression. While the roles of

DREAMhave been described in different animals, its mechanism

of action is still unclear. Here, we show that two THAP domain

proteins, LIN-36 and LIN-15B, act with DREAM to repress

different sets of target genes through distinct mechanisms.

We found that LIN-36 and LIN-15B bind to thousands of

genomic sites shared with LIN-35/Rb. Despite the similarity in

binding patterns, genes derepressed upon loss of LIN-36 and

LIN-15Baremostly distinct. Consistentwithour finding that direct

LIN-36 targets are highly enriched for cell-cycle functions, previ-

ouswork has highlighted a role for LIN-36 in the lin-35 pathway to

prevent S-phase entry (Boxem and van den Heuvel, 2002). We

also found that the E2F protein and DREAM component EFL-1

is required for repression of LIN-36 shared targets, but not for

LIN-15B-shared targets. Through mutant analyses, we found

that LIN-36 andDREAMmutually stabilize their chromatin associ-

ationat shareddirect targets, andboth facilitate high levelsofH2A

variantHTZ-1ongenebodies,whichwepreviously foundexerts a

repressive role on gene expression (Latorre et al., 2015).

The targets that LIN-15B represses with DREAM largely have

germline-specific expression. In starved L1 larvae, which are

essentially comprised of somatic cells, the promoters of LIN-

15B-shared targets have a closed chromatin environment and

high levels of H3K9me2. LIN-15B, LIN-35/Rb, and the histone

methyltransferase MET-2 are required for H3K9me2 marking,

andMET-2 is required for the repressionofmanyLIN-15B-shared

targets. LIN-35 and LIN-15B ChIP signal is considerably lower at

these targets than at LIN-36-shared targets. In contrast to the

mutual dependence of LIN-36 andDREAM,LIN-15BandDREAM

appear to destabilize each other at shared target promoters. We

suggest that thedynamic cycling resulting from themutual desta-

bilization of LIN-15B and DREAM factors may facilitate MET-2

access at LIN-15B-shared targets promoters, thus enabling their

repression through deposition of repressive H3K9me2.

The presence of a THAP domain in both LIN-36 and LIN-15B

suggests a special relationship between DREAM- and THAP-

domain-containing proteins. In support of this idea, the human

Rb protein shares targets with the THAP1 protein, whose ectopic

expression inhibits proliferation in primary human endothelial

cells through the transcriptional repression of E2F/Rb targets

(Cayrol et al., 2007). Moreover, endogenous THAP1 is necessary

for proliferation, suggesting that optimal THAP1 levels are critical.

The human THAP11 protein has also been implicated in the regu-

lation of E2F targets and cell proliferation, although its activity is

mediated by the interaction with other factors (Parker et al.,

2014). The lack of clear conservation of THAP domain proteins

outside this domain suggests that the THAPdomainmaymediate

interactions with DREAM complex. Future work in different sys-

tems will further clarify the mechanisms of gene repression em-

ployed by the THAP domain protein/DREAM network.
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Antibodies

anti-GFP Abcam Cat# ab290, RRID:AB_303395

anti-H3K9me2 Wako Cat# 302-32369

anti-HTZ-1 Latorre et al., 2015 JA00001 (SK2088_SK2089)

anti-LIN-35 This study Q2001

anti-EFL-1 Latorre et al., 2015 Q3590

anti-LIN-15B Rechtsteiner et al., 2019 Q2330

Bacterial and virus strains

Escherichia coli: OP50 Caenorhabditis Genetics Center N/A

Escherichia coli HT115(DE3) Caenorhabditis Genetics Center N/A

C. elegans RNAi feeding libraries Fraser et al., 2000; Kamath

et al., 2003; Rual et al., 2004

N/A

Chemicals, peptides, and recombinant proteins

TriPure Roche Cat# 11667157001

Critical commercial assays

Protein G Dynabeads Invitrogen Cat# 10446293

TruSeq RNA Library Prep Kit v2 Illumina Cat# RS-122-2002

AMPure XP beads Beckman Cat# A63881

Protein A Dynabeads Invitrogen Cat# 10334693

Deposited data

Raw and analyzed data This paper GEO: GSE155191

Experimental models: Organisms/strains

C. elegans: Strain: JA1850 lin-36(we36) This study N/A

C. elegans: N2 (Bristol), Wild type Caenorhabditis Genetics Center N/A

C. elegans: Strain: JA1798 lin-15B(we23) This study N/A

C. elegans: Strain: JA1810 lin-36(we30[lin-36::eGFP]) This study N/A

C. elegans: Strain: JA1811 lin-36(we31) This study N/A

C. elegans: Strain: MT13293 met-2(n4256) Caenorhabditis Genetics Center N/A

C. elegans: Strain: JA1697 unc-119(ed II); weSi118[psep-1::his-

58::eGFP-tbb-2 30UTR]
This study N/A

C. elegans: Strain: JA1717 unc-119(ed9); weSi118[psep-1::his-

58::eGFP-tbb-2 30UTR]; lin-35 (n745)

This study N/A

C. elegans: Strain: JA1821 lin-36(we30[lin-36::eGFP]) III;

lin-35(n745)

This study N/A

C. elegans: Strain: JA1819 lin-36(we30[lin-36::eGFP]) III;

lin-15B(n744)

This study N/A

C. elegans: Strain: MT8879 dpl-1(n2994) Caenorhabditis Genetics Center N/A

C. elegans: Strain: JJ1549 efl-1(se1) Caenorhabditis Genetics Center N/A

C. elegans: Strain: MT5470 lin-37(n758) Caenorhabditis Genetics Center N/A

C. elegans: Strain: JA1507 lin-35(n745) Horvitz lab (outcrossed 5X) N/A

C. elegans: Strain: MT2495 lin-15B (n744) Caenorhabditis Genetics Center N/A

C. elegans: Strain: MT6034 lin-36(n766) Caenorhabditis Genetics Center N/A

(Continued on next page)
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Software and algorithms

yapc Jänes et al., 2018 N/A

BEDTools v2.27.1 Quinlan and Hall, 2010 RRID:SCR_006646

deepTools 3.1.3 Ramı́rez et al., 2016 RRID:SCR_016366

STAR v2.5.4b Dobin et al., 2013 RRID:SCR_004463

samtools v1.9 Li et al., 2009 RRID:SCR_002105

bwa v0.7.7 Li and Durbin, 2010 RRID:SCR_010910

macs2 v2.1.2 Zhang et al., 2008 RRID:SCR_013291

DESeq2 1.26.0 Love et al., 2014 RRID:SCR_015687

MEME 5.0.5 Bailey et al., 2009 RRID:SCR_001783

UpSetR Lex et al., 2014 N/A

R 3.6 R Development Core Team, 2011 RRID:SCR_001905

HMMER 3.1b2 Eddy, 1998 RRID:SCR_005305

CRISPOR Haeussler et al., 2016 RRID:SCR_015935

Biorender biorender.com RRID:SCR_018361
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Julie

Ahringer (ja219@cam.ac.uk).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability

d RNA-seq and ChIP-seq datasets generated during this study are available at NCBI Gene Expression Omnibus (GEO) under

accession code GSE155191.

d The code used for analyses is available in Data S1.

d Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Worm culture and strains
Strains were cultured using standard methods (Brenner, 2003). Strains used in the paper are given in the key resources table and

Table S1.

Generation of psep-1::his-58::eGFP, lin-36::eGFP, lin-36 deletion, and THAP domain deletion alleles
The psep-1::his-58::eGFP transgene was generated using three-site Gateway cloning (Invitrogen) in the MosSCI compatible vector

pCFJ150, which targets Mos site Mos1(ttTi5605) (Frøkjaer-Jensen et al., 2008). The sep-1 promoter (chr I: 3439109-3438531) was

cloned into site one. Plasmids pJA273 and pJA257 (Zeiser et al., 2011) were used to put his-58 into site 2 and eGFP::tbb-2-30UTR into

site three, respectively. MosSCI lines were generated as described (Frøkjaer-Jensen et al., 2008).

CRISPR-Cas9 genome editing was used to generate the following strains: JA1798: lin-15B(we23[DTHAP]) X, JA1810: lin-36(we30

[lin-36::eGFP]) III, JA1811: lin-36(we30[lin-36::eGFP], we31[DTHAP]) III, and JA1850: lin-36(we36) III (Table S1). Injections were per-

formed using gRNA-Cas9 ribonucleoprotein (RNP) complexes preassembled in vitro (Paix et al., 2017). dpy-10 co-CRISPR method

was used to enrich for desired edit (Arribere et al., 2014; Paix et al., 2015). Cas9 protein was made in-house (Paix et al., 2015);

tracrRNA and crRNAs were purchased from Dharmacon or Integrated DNA Technologies; repair templates were purchased from

IDT as Ultramer oligonucleotides; eGFP double stranded amplicons were generated by standard PCR (Paix et al., 2017). crRNAs

were designed using the online CRISPOR tool (Haeussler et al., 2016). JA1798, JA1810 and JA1850 were made in the Bristol

wild-type N2 background; JA1811 was made in JA1810.
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METHOD DETAILS

RNAi Screen
An RNAi sub-library targeting 1104 known or predicted nuclear proteins was used for the RNAi (Table S1); RNAi clones were from

(Fraser et al., 2000; Kamath et al., 2003) (Rual et al., 2004). The primary screen was carried out in four replicates, two feeding

from the L3 stage and two feeding from the YA stage, the latter to avoid the high embryonic lethality induced by some clones. Bacteria

were grown at 37�C overnight in 900 mL LB (supplemented with 10 mg/ml carbenicillin, 10 mg/ml tetracyline, and 100 U/ml nystatin) in

96 well plates. RNAi expression was induced through the addition of 4 mM IPTG, and bacteria were further incubated for 3 hours at

37�C. Bacteria were then pelleted and resuspended in 450 mL of S medium (Stiernagle, 2006), 50 mL was transferred into each well of

a new 96-well plate, and approximately 10-15 L3 or YA psep-1::his-58::eGFP animals were placed into each well. The animals were

monitored and when most had L1 progeny the L1s were analyzed for increased expression of the reporter using a COPAS (Union

Biometrica) profiler by measuring fluorescence intensity of L1 sized progeny. In the primary screen, 210 clones induced de-repres-

sion of the reporter in two out of the four replicates and were included in four replicates of a secondary screen conducted using YA

aninals. Of these, 36 showed de-repression in three out of four replicates andwere considered to be hits (see Table S1). These clones

were sequenced and verified.

RNAi screen of THAP genes
RNAi plates targeting THAP domain geneswere prepared as in Argmann et al. (2006). Synchronized L3 psep-1::his-58::eGFP animals

were placed onto RNAi plates and their progeny assessed daily for somatic GFP expression through visual observation under a fluo-

rescent microscope, qualitatively compared to control RNAi. Experiments were carried out three times.

Collection of starved L1 animals for RNA-seq and ChIP-seq
Synchronized adults were grown at 20�C in liquid culture using standard S-basal medium and HB101 E. coli, bleached to isolate em-

bryos, the eggs hatched 20-22 hours at 25�C in M9 buffer, and then the starved L1s were sucrose floated and collected by flash

freezing in liquid nitrogen. The efl-1(se1ts) mutants were hatched at 26�C (Page et al., 2001).

ChIP-seq
Frozen starved L1 worms were ground to a powder, which was incubated in 1.5 mM EGS (Pierce 21565) in PBS for 8 minutes,

followed by the addition of formaldehyde to a final concentration of 1%, and incubated for a further 8 minutes. The fixation

was quenched for 5 minutes by the addition of 0.125 M glycine. Fixed tissue was washed 2X with PBS with protease inhibitors

(Roche EDTA-free protease inhibitor cocktail tablets 05056489001) and once in FA buffer (50 mM HEPES pH7.5, 1 mM EDTA,

1% Triton X-100, 0.1% sodium deoxycholate, and 150 mM NaCl) with protease inhibitors (FA+), then resuspended in 1 mL FA+

buffer per 1 mL of ground worm powder. The extract was sonicated to an average size of �250 base pairs using a Bioruptor Pico

(Diagenode), and 10-20 ug of DNA was used per ChIP reaction, together with �1ug DNA from C. briggsae ChIP extract. Antibodies

used for ChIP are listed in the key resources table; the LIN-35 antibody Q2001 was raised by DNA immunisation (SDIX) against amino

acids 72-171. ChIP-seq datasets are described in Table S5. ChIP and library preparations were done as described in Jänes et al.

(2018).

RNA-seq
A single ball of frozen worms was used for RNA extractions. Total RNAwas extracted using TriPure (Roche) and further purified using

an RNeasy column (QIAGEN). RNA-seq libraries were prepared from 100-1000 ng of total RNA using the Illumina TruSeq RNA kit

according to the manufacturers’ instructions. RNA-seq datasets are given in Table S5.

DNA binding domain prediction
A list of putative DNA binding domains annotated in Pfamwas obtained fromNarasimhan et al. (2015). Each DBDmodel wasmapped

in LIN-15B and LIN-36 sequences using the hmmsearch tool from HMMER (Eddy, 1998).

Data processing
ChIP-seq andRNA-seq libraries were sequenced using Illumina HiSeq1500. ChIP-seq readswere aligned to a concatenatedWS235/

ce11 + cb3 assembly of theC. elegans andC. briggsae genomes using BWA v. 0.7.7 with default settings (BWA-backtrack algorithm)

(Li and Durbin, 2010), but only C. elegans data were analyzed here. The SAMtools v. 0.1.19 ‘view’ utility (Li et al., 2009) was used to

convert the alignments to BAM format. Normalized mapq10 ChIP-seq coverage tracks were generated using the BEADS algorithm

(Cheung et al., 2011). RNA-seq reads were aligned using STAR (Dobin et al., 2013) with the two-passmode using theC. elegans gene

annotation from Wormbase (version WS260) as a guide (after removing any gene annotation from the mitochondrial DNA). BigWig

tracks were generated using the wigToBigWig tool downloaded from the UCSC website (https://hgdownload.soe.ucsc.edu/

downloads.html). Processing of genomic coordinates was performed using the BEDTools suite (version 2.27.1) and in-house scripts.

Statistical analyses were performed in R (R Development Core Team, 2011). Commands used to process data are available in

Data S1.
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Differential expression analysis
A genemodel was built based on theWS260 annotation. Tag counts for each gene were extracted from STAR aligned BAM files, and

differential gene expression betweenN2 andmutant backgrounds was tested using DESeq2 (Love et al., 2014). A false discovery rate

(FDR) < 0.01 and LFC > 0.5849 was used to define genes as upregulated, and FDR < 0.01 and LFC <�1 was used to define genes as

downregulated. Table S3 contains the DESeq2 log2 fold change and FDR for each mutant versus wild-type comparison.

Peak calls and annotation to genes
ChIP-seq peaks were called for each factor using YAPC (https://github.com/jurgjn/yapc) (Jänes et al., 2018). Briefly, peak calls were

generated through identification of concave regions (regions with negative smoothed second derivative) using the BEADS normal-

ized bigwig tracks. The candidate peakswere tested for statistical significance between replicates using IDR (Li et al., 2011), and only

peakswith FDR< 0.001were kept in our datasets. For three factors (LIN-35, LIN-15B, and EFL-1) we had validated antibodies against

the protein; however, to determine LIN-36 binding, we endogenously CRISPR tagged it using GFP. To test that the GFP tag did not

disturb the binding of the other factors, we also chromatin immunoprecipitated the other factors in the lin-36::eGFP strain. For each

factor the Spearman correlation (calculated using DeepTools (Ramı́rez et al., 2016)) over the peak calls is between 0.76 and 0.98

(Table S2). Therefore, to call wild-type peaks for LIN-35, LIN-15B and EFL-1 we have used all four of our biological replicates, while

we have used two for LIN-36. We further redefined these calls by merging overlapping LIN-35, LIN-36 and/or LIN-15B peaks, and

then re-scaling merged and factor specific peaks to ± 100bp around their midpoint. The resulting peaks were assigned to genes

if they were within the furthest upstream promoter in Jänes et al. (2018) and the end of the gene annotated in Wormbase; if a

gene had no promoter annotated in Jänes et al. (2018), peaks were assigned to the gene if they were within the Wormbase start

and end positions (Table S2) and the end of the gene (Table S2). Peak overlap with regulatory elements or Dfam2.0 annotated repeats

(Hubley et al., 2016) was determined using BEDTools (Quinlan and Hall, 2010).

Identification of direct targets
Direct targets of a given protein were defined as genes upregulated in a mutant condition and that have an associated peak for that

protein. The LIN-36-shared and LIN-15B-shared direct targets are direct targets of both LIN-36 and LIN-35, or both LIN-15B and LIN-

35, respectively, but not upregulated in lin-15B or lin-36, respectively (Table S3). Germline expression specificity – defined as the ratio

of germline expression (in TPM) to the sum of expression levels from all cell types – of shared targets was determined using L2 single

cell RNA-seq data from Cao et al. (2017) (data in Table S3).

GO enrichment analysis
Enrichment for specific gene ontology terms was obtained using the Gene Enrichment Analysis (GEA) tool (Angeles-Albores et al.,

2018) available on Wormbase.

Gene body HTZ-1 enrichment
Average gene body HTZ-1 (gbHTZ-1) read coverage was calculated from the region from themost upstreamWormbase TSS +500bp

to the most downstream TTS. We identified genes showing a significant loss of HTZ-1 (LFC versus N2 < 0, adjusted p < 0.001) by

running DESeq2 on the coding genes in the top 90% of gbHTZ-1 coverage in N2. Genes shorter than 500 bp in length were excluded

from the analysis.

H3K9me2 enrichment
Average H3K9me2 signal (BEADS normalized linear coverage) was calculated over LIN-35 + LIN-36 or LIN-35 + LIN-15B ChIP peaks

associated to the putative promoter region (i.e.,�500 – 0bp upstream of anyWormbase coding transcript) of their respective LIN-36-

shared or LIN15B-shared direct targets. Peaks showing a significant loss of H3K9me2 (LFC versus N2 < 0, adjusted p < 0.01) were

identified usingDESeq2 on LIN-35, LIN-36 and/or LIN-15B peaks overlapping awild-typeH3K9me2 peak (called usingMACS; Zhang

et al., 2008; with standard settings).

Motif enrichment analysis
DNAmotifs enrichedat individual factor peaks (with: -objfun de), and at LIN-36-shared andLIN-15B-sharedpromoter-associatedpeaks

(with: -objfun classic) were detected using MEME (Bailey et al., 2009). Motifs hits in LIN-36-shared and LIN-15B-shared target peaks

were annotated using FIMO using a P value cutoff of 0.0001. We included in our final analysis only E2F-a1/a2/b, CDE-CHR-a/b and

LONG-a/bmotifs as theywere found inmore than 30%of either set of peaks; we also excluded low-complexityMEMEmotifs. Overlap-

pingmotifswere resolvedusing the followinghierarchy:1)CDE-CHR;2)LONG;3)E2F.UpSetplotsweregenerated through the following

Shiny App: https://gehlenborglab.shinyapps.io/upsetr. Similarity to knownmotifs was evaluated using TOMTOM from theMEME suite.

Identification of differentially bound peaks
DESeq2 was used to identify peaks differentially bound between wild-type and a mutant background by comparing the read counts

from the bwa aligned BAM files mapped in wild-type peak regions. Peaks with increased signal in mutants have adjusted P-value <

0.001 and LFC > 0. Peaks with decreased signal in mutants have adjusted p < 0.001 and LFC < 0.
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Graphical abstract
The Graphical abstract was created with Biorender.com.

QUANTIFICATION AND STATISTICAL ANALYSIS

The significance of the overlap of LIN-15B and LIN-36 direct targets with LIN-35 direct targets was assessed with a hypergeometric

test.

Significant differences in a) germline-specificity for LIN-15B shared targets, LIN-36 shared targets and LIN-35-only targets; b)

gbHTZ-1 and promoter H3K9me2 signal at LIN-15B and LIN-36 shared targets were determined using a Wilcoxon rank sum test.

Overrepresentation of LIN-15B or LIN-36 shared targets showing a significant loss of gbHTZ-1 or promoter H3K9me2 in different

mutant backgrounds was assessed with a hypergeometric test (with BH correction for multiple testing).

Significant differences in LIN-15B and LIN-36 shared targets expression between wild-type and met-2 strains were determined

using a t test.

Significant differences in a) the fraction of LIN-15B and LIN-36 shared targets upregulated in different DREAM components mu-

tants; b) the fraction of LIN-15B and LIN-36 shared targets peaks containing distinct motifs; c) the fraction of LIN-15B and LIN-36

shared targets peaks showing a significant difference in LIN-15B, LIN-15B(DTHAP), LIN-36 or LIN-35 ChIP-seq signal in the corre-

sponding factor’s mutant compared to wild-type were determined using Fisher’s exact tests (with BH correction for multiple testing).

In all figures, significant differences were marked as follows: ns: p > 0.05; *:p < 0.05, **:p < 0.01, ***:p < 0.001.
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