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Abstract

The mammalian pocket protein family, which includes the Retinoblastoma protein (pRb) and Rb-like pocket proteins p107 and p130,
regulates entry into and exit from the cell cycle by repressing cell cycle gene expression. Although pRb plays a dominant role in mamma-
lian systems, p107 and p130 are the ancestral pocket proteins. The Rb-like pocket proteins interact with the highly conserved 5-subunit
MuvB complex and an E2F-DP transcription factor heterodimer, forming the DREAM (for Dp, Rb-like, E2F, and MuvB) complex. DREAM
complex assembly on chromatin culminates in repression of target genes mediated by the MuvB subcomplex. Here, we examined how
the Rb-like pocket protein contributes to DREAM formation and function by disrupting the interaction between the sole Caenorhabditis
elegans pocket protein LIN-35 and the MuvB subunit LIN-52 using CRISPR/Cas9 targeted mutagenesis. A triple alanine substitution of
LIN-52's LxCxE motif severed LIN-35-MuvB association and caused classical DREAM mutant phenotypes, including synthetic multiple vul-
vae, high-temperature arrest, and ectopic expression of germline genes in the soma. However, RNA-sequencing revealed limited upre-
gulation of DREAM target genes when LIN-35-MuvB association was severed, as compared with gene upregulation following LIN-35
loss. Based on chromatin immunoprecipitation, disrupting LIN-35-MuvB association did not affect the chromatin localization of E2F-DP,
LIN-35, or MuvB components. In a previous study, we showed that in worms lacking LIN-35, E2F-DP, and MuvB chromatin occupancy
was reduced genome-wide. With LIN-35 present but unable to associate with MuvB, our study suggests that the E2F-DP-LIN-35 interac-
tion promotes E2F-DP’s chromatin localization, which we hypothesize supports MuvB chromatin occupancy indirectly through DNA.
Altogether, this study highlights how the pocket protein’s association with MuvB supports DREAM function but is not required for
DREAM'’s chromatin occupancy.
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Schmit et al. 2007). When associated with the DREAM complex,
MuvB mediates transcriptional repression of early and late cell
cycle genes (Litovchick et al. 2007; Goetsch et al. 2017; Muller et al.
2017). The transcriptional functions of the DREAM complex and
PRb overlap, with each being sufficient to establish and maintain
cellular quiescence (Gy) if the other is inactive (Hurford et al. 1997,
Litovchick et al. 2007; Muller et al. 2017). Upon progression into
the cell cycle, pRb and the Rb-like pocket proteins are phosphory-
lated by CDK4/6-cyclin D, releasing their respective interaction
partners and triggering activation of cell cycle genes (Tedesco

Introduction

Members of the mammalian Retinoblastoma (Rb) protein family,
PRD, p107, and p130, collectively called pocket proteins, serve key
roles in regulating transcription during the cell cycle (Classon
and Dyson 2001; Classon and Harlow 2002; Cobrinik 2005;
Burkhart and Sage 2008; Dick and Rubin 2013). In mammalian
cells, pRb interacts with activating E2F-DP transcription factor
heterodimers (in mammals, E2F1/2/3-DP1/2), sequestering E2F-
DP and preventing E2F-DP-mediated activation of early cell cycle
genes (Helin et al. 1992; Lees et al. 1993; Liban et al. 2016). In con-

trast, the Rb-like proteins p107 and p130 interact with repressive
E2F-DPs (in mammals, E2F4/5-DP1/2) and a highly conserved 5-
subunit MuvB subcomplex (in mammals, LIN9, LIN37, LIN52,
LIN54, and RBAP48), forming the 8-subunit DREAM (Dp, Rb-like,
E2F, and MuvB) transcriptional repressor complex (Korenjak et al.
2004; Lewis et al. 2004; Harrison et al. 2006; Litovchick et al. 2007;

et al. 2002; Pilkinton et al. 2007; Burke et al. 2010). Thus, the associ-
ation and dissociation of pocket proteins from their respective
transcriptional complexes governs the switch between cell cycle
quiescence and cell cycle progression.

The Rb-like homologs p130 and p107 are the ancestral pocket
proteins and likely the conserved components that mediate cell
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cycle control among eukaryotes (Cao et al. 2010; Liban et al. 2017).
In Caenorhabditis elegans, LIN-35 is the sole pocket protein, most
closely resembling p130/p107 (Lu and Horvitz 1998). The pocket
protein-associated complex MuvB was isolated in Drosophila mela-
nogaster (Korenjak et al. 2004; Lewis et al. 2004) and C. elegans
(Harrison et al. 2006) before homologs were identified in mam-
mals (Litovchick et al. 2007; Pilkinton et al. 2007; Schmit et al.
2007). The C. elegans complex, variably called DRM and DREAM,
regulates cell cycle genes and requires MuvB to mediate gene re-
pression (Boxem and van den Heuvel 2002; Goetsch et al. 2017).
Caenorhabditis elegans DREAM also regulates cell-fate specification
by antagonizing Ras signaling during vulval development (Myers
and Greenwald 2005; Cui et al. 2006; Harrison et al. 2006) and by
protecting somatic cells from expressing germline genes (Wang
et al. 2005; Petrella et al. 2011).

Extensive biochemical analyses have demonstrated how the
DREAM complex assembles on chromatin (Fig. 1a; Litovchick
et al. 2007; Pilkinton et al. 2007; Schmit et al. 2007; Guiley et al.
2015; Asthana et al. 2022). E2F-DP and LIN54, a MuvB component,
direct site-specific chromatin localization (Zwicker et al. 1995;
Schmit et al. 2009; Muller and Engeland 2010; Miiller et al. 2012;
Marceau et al. 2016). The Rb-like pocket protein serves as a bridge
between the 2 DNA-binding DREAM components (Guiley et al.
2015). LIN52 interacts with the pocket protein via an “LxCxE
motif” in LIN52. In mammals, the LxCxE motif is instead a subop-
timal LxSXExL sequence that is rendered optimal by phosphory-
lation of a nearby serine residue (528) (Guiley et al. 2015; Fig. 1b).
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Fig. 1. LIN-35 and MuvB associate via the LxCxE motif of LIN-52. a) Model
of the C. elegans DREAM complex bound to DNA: E2F-DP, the pocket
protein LIN-35, and the 5-subunit MuvB subcomplex. The highlighted
region shows the target region for this study: an LxCxE binding motif in
the MuvB subunit LIN-52 that interacts directly with the LIN-35 pocket
protein. b) Alignment of Homo sapiens LIN52 and C. elegans LIN-52
sequences. The human LxSxExL and worm LxCxE sequences are
highlighted in yellow, and the human DYRK1A consensus
phosphorylation sequence is highlighted in orange. Arrows indicate
residues involved in the interaction with the pocket protein and amino
acid residues converted to alanine in this study.

528 phosphorylation by DYRK1A kinase induces formation of
mammalian DREAM (Litovchick et al. 2011). In C. elegans, the con-
served lin-52 gene encodes the optimal LxCxE sequence (Fig. 1b).
Caenorhabditis elegans lacks a DYRK1A homolog and its corre-
sponding consensus motif RxSP in LIN-52 (Fig. 1b), suggesting
that in C. elegans a phospho-switch does not induce DREAM for-
mation (Litovchick et al. 2011; Guiley et al. 2015). Importantly, the
LxCxE binding motif mediates a high-affinity interaction that is
employed by the human papillomavirus (HPV) viral oncoprotein
E7 to prevent association of LIN52 with the mammalian pocket
protein p130 (Guiley et al. 2015).

Here, we assessed how the Rb-like pocket protein contributes
to DREAM complex formation and function on chromatin. We
previously reported that the absence of LIN-35 results in a
genome-wide decrease in chromatin occupancy of both E2F-DP
and MuvB, illustrating how DRM/DREAM disassembly likely pro-
ceeds during cell cycle progression (Goetsch et al. 2017). The
model of DREAM complex assembly centers on reintroduction of
the pocket protein associations with E2F-DP and MuvB as cells
finish the cell cycle (Guiley et al. 2015). To test this model, we
used CRISPR/Cas9-mediated genome editing of the C. elegans LIN-
52 subunit of MuvB to sever the association of LIN-35 with the
MuvB subcomplex. Disrupting that association caused pheno-
types associated with impairment of DREAM function, including
a highly penetrant synthetic multivulval (SynMuv) phenotype
(Fay and Yochem 2007), high-temperature larval arrest (Petrella
et al. 2011), and ectopic expression of germline genes in the soma
(Wang et al. 2005; Petrella et al. 2011). However, our genome-wide
transcript analysis revealed that severing the association of LIN-
35 and LIN-52 led to upregulation of a relatively small set of
DREAM target genes, which displayed a lower magnitude of upre-
gulation than caused by loss of LIN-35. Moreover, chromatin im-
munoprecipitation (ChIP) revealed that the
association of E2F-DP-LIN-35 and MuvB was not impaired by loss
of LIN-35-MuvB association, even in gene promoters of upregu-
lated DREAM target genes. Altogether, our results indicate that
loss of the direct association between LIN-35 and MuvB causes
limited upregulation of DREAM target genes, likely due to DREAM
chromatin occupancy being relatively normal, but even those
minimal effects lead to phenotypes consistent with impaired
DREAM function in C. elegans.

chromatin

Materials and methods
Worm strains

Strains were cultured on Nematode Growth Medium agarose
plates with Escherichia. coli OP50 and incubated at 20°C. The fol-
lowing strains were used: Wild type (WT) N2 (Bristol), S51240 lin-
52(bn132(lin-52p:: TagRFP-TASECA3XFLAG:lin-52 3’ UTR)) II/hT2G
[bli-4(e937) let-?(q782) qls48] (I: 1), SS1241 lin-52(bn133(lin-
52p:TagRFP-T::3xFLAG:lin-52 3’ UTR)) HI/WT2G [bli-4(e937) let-
?(q782) qls48] (I: 11I), SS1325 lin-52(bn138(lin-52::GFPASECA3xFLAG))
III, SS1256 lin-52(bn139(lin-52::GFP::3xFLAG)) III, SS1273 lin-
52(bn150(lin-52[C44A]::GFP::3xFLAG)) 11, $$1276 lin-52(bn151(lin-
52[L42A, C44A, E46A]::GFP: :3xFLAG)) III, SS1350 lin-52(bn139) III;
lin-15A(n767) X, SS1351 lin-52(bn150) III; lin-15A(n767) X, SS1352
lin-52(bn151) 1I; lin-15A(n767) X, SS1406 lin-8(n2731) II; lin-
52(bn139) 111, $S1407 lin-8(m2731) II; lin-52(bn150) III, SS1408 lin-
8(mn2731) I lin-52(bn151) III, PDG29 lin-52(bn139) III; pgl-
1(sam52[pgl-1::mTagRFPT::3XFLAG]) IV, PDG30 lin-52(bn150) III; pgl-
1(sam52) IV, and PDG31 lin-52(bn151) III; pgl-1(sam52) IV.
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CRISPR/Cas9-mediated genome editing

For all genomic edits, 20 nucleotide ctDNA targeting sequences
were identified using the MIT CRISPR design tool (http://crispr.
mit.edu). Single-guide RNA sequences were cloned into the
PU6::uncl19_sgRNA vector (Addgene plasmid no. 46169) using
the overlapping PCR fragment method described in Friedland
et al. (2013) or were cloned into pDD162 (Addgene plasmid no.
47549) using the Q5 Site-Directed Mutagenesis Kit (New England
Biolabs), as described in Dickinson et al. (2013). Homologous re-
pair templates were cloned into pDD282 (Addgene plasmid no.
66823) or pDD284 (Addgene plasmid no. 66825) using Glibson
Assembly (New England Biolabs; Gibson et al. 2009), as described
in Dickinson et al. (2015). CRISPR/Cas9 component plasmids were
coinjected with marker plasmids (Frgkjaer-Jensen et al. 2008) to
identify strains with an extrachromosomal array instead of a mu-
tated endogenous gene. For targeted mutagenesis, dpy-10(cn64)
sgRNA (pJA58, Addgene plasmid no. 59933), and dpy-10(cn64)
ssDNA template, dpy-10(cn64) guide and ssDNA template were
coinjected to select for positive CRISPR activity in injectant prog-
eny, as described in Arribere et al. (2014). Additional details are
provided in Supplementary Materials and Methods.

Microscopy

L1 and L4 larvae were mounted on a 10% agarose pad and immo-
bilized in a 1-2pl suspension of 0.1um polystyrene beads
(Polysciences), as described in Kim et al. (2013). Fluorescence
images of L1 larvae were acquired using a Leica DM4B upright mi-
croscope with QImaging QIClick camera. Fluorescence images of
L4 larvae were acquired using a Solamere spinning-disk confocal
system with uManager software (Edelstein et al. 2014). The confo-
cal microscope setup was as follows: Yokogawa CSUX-1 spinning
disk scanner, Nikon TE2000-E inverted stand, Hamamatsu
ImageEM X2 camera, solid-state 405-, 488-, and 561-nm laser
lines, 435-485, 500-550, and 573-613 fluorescent filters, and
Nikon Plan Fluor 40x air objective. Images were processed using
Image J (Schneider et al. 2012).

Caenorhabditis elegans phenotype scoring

For brood size analyses, L4 individuals were cloned to fresh plates
every 24h and all progeny were counted. For SynMuv phenotype
scoring, 3 replicate plates per strain were set up with 5-10 adults
that were allowed to lay eggs for 6h. Progeny were incubated at
20°C for 3days, then scored for the presence or absence of pseu-
dovulvae. The percentages of multivulva worms in each replicate
population were averaged, and the standard deviation was calcu-
lated. For high-temperature arrest (HTA) phenotype scoring, L4
larvae of each strain were incubated at 24°C or 26°C overnight,
then 3 plates per strain were set up with 9-12 adults that were
allowed to lay eggs for 4-5h. Progeny incubated at 24°C or 26°C
were counted 2 days later and scored as arrested larvae (HTA) or
adults (not HTA). Results from each plate were combined for
each strain.

Immunoblotting and coimmunoprecipitation

For immunoblotting whole worm lysates, 200 adults from each
strain were picked into SDS gel-loading buffer (S0mM pH 6.8
Tris-Cl, 2% sodium dodecyl sulfate, 0.1% bromophenol blue,
100mM B-mercaptoethanol). For coimmunoprecipitation (co-IP),
embryos collected after bleaching gravid worms were aged for
3.5h and then frozen in liquid nitrogen, and lysates were pre-
pared as described in Goetsch et al. (2017). For each IP, 8 mg of
protein lysate was mixed with antibody-conjugated Dynabeads

(ThermoFisher) and incubated for 2h at 4°C. Proteins were sepa-
rated by SDS/PAGE, and western blot analysis was performed us-
ing a 1:1,000-1:5,000 dilution of primary antibody and 1:2,000
dilution of an appropriate HRP-conjugated secondary antibody.
Serial western blot analysis was performed by stripping the blot
with buffer containing 0.2M pH 2.2 glycine, 0.1% SDS, and 1%
Tween-20 between antibody probings. Additional details are pro-
vided in Supplementary Materials and Methods.

ChIP and sequential ChIP

Embryos collected after bleaching gravid worms were aged for
3.5h and then frozen in liquid nitrogen. Lysates were prepared by
grinding, crosslinking for 10min in 1% formaldehyde, and soni-
cating to an average size of 250 base pairs in FA buffer (50 mM
HEPES/KOH pH 7.5, 1mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate, 150 mM NaCl) using a Bioruptor (Diagenode) on the
high setting with 60 rounds of 30seconds on and 1min rest.
Protein concentrations of lysates were determined using a Qubit
fluorometer. ChIP and sequential ChIP experiments were per-
formed as described in Goetsch et al. (2017) and in Supplementary
Materials and Methods. Quantitative PCR was performed using
SYBR green reagents on an Applied Biosystems QuantStudio 3
and ViiA 7 Real-Time PCR Systems (ThermoFisher).

Analysis of transcript levels by RT-qPCR and
RNA-sequencing

Embryos collected after bleaching gravid worms were aged for
3.5h and then frozen in Trizol for RNA isolation. A total of 1png
RNA was treated with DNase and reverse transcribed using the
High Capacity cDNA Kit (Applied Biosystems). gPCR was per-
formed using SYBR green reagents on an Applied Biosystems
QuantStudio 3 Real-Time PCR System (ThermoFisher). The rela-
tive quantity of experimental transcripts was calculated with act-
2 as the control gene using the AC; method.

RNA-sequencing (RNA-seq) libraries were prepared using the
NEBNext Poly(A) mRNA Magnetic Isolation Module and NEBNext
Ultra II Directional RNA Library Prep Kit for Ilumina (New
England Biolabs). Samples were multiplexed using the NEBNext
Multiplex Oligos for Illumina (NEB). Libraries were sequenced on
an [llumina HiSeq X system by Novogene Corporation Inc. (Davis,
CA, USA) to acquire 150-bp paired-end reads. Sequence reads
were trimmed using FASTP (Chen et al. 2018) and mapped to tran-
scriptome version WBcel235 using STAR (Dobin et al. 2013). Read
counts per transcript were obtained using HTSeq (Anders et al.
2015) and differentially expressed genes were assessed using
DEseq? (Love et al. 2014).

Quantification and statistical analysis

For brood size analysis, significance was determined using a
Wilcoxon-Mann-Whitney test comparing CRISPR/Cas9-genome-
edited strains to WT (N2). For genome-wide differential expres-
sion analysis of lin-52(3A) vs lin-52(WT) late embryos, we used a
1.5-fold change and adjusted P-value < 0.05 cutoff as calculated
by the Benjamini-Hochberg method performed by DEseq2. For
expression analysis of lin-35(n745) vs N2 L1s, statistical analysis
was performed using R using the Quantile normalization and ro-
bust multichip average algorithm in the affy package of
Bioconductor using the 1.5-fold change and adjusted P-value
< 0.05 cutoff (Bolstad et al. 2003; Irizarry et al. 2003). For transcript
level analysis by RT-qPCR, significance was determined using a
Student’s t-test between lin-35 vs WT (N2) or lin-52(1A) or lin-
52(3A) vs lin-52(WT). For ChIP-qPCR experiments assessing indi-
vidual subunit’s occupancy changes between strains, significance
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was determined using a Student’s t-test between lin-35 vs WT
(N2) or lin-52(3A) vs lin-52(WT).

Results

Targeted mutagenesis to disrupt C. elegans
DREAM complex formation
Structural studies previously demonstrated that MuvB interacts
with the pocket protein via the LIN52 subunit (Fig. 1a; Guiley et al.
2015). Using the self-excising cassette method for C. elegans CRISPR/
Cas9 genome editing (Dickinson et al. 2015), we generated a lin-
52(KO) strain (lin52(bn133[lin-52p::TagRFP-T::3xFLAG]) by completely
replacing lin-52 coding sequence with TagRFP-T coding sequence
(Fig. 2a). We observed that lin-52(KO) rendered worms sterile (Fig. 2c),
as previously observed in the lin-52(n3718) protein null strain (Ceol
et al. 2006; Harrison et al. 2006). This resembles loss of other MuvB
components, as loss of LIN-9, LIN-53 (C. elegans RBAP48), or LIN-54 in
protein null strains also renders worms sterile and affects the levels
of other MuvB subunits, suggesting that MuvB components require
coexpression for assembly/stability of the complex (Harrison et al
2006). Loss of LIN-37 does not cause sterility and does not affect as-
sembly of the rest of MuvB in either C. elegans or mammalian cells
(Harrison et al. 2006; Mages et al. 2017). We next replaced the TagRFP-
T coding sequence with lin-52 tagged with a C-terminal GFP-3xFLAG
coding sequence, generating the lin-52(WT) strain (lin-52(bn139][lin-
52::GFP:3xFLAG]); Fig. 2a). lin-52(WT) completely rescued fertility
(Fig. 2¢), indicating that the GFP tag does not impair LIN-52 function.
Since LIN-52 is essential for C. elegans fertility, we sought to dis-
rupt the LIN-35-LIN-52 interaction without affecting protein integ-
rity. We directed targeted mutagenesis of the LIN-52 LxCxE
sequence (Fig. 1b) using CRISPR/Cas9-mediated genomic editing. We
generated 2 mutants of the LxCxE binding motif in [in-52(WT) using

(a) lin-52(K0) [lin-52p.: TagRFP-T]

Iin-52(WT)::GFP

the dpy-10 co-CRISPR method of small oligo homology-directed re-
pair (Arribere et al. 2014). We generated the lin-52(1A) single-alanine
mutation strain (lin-52(bn150[lin-52[C44A)::GFP::3xFLAG)) and the lin-
52(3A) triple-alanine mutation strain (lin-52(bn151(lin-52[L42A, C44A,
E46A]::GFP::3xFLAG); Fig. 2b) with the intent to completely disrupt
LIN-52’s interaction with the C. elegans pocket protein LIN-35.
Additional silent mutations were included in the oligo repair tem-
plates to generate new restriction enzyme cut sites to aid in genotyp-
ing (Fig. 2b).

Full loss of C. elegans DREAM activity causes sterility, as ob-
served in protein null mutants of worm E2F-DP (dpl-1 and efl-1)
and worm MuvB (lin-9, lin-52, lin-53, and lin-54) (Beitel et al. 2000;
Chi and Reinke 2006; Tabuchi et al. 2011). Since the C-terminally
GFP-tagged lin-52 coding sequence completely rescued lin-52(KO)
sterility, we were able to test whether lin-52(1A) and lin-52(3A) im-
pair DREAM function. We observed that neither the 1A nor 3A
mutation in the LIN-52 LxCxE sequence caused a significant re-
duction in brood size (Fig. 2c). Using western blot analysis of se-
lected DREAM components from lin-52(WT) and mutant lysates,
we observed that DREAM component protein levels were unaf-
fected compared with WT (N2) (Fig. 2d and Supplementary Fig. 1).
Similarly, using live-image analysis of lin-52(WT), lin-52(14), and
lin-52(3A) L4 larvae, we observed that LIN-52 level and localiza-
tion appeared normal in mutants (Fig. 2a). Together, these results
demonstrate that mutation of the LIN-52 LxCxE sequence does
not cause a lin-52 null phenotype and does not alter the levels
and tissue distribution of MuvB components.

The 3A substitution in the LIN-52 LxCxE
sequence blocks DREAM assembly

To test whether our CRISPR/Cas9-generated 1A and 3A substitu-
tions disrupt the LIN-35-MuvB association, we performed co-IPs

lin-52(1A)::GFP

lin-52(3A).:.GFP
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Fig. 2. Targeted mutagenesis to disrupt DREAM complex formation. a) Live worm fluorescence images of lin-52(K0), lin-52(WT), lin-52(1A), and lin-52(3A)
L4 larvae. Composites were artificially straightened. Scale bars, 100 pM. b) Sanger sequencing of the lin-52 LxCxE coding region (highlighted in yellow) in
lin-52(WT), lin-52(1A), and lin-52(3A). c) Swarm plots of the brood sizes of WT (N2) worms and lin-52(KO), lin-52(WT), lin-52(1A), and lin-52(3A) transgenic
worms. Significance (*P-value < 0.01) was determined by a Wilcoxon-Mann-Whitney test comparing the indicated strains to WT (N2). d) Western blot
analysis of DREAM subunits LIN-52 (via GFP tag), EFL-1, LIN-35, and LIN-37 using lysates from WT (N2) worms and lin-52(WT), lin-52(14), and lin-52(3A)
transgenic worms separated by SDS PAGE. Antibodies used are indicated on the right. Alpha-tubulin was used as a loading control. Full blots are shown

in Supplementary Fig. 1.
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from protein extracts prepared from lin-52(WT), lin-52(14), and
lin-52(3A) late embryos. We pulled down LIN-35 and tested for
LIN-52 association using the GFP epitope, and we pulled down
LIN-52 using either the GFP or FLAG epitope and tested for LIN-35
association (Fig. 3 and Supplementary Fig. 2). In both co-IP experi-
ments, we observed that LIN-52 association with LIN-35 was lost
in lin-52(3A) extracts but not in lin-52(1A) extracts. In 1A extracts,
we observed a weaker association between LIN-52 and LIN-35
when pulling down with an anti-FLAG antibody, but the effect
was not replicated with the anti-GFP antibody. The inconsistent
results suggest that the 1A substitution weakens but does not
eliminate the LIN-52-LIN-35 interaction. Altogether, these results
demonstrate that a 3A substitution in the LxCxE sequence is re-
quired to sever the protein-protein association between LIN-52
and LIN-351in C. elegans.

Blocking DREAM complex formation causes
classic DREAM loss-of-function phenotypes

DREAM loss-of-function mutations when paired with SynMuv A
gene mutations cause a synthetic multivulval (SynMuv) pheno-
type (Fay and Yochem 2007), high-temperature larval arrest
(Petrella et al. 2011), and ectopic expression of germline genes in
the soma (Wang et al. 2005; Petrella et al. 2011). We reasoned that
if DREAM function was affected by severing the LIN-52-LIN-35 as-
sociation, then we should observe each of the 3 phenotypes
above. When paired with SynMuv A allele lin-8(n2731) (Harrison

et al. 2007) or lin-15A(n767) (Huang et al. 1994), lin-52(3A) resulted
in a SynMuv phenotype; lin-52(WT) and lin-52(1A) did not have
this effect (Fig. 4a). When worms were grown at high temperature
(26°C), lin-35(34A) displayed larval arrest; lin-52(WT) and lin-52(1A)
did not cause larval arrest (Fig. 4b). When RT-gPCR was used to
examine ectopic expression of the germline genes pgl-1, pgl-3, and
glh-1, 1lin-52(3A) caused upregulation of all 3 genes; lin-52(1A)
caused upregulaton of pgl-1 and pgl-3 but not glh-1 (Fig. 4c). To ex-
amine ectopic expression by another method, we crossed a
germline-specific pgl-1:1fp reporter (Marnik et al. 2019) into our
lin-52 mutant strains. We observed ectopic expression of pgl-1::1fp
in lin-52(1A) and lin-52(3A) in the intestinal cells of larvae (Fig. 4,
d and e), as expected (Petrella et al. 2011). These phenotypes along
with our co-IP findings demonstrate that the 3A substitution has
a greater impact on DREAM assembly and function than the 1A
substitution.

Severing the LIN-35-MuvB connection has a
minimal effect on repression of DREAM target
genes

To investigate whether blocking DREAM assembly affects tran-
scriptional repression of DREAM target genes, we performed
whole-genome RNA-seq in l[in-52(WT) and lin-52(3A) late embryos
and compared our data to microarray-based expression data
from WT and lin-35(n745) null mutant L1 larvae (Kirienko and Fay
2007). Our RNA-seq analysis detected 16,855 transcripts (>10
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Fig. 3. lin-52 LxCxE binding motif mutants block DREAM formation. Late embryo extracts from lin-52(WT), lin-52(1A), and lin-52(3A) (each tagged with
GFP and FLAG) were immunoprecipitated with anti-LIN-35, anti-GFP, and anti-FLAG antibodies, with no antibody serving as a negative control. Proteins
bound (B) and unbound (UB) were separated by SDS PAGE, and western blot analysis was performed using the antibodies indicated on the right. 5% of
Input (In) is shown on the left. Asterisks indicate nonspecific bands. Full blots are shown in Supplementary Fig. 2.
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Fig. 4. Mutagenesis of the lin-52 LxCxE binding motif causes SynMuv B phenotypes. a) Table indicating the percentage Synthetic Multivulval (SynMuv)
worms when lin-52(WT), lin-52(1A), and lin-52(3A) were combined with SynMuv A mutant alleles 1in-8(n2731) or lin-15A(n767) with standard deviation
indicated. The population size (n) is indicated in parentheses. b) Table indicating the percentage of HTA observed in lin-52(WT), lin-52(1A), and lin-52(3A)
incubated at 24°C and 26°C. The population size (n) is indicated in parentheses. c) RT-gPCR analysis comparing transcript levels of 3 germline genes (pgl-
1, pgl-3, and glh-1) in lin-52(WT) (white), lin-52(1A) (light grey), and lin-52(3A) (dark gray) late embryos. Expression values from 6 biological replicates were
averaged and are presented as the relative quantity compared with act-2. Error bars indicate SEM, and significance was determined by a Student’s t-test
between transcript levels in mutant (3A or 1A) vs WT (*P-value < 0.05, **P-value < 0.01). d, e) Live worm fluorescence images of lin-52(WT), lin-52(1A), and
lin-52(3A) L1 larvae containing a PGL-1::RFP reporter gene. White arrowheads indicate the primordial germ cells Z2 and Z3. Scale bars, 10 um. The white
boxes in (d) indicate regions of ectopic expression of PGL-1::RFP in the intestine of lin-52(1A) and lin-52(3A) shown in (e).

counts across samples), as compared with 16,810 transcripts
tested in the microarray experiment (Supplementary Table 3). A
total of 13,721 transcripts are shared between the 2 experiments,
including 1,370 of the 1,515 genes previously reported to have
DREAM bound to their promoters, which we categorize as DREAM
targets (Goetsch et al. 2017). In lin-35(n745) vs WT (N2) L1 larvae,
798 genes (246 DREAM targets) were upregulated and 540 genes
(31 DREAM targets) were downregulated (Fig. 5a). In contrast, in
lin-52(3A) vs lin-52(WT) late embryos, 102 genes (32 DREAM tar-
gets) were upregulated and 9 genes (0 DREAM targets) were
downregulated (Fig. 5b). Altogether, our transcript analyses re-
veal that the 3A substitution has a minimal effect on DREAM tar-
get regulation, with only ~2% (32/1,370) of DREAM targets
upregulated in lin-52(3A) late embryos compared with ~18% (246/
1,370) of DREAM targets upregulated in lin-35(n745) L1s.

To directly compare at 1 developmental stage the effect on
transcription of loss of LIN-35 vs severing the LIN-35-MuvB asso-
ciation, we assessed transcript levels of a subset of DREAM target
genes in N2, lin-35(n745), lin-52(WT), lin-52(1A), and lin-52(3A) late
embryos using RT-qPCR analysis (Fig. 5, ¢ and d). We tested 6
DREAM target genes that were upregulated (Fig. 5c) and 6 DREAM
target genes that were not upregulated in lin-52(3A) late embryos
(Fig. 5d), as identified from our RNA-seq analysis. For the 6
DREAM target genes that were upregulated in our RNA-seq analy-
sis (C09G5.7, set-21, polh-1, ZK795.2, mf-1, and Y47G6A.3), we con-
sistently observed 1) modest but significant upregulation in lin-
52(3A) vs lin-52(WT) and 2) a greater increase in transcript levels
in lin-35 vs N2 than in lin-52(3A) vs lin-52(WT) (Fig. 5c). Consistent
with our phenotype analysis, we observed that lin-52(1A) had a
minimal effect on DREAM target gene levels (Fig. 5c). For the 6

DREAM target genes that were not upregulated in our RNA-seq
analysis (cdk-1, air-1, mis-12, rad-51, kbp-3, and polk-1), we did not
observe an increase in transcript levels in lin-52(3A) or lin-52(14A)
compared with lin-52(WT) (Fig. 5d). Most (4 of 6) of these genes
were significantly upregulated in lin-35 vs N2 late embryos.
Altogether, our RNA-seq and RT-qPCR analyses demonstrate that
blocking DREAM assembly has a limited impact on DREAM target
gene repression in late embryos, in terms of both number of
genes upregulated and the amplitude of upregulation, as com-
pared with complete loss of LIN-35.

E2F-DP-LIN-35 and MuvB subcomplexes
independently co-occupy chromatin sites

In the absence of LIN-35, E2F-DP, and MuvB do not associate with
one another and their chromatin occupancy is reduced genome-
wide (Goetsch et al. 2017). In our lin-52(3A) worm strain, LIN-35 is
present, but its association with MuvB is severed. We tested the
impact of this severing on the chromatin localization of DREAM
components using ChIP. We chose 2 DREAM target genes that in
our RNA-seq analysis were upregulated in lin-52(3A) (set-21 and
polh-1; Fig. 6a), and 2 DREAM target genes that were not upregu-
lated in lin-52(3A) (air-1 and mis-12; Fig. 6b). We performed ChIP-
gPCR of DPL-1 and LIN-37 in lin-35 null compared with N2 em-
bryos, and DPL-1, LIN-35, LIN-37, and LIN-52 via its GFP tag in lin-
52(3A) compared with lin-52(WT) embryos. IgG was used as a neg-
ative control for both ChIP analyses. We observed that all tested
DREAM components remained similarly enriched at the 4 se-
lected promoters in lin-52(3A) as compared with lin-52(WT) (Fig. 6,
a and b). In contrast, chromatin occupancy of both DPL-1 and
LIN-37 were significantly reduced in 3 of the 4 selected promoters
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Fig. 5. Disruption of DREAM formation leads to upregulation of a small subset of target genes. a, b) Volcano plots of log,-fold change in transcript levels
vs log10 false discovery rate (FDR) of 13,721 genes shared between (a) lin-35(n745) vs N2 L1 microarray expression analysis reported in (Kirienko and Fay
2007) and (b) lin-52(3A) vs lin-52(WT) late embryo RNA-seq. Genes downregulated or upregulated are highlighted, with dark circles indicating
upregulated genes observed in both lin-35 and lin-52(3A) data sets. Black circle outlines indicate DREAM target genes, as reported in (Goetsch et al. 2017).
The number of genes differentially expressed in each analysis is indicated at the top of each plot, with the number of DREAM target genes differentially
expressed indicated in parentheses. Dashed lines indicate the significance cutoff of q=0.05 (horizontal lines) and a 1.5-fold change in transcript level
(vertical lines). Genes selected for RT-qPCR analysis are labeled. ¢, d) RT-gPCR analysis comparing transcript levels of 6 DREAM target genes that were
upregulated in RNA-seq (c) and 6 DREAM target genes that were not upregulated in RNA-seq (d). Transcript levels in late embryos are from WT N2
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in lin-35(n745) as compared with N2. An additional 8 DREAM tar-
get gene promoters were tested and showed similar DREAM chro-
matin occupancy profiles (Supplementary Fig. 3, a and b). We did
observe that LIN-37 and LIN-52 chromatin occupancy was re-
duced at some DREAM target gene promoters, but the observed
decrease did not correspond to whether the target gene is misre-
gulated (Supplementary Fig. 3, a and b). Notably, the key differ-
ence between lin-35(n745) and lin-52(3A) is the status of the
pocket protein. Since DPL-1 and LIN-35 occupancy is not compro-
mised by severing the LIN-52-LIN-35 association in lin-52(34),
whereas DPL-1 occupancy is compromised by loss of LIN-35, our
results suggest that the chromatin association of the repressive
E2F-DP transcription factor heterodimer is stabilized by its inter-
action with LIN-35.

We tested whether MuvB and E2F-DP-LIN-35 co-occupy
DREAM target regions by performing sequential ChIP analysis.
We first ChIPed LIN-52 via its FLAG tag and then ChIPed LIN-35.

We observed no significant difference in LIN-52 and LIN-35 co-oc-
cupancy in lin-52(3A) extracts vs lin-52(WT) extracts at 8 DREAM
target gene promoters, as determined by a Student’s t-test (Fig. 6¢
and Supplementary Fig. 3c). Altogether, our results indicate that,
although the interaction of LIN-35 and MuvB is disrupted,
DREAM components can nevertheless colocalize at target pro-
moters through their respective protein-DNA interactions.

Discussion

We previously postulated that DREAM assembly, initiated by
DYRKIA phosphorylation of LIN52 in mammalian cells
(Litovchick et al. 2011; Guiley et al. 2015), stabilizes MuvB-
mediated repression of DREAM target genes (Goetsch et al. 2017).
Using CRISPR/Cas9-mediated targeted mutagenesis, we gener-
ated a mutant C. elegans strain in which LIN-52 was rendered in-
capable of interacting with LIN-35, the sole C. elegans Rb-like
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pocket protein. We expected that, similar to loss of LIN-35
(Goetsch et al. 2017), MuvB chromatin occupancy would be desta-
bilized and its repressive function would be impaired. Instead, we
observed that chromatin occupancy was not destabilized at the
genes tested and that relatively few genes were upregulated. We
observed that ~2% of all DREAM target genes were derepressed,
indicating that for those genes MuvB chromatin occupancy alone
is not sufficient for target gene repression. However, interrupting
LIN-35-MuvB association did cause classic DREAM mutant phe-
notypes, including SynMuv, HTA, and ectopic expression of germ-
line genes in the soma, consistent with impaired DREAM
function. Altogether, we conclude that the LIN-35-MuvB associa-
tion is not required to assemble DREAM at target sites but is nec-
essary for full activity of the complex.

Our findings highlight that even minimal perturbation of
DREAM-mediated transcriptional repression of target genes
causes observable phenotypic consequences in C. elegans.
Complete knockout of DREAM activity causes sterility, as demon-
strated by our newly generated lin-52 null mutant and null
mutants of other DREAM components (Harrison et al. 2006). In
contrast, although our RNA-seq analysis revealed that ~2% of
DREAM target genes were upregulated in the lin-52(3A) mutant,
that mutant caused highly penetrant SynMuv phenotypes with
no corresponding effect on fertility. Thus, phenotype analysis
provides a sensitive readout of DREAM function.

How the limited upregulation of some DREAM target genes in
lin-52(3A) mutant embryos causes the observed phenotypes
remains unknown. The SynMuv phenotype is caused by ectopic
activation of LIN-3/EGF in the hyp7 hypodermal syncytium,
which requires synthetic impairment of redundant regulatory
pathways established by SynMuv A and SynMuv B class genes

(Cui et al. 2006). Although there is some evidence that SynMuv A
class proteins directly target lin-3’s promoter (Saffer et al. 2011),
DREAM does not appear to regulate lin-3 directly (Goetsch et al.
2017). Similarly, we suspect that DREAM antagonism of HTA and
ectopic expression of germline genes in the soma is also indirect
(Petrella et al. 2011; Goetsch et al. 2017; Rechtsteiner et al. 2019).
Instead, we speculate that SynMuv B class proteins including
DREAM regulate chromatin compaction in somatic cells during
development (Costello and Petrella 2019). Thus, even minimal
perturbation of DREAM complex activity may delay embryonic
chromatin compaction, providing a window for alternative regu-
latory pathways to trigger the developmental defects detected at
later larval stages.

Our analysis provides important insight into how assembly of
the mammalian DREAM complex maintains repression of cell cy-
cle genes and suggests that the pocket protein’s primary function
is to protect MuvB’s function as a transcriptional repressor.
DREAM assembly is triggered by DYRK1A phosphorylation of
LIN52, initiating MuvB association with p107/p130 (Litovchick
et al. 2011; Guiley et al. 2015). Mammalian MuvB’s function
switches from transcriptional repression in the DREAM complex
during quiescence to transcriptional activation after associating
with the B-Myb transcription factor and forming the Myb-MuvB
(MMB) complex late in the cell cycle (Lewis et al. 2004; Osterloh
et al. 2007; Schmit et al. 2007; Knight et al. 2009; Sadasivam et al.
2012). DYRK1A-mediated LIN52 phosphorylation also inhibits
MuvB association with B-Myb (Litovchick et al. 2011), even though
the 2 interaction interfaces do not physically overlap (Guiley et al.
2018). In Drosophila, Lin-52 protein is required for MMB to oppose
repressive DREAM functions (Lewis et al. 2012), suggesting that
Lin-52’s interaction with the pocket protein or B-Myb dictates
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MuvB’s transcriptional function (Guiley et al. 2018). Our data
demonstrate that in worms MuvB localizes to chromatin sites
and represses gene targets without direct association with the
pocket protein. These findings suggest that the pocket protein’s
association with LIN-52 serves a different purpose than just to di-
rect assembly of DREAM. We propose that the pocket protein’s
association with LIN-52 instead primarily functions to oppose B-
Myb association with MuvB, preventing MuvB from converting to
its transcriptionally active role. Since no B-Myb homolog exists in
C. elegans (Vorster et al. 2020), loss of direct LIN-35-MuvB associa-
tion had little effect on target gene repression. We predict that a
similar 3A mutation in LIN-52 in Drosophila or mammalian cells
would cause significantly more upregulation of DREAM target
genes.

The switch between MuvB-associated cell cycle gene repres-
sion and activation is hijacked in cancer cells. All 3 mammalian
pocket proteins are inactivated by the E7 viral oncoprotein pre-
sent in high-risk HPV (Zhang et al. 2006; Huh et al. 2007). E7 inter-
acts with the mammalian pocket proteins through its high-
affinity LxCxE binding motif, disrupting MuvB association with
the pocket protein in DREAM (Guiley et al. 2015). HPV E7 concur-
rently coaxes MuvB into its transcriptional activator function by
stimulating MMB assembly (Pang et al. 2014). However, cancer
cells resist cytotoxic chemotherapy by temporarily exiting the
cell cycle (Boichuk et al. 2013), suggesting that MuvB’s capacity
for transcriptional repression is retained. Based on our findings
that MuvB does not require direct association with the pocket
protein to repress target genes, MuvB’s function in cancer cells
requires closer scrutiny.

We previously observed that E2F-DP and MuvB chromatin as-
sociation is severely affected by loss of LIN-35 (Goetsch et al.
2017). By severing LIN-35-MuvB association, this study suggests a
new model for DREAM complex formation where LIN-35 directly
stabilizes E2F-DP chromatin occupancy. We also observed that
MuvB chromatin occupancy is not disrupted even though MuvB
no longer associates directly with E2F-DP-LIN-35. Importantly,
in vitro analysis of the DNA-binding characteristics of heterodi-
meric mammalian E2F-DP identified a distinct induction of DNA
bending, especially in the case of the homologs of C. elegans EFL-
1-DPL-1 (E2F4-DP1/2; Tao et al. 1997). We propose that DNA-
associated E2F-DP heterodimers promote MuvB co-occupancy
through a DNA bending-dependent mechanism. Together, our
results suggest a model in which the LIN-35 pocket protein pro-
motes E2F-DP chromatin occupancy, which in turn promotes
MuvB chromatin occupancy.

Our results support an exciting model for how local E2F-DP-
mediated alterations to DNA shape enhanced by their interaction
with a pocket protein promote MuvB co-occupancy. Even with
evolutionary divergence from the ancestral pocket protein, this
model may also apply to pRb function. Many histone deacety-
lases and chromatin remodeling complexes associate with pRb
through the LxCxE binding cleft, although many of these associa-
tions have only limited support thus far from structural/bio-
chemical interaction studies (Dyson 2016). Variation in pRb
monophosphorylation events that can alter pRb structure and
recognition of binding partners offers one explanation for how
PRb can potentially interact with >300 individual protein part-
ners (Rubin 2013; Narasimha et al. 2014). Our data provide an al-
ternative, but not exclusive, possibility, namely that direct and
stable pRb association with these myriad protein partners may
be unnecessary. Perhaps pRb association with a few partners
such as E2F-DPs promotes localization of multiprotein complexes
to genomic sites. Additional dissection of DREAM and pRb

structure and function will shed light on how the pocket proteins
mediate their essential cellular roles.
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Requests for information, strains, and reagents should be di-
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Supplemental Material is available at figshare: https://doi.org/10.
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Supplementary Materials and Methods. Supplementary Fig 1 con-
tains full western blots presented in Fig. 2d. Supplementary Fig. 2
contains full western blots presented in Fig. 3b. Supplementary
Fig. 3 contains additional DREAM target genes tested using gPCR
for ChIP and sequential ChIP analyses to complement Fig. 6.
Antibodies used for western blot and ChIP analyses are available
in Supplementary Table 1. Primers used for cloning and qPCR are
available in Supplementary Table 2. DESeq?2 differential gene ex-
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Microarray expression analysis data used in this study are avail-
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