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Targeting DCAF5 suppresses SMARCB1- 
mutant cancer by stabilizing SWI/SNF

Sandi Radko-Juettner1,2,15, Hong Yue3,4,15, Jacquelyn A. Myers1, Raymond D. Carter1, 
Alexis N. Robertson1, Priya Mittal1, Zhexin Zhu1, Baranda S. Hansen5,6, 
Katherine A. Donovan3,4, Moritz Hunkeler3,4, Wojciech Rosikiewicz7, Zhiping Wu8, 
Meghan G. McReynolds8, Shourya S. Roy Burman3,4, Anna M. Schmoker3,4, Nada Mageed3, 
Scott A. Brown9, Robert J. Mobley1, Janet F. Partridge1, Elizabeth A. Stewart10,11,12, 
Shondra M. Pruett-Miller5,6, Behnam Nabet13, Junmin Peng8,10, Nathanael S. Gray14, 
Eric S. Fischer3,4 ✉ & Charles W. M. Roberts1,12 ✉

Whereas oncogenes can potentially be inhibited with small molecules, the loss of 
tumour suppressors is more common and is problematic because the tumour- 
suppressor proteins are no longer present to be targeted. Notable examples include 
SMARCB1-mutant cancers, which are highly lethal malignancies driven by the 
inactivation of a subunit of SWI/SNF (also known as BAF) chromatin-remodelling 
complexes. Here, to generate mechanistic insights into the consequences of 
SMARCB1 mutation and to identify vulnerabilities, we contributed 14 SMARCB1-mutant 
cell lines to a near genome-wide CRISPR screen as part of the Cancer Dependency  
Map Project1–3. We report that the little-studied gene DDB1–CUL4-associated factor 5 
(DCAF5) is required for the survival of SMARCB1-mutant cancers. We show that DCAF5 
has a quality-control function for SWI/SNF complexes and promotes the degradation 
of incompletely assembled SWI/SNF complexes in the absence of SMARCB1. After 
depletion of DCAF5, SMARCB1-deficient SWI/SNF complexes reaccumulate, bind to 
target loci and restore SWI/SNF-mediated gene expression to levels that are sufficient 
to reverse the cancer state, including in vivo. Consequently, cancer results not from 
the loss of SMARCB1 function per se, but rather from DCAF5-mediated degradation  
of SWI/SNF complexes. These data indicate that therapeutic targeting of ubiquitin- 
mediated quality-control factors may effectively reverse the malignant state of some 
cancers driven by disruption of tumour suppressor complexes.

SWI/SNF chromatin-remodelling complexes hydrolyse ATP to mobilize 
nucleosomes at enhancers and promoters to regulate DNA accessibility 
and gene expression4. The core subunit SMARCB1 is essential for the 
control of enhancer function and cell memory during division5, and 
recent structural studies demonstrate that it acts as an anchor that 
binds to the nucleosome acidic patch, where it provides leverage for 
SWI/SNF remodelling activity6–9. Genes encoding SWI/SNF subunits 
are mutated in nearly 25% of cancers4,10. Inactivation of the SWI/SNF 
subunit SMARCB1 occurs in several aggressive cancer types, including 
rhabdoid tumours (RTs) and sarcomas10–12. SMARCB1 is a bona fide 
tumour suppressor, as germline mutations predispose to cancer, and 
its deletion in mice results in rapid onset cancer in all mice4,13. RTs have 
simple diploid genomes, with the loss of SMARCB1 typically being the 
sole identified driver mutation7,10. As the SMARCB1 tumour suppressor 

protein is absent, the sole driving mutation cannot be directly therapeu-
tically targeted. As a consequence, identifying genetic vulnerabilities 
specific to SMARCB1-mutant cells has the potential to both yield insights 
into the mechanisms through which SMARCB1 loss promotes cancer 
and to inform therapeutic approaches.

The Cancer Dependency Map Project (DepMap) is a large-scale col-
laboration that leverages hundreds of cancer cell lines to systematically 
identify genetic dependencies, small-molecule sensitivities and identify 
the biomarkers that predict them. To search for genetic vulnerabilities 
in SMARCB1-mutant cancers, we contributed 14 SMARCB1-mutant RT 
lines to DepMap for near genome-wide CRISPR–Cas9 loss-of-function 
screening1–3. Using the data from the screen, we identified DCAF5,  
a substrate receptor for the CUL4–DDB1 E3 ubiquitin protein ligase  
complex14–16, as a specific dependency in SMARCB1-deficient RT cell 
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lines (P < 10−21; Fig. 1a,b). Dependency on DCAF5 for survival was not 
seen in other SWI/SNF mutant cancers (Extended Data Fig. 1a). DCAF5 
is one of around 20 members of the DDB1–CUL4-associated factor 
(DCAF) family17,18 that function as substrate receptors for cullin–RING 
E3-ubiquitin ligase complexes, which target specific proteins for ubiqui-
tylation and degradation16,19. DCAF5 is widely expressed and dependency 
did not correlate with DCAF5 expression levels (Extended Data Fig. 1b,c). 
We validated DCAF5 dependency by performing CRISPR-based competi-
tive fitness assays (Fig. 1c) and short hairpin RNA (shRNA)-mediated 
knockdown (Fig. 1d and Extended Data Fig. 1d). In both cases, the loss 
of DCAF5 caused strong selection against SMARCB1-deficient RT cells 
but not control cell lines. RT cells in which DCAF5 had been knocked 
down often began regrowing after several days concomitant with loss 
of DCAF5 silencing over time (Extended Data Fig. 1e). Furthermore, 
we were unable to generate DCAF5-deficient clones of RT cell lines 
using CRISPR to knock out DCAF5, but were able to do so with control 
MCF7 lines. To confirm that the DCAF5 dependency was directly caused 
by the absence of SMARCB1, we developed an isogenic HEK293T cell 
model in which we knocked out SMARCB1 using CRISPR–Cas9 and 
then engineered these cells to re-express SMARCB1 inducibly20. Knock-
down of DCAF5 had no effect on SMARCB1-expressing HEK293T cells 

but impaired the proliferation of SMARCB1-deficient HEK293T cells 
(Fig. 1e). Collectively, these data demonstrate that DCAF5 becomes 
essential for cell survival in the absence of SMARCB1.

DCAF5 is known to interact with components of the CUL4–
DDB1 (CRL4) E3-ubiquitin ligase complex, which promotes 
proteasome-directed protein degradation14–16,19. This is also the case 
in RT cells as immunoprecipitated DCAF5 co-precipitated DDB1 and 
CUL4A (Extended Data Fig. 1f), suggesting that the degradation of 
an unknown DCAF5 target(s) may be required for the viability of 
SMARCB1-deficient cells. To further establish DCAF5 as a bona fide 
substrate receptor of a CRL4–DCAF5 ligase complex, we deter-
mined the cryogenic electron microscopy (cryo-EM) structure of the 
DCAF5–DDB1(ΔB1)–DDA1 complex at a resolution of 2.6 Å (Fig. 1f,g 
and Extended Data Figs. 2 and 3 and Extended Data Table 1). DCAF5 
tightly interacts with DDB1 through a canonical helix-loop-helix motif 
(Extended Data Fig. 3a, b). Furthermore, DDA1, a common compo-
nent associated with CRL4 complexes21, intercalates a β-strand in the 
DDB1 propeller (BPA) through several conserved residues, and the C 
terminus of DDA1 forms an α-helix that binds to DCAF5 through hydro-
phobic interactions, further stabilizing the complex (Extended Data 
Fig. 3c). Our high-resolution cryo-EM structure reveals the presence 
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Fig. 1 | DCAF5 is a specific dependency in SMARCB1-mutant cancers.  
a, Comparison of n = 14 biologically independent RT cell lines to n = 789 
biologically independent other cancer cell lines from DepMap (release CERES 
21Q1). Each circle represents a single gene. A negative effect size indicates that 
RT cells are preferentially dependent on that gene. −log10[q] was calculated 
from empirical-Bayes-moderated t-statistics with Benjamini–Hochberg 
correction. b, Two-class comparison of n = 14 biologically independent RT cell 
lines to n = 789 biologically independent other cancer cell lines. Statistical 
analysis was performed using a two-tailed Student’s t-test; ****P = 8.21 × 10−21. 
Release CERES 21Q1. The box plot shows the median (centre line), the third and 
first quartiles (box limits) and 1.5 × interquartile range above and below the box 
(whiskers). c, Indel toxicity assay. DCAF5 was targeted with a CRISPR guide to 
generate mutations. Then, selective pressure against out-of-frame mutations 
(containing DCAF5 knockout) was measured over time in BT16 and G402 RT 
cells and control MCF7 cells. d, The effects of DCAF5 shRNA knockdown on the 

proliferation of SMARCB1-mutant cell lines or SMARCB1-expressing control  
cell lines. The solid lines show shCtrl and the dotted lines show shDCAF5. Data 
are mean values from n = 8 technical replicates per cell line condition from one 
independent experiment. e, The proliferation of SMARCB1-knockout HEK293T 
cells after knockdown of DCAF5 and re-expression of SMARCB1 or GFP (control). 
The solid lines show shCtrl and the dotted lines show shDCAF5. Data are mean 
values from n = 16 technical replicates per cell line condition from one 
independent experiment. f, Cryo-EM map (post-processed using deepEMhancer) 
of the DCAF5–DDB1(ΔB)–DDA1 complex segmented to indicate DDA1 (cyan), 
DCAF5 (green), DDB1 BPC (orange), DDB1 BPA (red) and DDB1 C-terminal 
domain (grey). g, Cartoon representation of the DCAF5–DDB1(ΔB)–DDA1 
complex. Domain representation of the proteins present in the complex. 
Regions omitted from the constructs (BPB) are indicated in dark grey. aa, 
amino acids; CTD, C-terminal domain.
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of a canonical and evolutionarily conserved WD40 β-propeller repeat 
domain within DCAF5 (Fig. 1f,g and Extended Data Fig. 3d) that is pre-
dicted to function as the substrate-binding site22.

Loss of SMARCB1 is known to disrupt the integrity of the SWI/SNF 
complex, leading to reduced protein levels of several SWI/SNF subu-
nits, an effect that is post-translational as it was rescued by treatment 
with the proteasome inhibitor MG13223. We therefore hypothesized 
that, in the absence of SMARCB1, DCAF5 promotes the degradation 
of malformed SWI/SNF complexes and that accumulation of defective 
complexes in the absence of DCAF5 may be toxic due to interference 
with transcription.

To test whether DCAF5 regulates SWI/SNF subunit levels, we per-
formed western blot analysis of G401 and TTC549 RT cells treated with 
either control shRNA (shCtrl) or shRNA against DCAF5 (shDCAF5). 
Knockdown of DCAF5 resulted in increased levels of the SWI/SNF subu-
nits ARID1A, SMARCA4, PBRM1 and SMARCC1, but had little effect 
in control SMARCB1-wild-type HCT116 cells (Fig. 2a,b and Extended 
Data Fig. 4a). DCAF5 knockdown in SMARCB1-deficient HEK293T 
cells increased the levels of the same SWI/SNF subunits, an effect that 
was eliminated by expression of SMARCB1 (Fig. 2c). There were no 
changes in transcript levels for SWI/SNF subunits, and increased levels 
of SWI/SNF subunits after DCAF5 loss also occurred in the presence of 
cycloheximide, indicating that increases occurred post-translationally 
(Extended Data Fig. 4b,c). Furthermore, the decay rates for SWI/SNF 
subunits were significantly slower in the absence of DCAF5, indicating 
that DCAF5 regulates the stability of SWI/SNF substrates (Extended 
Data Fig. 4c).

SMARCB1 is present in two out of the three different SWI/SNF com-
plexes (cBAF and PBAF) but is absent from the third (ncBAF (also known 
as GBAF)), which is defined by the presence of BRD920,24,25. In contrast 
to the cBAF and PBAF complexes, in which the ARID1A, SMARCA4, 
PBRM1 and SMARCC1 subunits increased after DCAF5 knockdown, 
the levels of BRD9 (in ncBAF) were unaffected by DCAF5 loss (Fig. 2a 
and Extended Data Fig. 4a). To directly evaluate whether the absence 
of SMARCB1 caused DCAF5-mediated degradation of SWI/SNF subu-
nits, we re-expressed SMARCB1 in RT cell lines G401, TTC549 and in 
SMARCB1-deficient HEK293T cells. We observed that the effect of 
DCAF5 loss was substantially reduced in all models in the presence of 
SMARCB1 (Fig. 2a,c and Extended Data Fig. 4a).

To evaluate the effect of DCAF5 knockdown on SWI/SNF complex 
assembly, we performed glycerol gradient fractionation of lysates from 
RT cell lines in which expression of SMARCB1 is inducible (G401SMARCB1i 
and BT16SMARCB1i). After DCAF5 knockdown, the levels of ARID1A, 
SMARCA4 and PBRM1 increased in both smaller fractions, representing 
partially assembled complexes, and in full-size (other than SMARCB1) 
complexes (Fig. 2d and Extended Data Fig. 4d). Induction of SMARCB1 
in both G401SMARCB1i and BT16SMARCB1i cells resulted in a shift of SWI/SNF 
subunits into fractions of higher density and again abrogated the effect 
of DCAF5 loss. To further evaluate whether the increased SMARCA4 
protein is assembled into SWI/SNF complexes, we performed SMARCA4 
immunoprecipitation (IP)–western blot and IP–mass spectrometry 
(IP–MS) experiments. Despite protein levels of SMARCA4 increasing 
after DCAF5 loss, the ratio of SMARCA4 associated with cBAF and PBAF 
subunits was maintained after DCAF5 loss (Extended Data Fig. 4e,f and 
Supplementary Table 1). Collectively, these data demonstrate that, in 
RT cells, DCAF5 inactivation results in increased the levels of partially 
and fully assembled cBAF and PBAF complexes that lack SMARCB1.

To determine whether degradation of SWI/SNF subunits was a direct 
or indirect function of DCAF5, we immunoprecipitated DCAF5 in RT 
cells. Together with known interactors CUL4A and DDB1, the SWI/SNF 
subunits ARID1A, SMARCA4, PBRM1 and SMARCC1 immunoprecipi-
tated with DCAF5, whereas subunits of ncBAF (BRD9 and GLTSCR1) 
did not (Fig. 2e). Reverse IP confirmed these results, as SMARCA4 
co-purified DCAF5 (Extended Data Fig. 4g). Thus, the absence of 
SMARCB1 causes DCAF5 to bind to and reduce the levels of specific  

SWI/SNF subunits belonging to complexes that normally contain 
SMARCB1. Exogenous expression of cBAF and DCAF5–DDB1 in Expi293 
cells followed by affinity purification further corroborated the interac-
tion between DCAF5 and the cBAF complex (Fig. 2f).

It has recently been reported that the adapter protein L3MBTL3 and 
the demethylase LSD1 (encoded by KDM1A) have a role in targeting 
SWI/SNF subunits for ubiquitylation26 and we therefore evaluated 
whether either L3MBTL3 or LSD1 are specific dependencies in RT cell 
lines. Analysis of DepMap data revealed that L3MBTL3 was not a depend-
ency in RT cell lines (Extended Data Fig. 4h). KDM1A knockout caused a 
mild reduction in the proliferation of nearly all cell lines in DepMap, an 
effect that trended toward being slightly less pronounced in RT cells. 
Consequently, in contrast to DCAF5, neither of these genes are specific 
RT cell dependencies. We next evaluated biochemical interactions 
between L3MBTL3 and DCAF5. Immunoprecipitates of L3MBTL3 did not 
co-precipitate DCAF5 or SWI/SNF proteins in G401 RT cells (Extended 
Data Fig. 4i). Moreover, in the DCAF5 quantitative IP–MS experiments 
conducted in G401 and HEK293T cells, we did not observe any interac-
tion with L3MBTL3 (Supplementary Tables 2 and 3). Subsequently, we 
evaluated whether knockdown of L3MBTL3 or KDM1A alters the levels of 
SWI/SNF proteins in a manner similar to the loss of DCAF5. We observed 
no difference in the abundance of SWI/SNF proteins levels after deple-
tion of L3MBTL3 or KDM1A in RT cells (Extended Data Fig. 4j,k). We 
next focused our efforts on the methylated lysine residues Lys201, 482 
and 615 (SMARCC1) and Lys328, 457 and 592 (SMARCC2), which were 
reported to be recognized for degradation by L3MBTL326. We used 
biochemistry, proteomics and open-access data resources to investi-
gate these residues and found no evidence of methylation. In G401 and 
HEK293T cells, MS analysis revealed no evidence of lysine methylation 
at residues Lys201/482/615/328/457/592 in SMARCC1/SMARCC2 and 
further analysis from PhosphositePlus and MethylSight confirmed the 
absence of these methylation events (Supplementary Tables 4 and 5).  
Collectively, our extensive analyses demonstrate that L3MBTL3 and 
LSD1 are dispensable for the regulation of SWI/SNF subunits by CRL4–
DCAF5 in RT cells.

To determine whether DCAF5 was specific for SWI/SNF subunits 
or whether it has broader effects on proteome activity in the absence 
of SMARCB1, we used the degradation TAG (dTAG) system27,28. An 
FKBP12(F36V)–2×HA-tagged DCAF5 was degraded with as little as 
50 nM of the dTAGV-1 inducer (Fig. 3a and Supplementary Fig. 2a–d). 
Degradation occurred within 30 min and was sustained for at least 
72 h (Fig. 3b). Cells treated with either DMSO or dTAGV-1 for 24 h were 
analysed using tandem mass tag (TMT) quantification. Comparing 
dTAGV-1-treated cells with DMSO control revealed that the effect of 
DCAF5 loss was largely specific for SWI/SNF complex members: of 
the top 18 proteins that increased in abundance, 9 were components 
of the cBAF and PBAF SWI/SNF complexes (Fig. 3c and Supplementary 
Table 6), whereas ncBAF complex members were unaffected.

To evaluate whether DCAF5 is directly involved in the ubiquitylation 
of SWI/SNF subunits, we performed in vitro ubiquitylation assays. We 
screened a library of 13 E2 enzymes and identified 4 that facilitate DCAF5 
autoubiquitylation (Extended Data Fig. 5a): UBE2D1, UBE2D2, UBE2D3 
and UBE2D4. To evaluate the activity of DCAF5, we used SMARCC1 as a 
model substrate, given that its abundance was most upregulated after 
DCAF5 degradation (Fig. 3c) and given its importance to the structural 
integrity of the SWI/SNF complex29. DCAF5 was capable of directly 
polyubiquitylating SMARCC1 in vitro (Extended Data Fig. 5b). Through 
sequence alignments, we observed that the bottom face of the WD40 
domain is markedly conserved (Extended Data Fig. 3e), suggesting a 
role in substrate recognition. We next used three CRL4–DCAF5 con-
structs: DCAF5(1–477) (containing only the helix-loop-helix (HLH) motif 
and the WD40 domain), DCAF5(1–601) (containing an extended region) 
and full-length DCAF5, alongside the CRL4–DCAF11 complex (another 
RING E3 ligase) as a negative control and the whole recombinant SWI/
SNF complex for ubiquitylation (Extended Data Fig. 5c–f). Western 
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blot analysis revealed that both SMARCC1 and SMARCA4 are ubiqui-
tylated by DCAF5 (Extended Data Fig. 5c,d), with the strongest activity 
from the DCAF5(1–477) construct, confirming that the WD40 domain 
has a function in substrate recognition (Extended Data Fig. 5c,d).  
AlphaFold2-Multimer30 co-folding predictions of DCAF5 with individual 
SWI/SNF subunits also suggest that DCAF5 primarily interacts with  
SWI/SNF through its WD40 domain (Extended Data Fig. 3f).

To complement our in vitro studies, we performed di-Gly proteom-
ics31 in SMARCB1-deficient G401 RT cells with and without DCAF5 to 
identify which SWI/SNF substrates are ubiquitylated in living cells. We 
identified a total of 21,555 di-Gly sites on 4,951 proteins. Ubiquitylation 
of multiple lysines on SMARCA4, ARID1A and SMARCC1 were all depend-
ent on DCAF5 (Fig. 3d and Extended Data Fig. 5g–i and Supplemen-
tary Tables 7 and 8). Collectively, these data demonstrate that DCAF5 
directly promotes ubiquitylation and degradation of SWI/SNF subunits.

We postulated that if, in the absence of both DCAF5 and SMARCB1, 
the elevated levels of uncomplexed SWI/SNF subunits are toxic, then 

knockout of the subunit substrates should rescue the DCAF5-loss 
phenotype. To test this, we used the CRISPR-based competitive fit-
ness assay to evaluate the knockout of three regulated subunits—
ARID1A, PBRM1 and SMARCC1—in RT cells. There was no selection 
against out-of-frame mutations in these subunits, either individually 
or collectively, in RT cells, suggesting that they have limited func-
tion in the absence of SMARCB1 (Extended Data Fig. 6a–c). CRISPR 
targeting of DCAF5 alone resulted in a selection pressure against 
out-of-frame alleles, as before (Fig. 3e). However, the collective 
knockout of ARID1A, PBRM1 and SMARCC1 completely rescued the 
toxicity of DCAF5 knockout, demonstrated by the lack of selection 
pressure against DCAF5 out-of-frame alleles, as reflected by the main-
tenance of DCAF5 knockout over time on the basis of western blotting 
(Fig. 3e and Extended Data Fig. 6d). Collectively, these results estab-
lish that accumulation of misassembled SWI/SNF complexes is the 
mechanism underlying dependency on DCAF5 in SMARCB1-deficient  
RT cells.
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To understand why degradation of residual SWI/SNF complexes is 

essential for the proliferation of SMARCB1-deficient cancer cells, we 
first examined whether the SWI/SNF subunits that accumulate after 
DCAF5 inactivation bind to chromatin. We performed chromatin immu-
noprecipitation followed by sequencing (ChIP–seq) analysis of the SWI/
SNF subunits SMARCA4, ARID1A, SMARCC1 and BRD9 and, to define 
enhancers and promoters, H3K27ac, H3K4me1 and H3K4me3 in G401 
RT cells treated with shCtrl and shDCAF5.

After DCAF5 knockdown genomic binding of SMARCA4, ARID1A and 
SMARCC1 increased significantly (4,902, 5,854 and 5,129 gained sites, 
respectively) (Fig. 3f and Extended Data Fig. 7a–c). Co-occupancy analy-
sis revealed extensive overlap of the sites gained by the three subunits, 
suggesting that cBAF and PBAF complexes (lacking SMARCB1) are 
binding to chromatin (Fig. 3f,g and Extended Data Fig. 7d,e). It is also 
possible that smaller subcomplexes or even monomers contribute to 
this binding and activity. Importantly, BRD9 (in the ncBAF complex) did 
not localize to these sites, either before or after DCAF5 loss, indicating 
that the gain of SMARCB1-deficient SWI/SNF complexes does not cause 
lethality by interfering with ncBAF function (Fig. 3f and Extended Data 
Fig. 7f–h). Using the dTAG system to identify early SWI/SNF targets after 
DCAF5 loss, we identified that 26% of these regions had gained SWI/
SNF binding within 4 h of DCAF5 degradation (Extended Data Fig. 7i).

Given that the accumulated SMARCB1-deficient complexes are 
bound to chromatin, two possibilities emerged for the mechanism 
by which these complexes blocked the proliferation of the cancer cells. 
Either they lacked remodelling activity and interfered with functional 
components of the transcriptional regulatory machinery, or these 
SMARCB1-deficient complexes retained sufficient remodelling activ-
ity to rescue the cancer phenotype. To differentiate between these 
possibilities, we first examined whether the residual complexes lack-
ing SMARCB1 that accumulate after DCAF5 loss bind to regions that 
are normally bound by wild-type SWI/SNF. We inducibly re-expressed 
SMARCB1 in G401 cells to define the normal SWI/SNF-binding landscape 
using CUT&RUN. The binding of SMARCA4, ARID1A and SMARCC1 
after DCAF5 loss localized to sites to which wild-type SWI/SNF would 
normally bind (Fig. 3f and Extended Data Fig. 7g, h), indicating that 
inactivating DCAF5 rescued binding of the SMARCB1-deficient SWI/
SNF complexes.

Given that SMARCB1 loss impairs enhancer function7,8,23,32, we inves-
tigated the effect of the SMARCB1-deficient SWI/SNF complexes on 
the establishment of enhancers. After DCAF5 loss, binding of these 
complexes was predominantly gained at enhancers, with little bind-
ing at promoters (Extended Data Fig. 7j). SMARCB1 facilitates the 
establishment of H3K27ac and H3K4me1 at active enhancers23. DCAF5 
knockdown substantially rescued this effect in SMARCB1-deficient cells 
(Fig. 3h). Temporally, SWI/SNF binding preceded the gain of histone 
modifications (Extended Data Fig. 7i).

To elucidate the mechanism by which SMARCB1-deficient SWI/SNF 
complexes restore histone marks, we focused on the histone acetyl-
transferase p300 as we and others have previously demonstrated that 
SWI/SNF complexes directly bind to p300 and facilitate p300-mediated 
acetylation of H3K276,8,33. Furthermore, we have shown that the absence 
of SMARCB1 causes decreased proteins levels of p300 in RT cells8. 
We found that DCAF5 loss leads to increased protein levels of p300 
(Extended Data Fig. 7k) and co-localized binding with SWI/SNF at sites 
canonically bound by SMARCB1 (Fig. 3f and Extended Data Fig. 7l). 
Our data demonstrate that, after DCAF5 loss, SWI/SNF complexes are 
preferentially gained at lineage-specific enhancers and facilitate activ-
ity of p300 to modulate histone H3 lysine 27 acetylation, therefore 
restoring histone modifications that are otherwise lost in the absence 
of SMARCB1.

Next, we sought to understand whether SMARCB1-deficient SWI/
SNF complexes retain their chromatin remodelling ability after the 
loss of DCAF5. Binding of residual SWI/SNF complexes was sufficient 
to significantly increase chromatin accessibility at 30% of the sites 

that gained SWI/SNF-mediated accessibility after SMARCB1 addback, 
although not quite to the extent that occurred with re-expression of 
SMARCB1 (Fig. 3i and Extended Data Fig. 8a). To determine whether 
the accessibility gains were directly due to SWI/SNF activity, we used 
BRM014, a small-molecule inhibitor that is specific for the SWI/SNF 
ATPases SMARCA4 and SMARCA234. After treatment with BRM014 for 
2 h, the effect of DCAF5 knockdown was nearly completely rescued, 
as measured using the assay for transposase-accessible chromatin 
with sequencing (ATAC–seq; Fig. 3j). This indicates that chromatin 
remodelling by SWI/SNF is still possible without SMARCB1, at least 
to some extent. Although perhaps surprising given the interpreta-
tion of recent structural models35, this finding is consistent with 
previous studies that showed that the SMARCA4 ATPase alone is 
capable of remodelling mononucleosomes and nucleosomal arrays, 
with the addition of SMARCB1, SMARCC1 and SMARCC2 stimulating  
activity36.

AP-1 sites have previously been reported by us and others to be the 
most enriched transcription factor motifs at sites of SWI/SNF activ-
ity8,37,38. Consequently, we assessed the transcription factor motifs at 
SWI/SNF-gained/ATAC-gained sites in shDCAF5 cells and compared 
them with motifs at gained sites in SMARCB1 re-expressed cells. AP-1 
and TEAD4 were the top two motifs gained in both conditions (Extended 
Data Fig. 8b,c). Similarly, while minimal changes in chromatin acces-
sibility were observed 4 h after DCAF5 degradation, there was marked 
enrichment for AP-1 and TEAD4 transcription factors at 1,527 regions 
with early accumulation of SWI/SNF (Extended Data Fig. 8d,e). Thus, 
DCAF5 inactivation in SMARCB1-deficient cancer cells is sufficient to 
restore the binding of residual SWI/SNF complexes at their normal 
sites, facilitate the acquisition of active enhancer-specific covalent 
histone modifications and restore chromatin accessibility at a sub-
stantial number of these sites.

We next evaluated how binding of residual SWI/SNF complexes 
affected gene expression in the absence of DCAF5. The binding of 
ARID1A, SMARCC1 and SMARCA4 was each significantly associated 
with genes upregulated after DCAF5 loss (Fig. 3k and Extended Data 
Fig. 8f,g). Approximately 90% of the SMARCC1, ARID1A and SMARCA4 
upregulated target genes after DCAF5 knockdown shared binding of 
all three subunits (Extended Data Fig. 8h). We compared genes acti-
vated by DCAF5 loss to those that were differentially expressed after 
re-expression of SMARCB1 and found a highly significant positive cor-
relation (Extended Data Fig. 8i). Furthermore, Gene Ontology analysis 
revealed that genes upregulated by DCAF5 inhibition were significantly 
enriched in developmental processes and have a high degree of overlap 
with pathways upregulated after SMARCB1 re-expression23 (Extended 
Data Fig. 8i,j). Collectively, these data demonstrate that the lethal-
ity mediated by DCAF5 inactivation occurs due to residual SWI/SNF 
complexes substantially rescuing the transcriptional consequences of 
SMARCB1 loss, thereby reversing the cancer state through restoration 
of differentiation pathways.

As β-propeller family proteins have been demonstrated to be thera-
peutically targetable39–42, we evaluated the consequences of DCAF5 loss 
after RT growth in vivo. We injected G401-dTAG-DCAF5 cells expressing 
YFP-luciferase into athymic nude mice, which were randomized and 
enrolled in the study if they met predetermined criteria (Fig. 4a and 
Extended Data Fig. 9a–d). The preplanned treatment regimen con-
sisted of two 3-week courses during which dTAGV-1 was administered 
for 5 consecutive days during weeks 1 and 2, then withheld on week 3 
(Fig. 4b). The response to degradation of DCAF5 by dTAGV-1 was rapid 
and marked, meeting predefined criteria for a complete response43 
(Fig. 4c,d). Given the potential therapeutic relevance of targeting 
DCAF5, we sought to evaluate toxicity in normal cells, including during 
development. We therefore generated germline Dcaf5-knockout mice. 
Germline Dcaf5-knockout mice were viable and indistinguishable from 
littermate controls at least until the most recent timepoint of 12 weeks 
of age (Fig. 4e–g, Extended Data Fig. 9e and Supplementary Video 1).
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Discussion
Conceptually, targeting synthetic lethal relationships offers great 
promise for the treatment of tumour-suppressor-driven cancers. How-
ever, objective identification of synthetic lethal relationships in cancer 
has often proven to be challenging given the large number of genes that 
must be evaluated and the consequent signal-to-noise challenges when 
assessing a limited number of models. The advent of near genome-wide 
CRISPR vulnerability screens in many hundreds of cell lines, such as 
DepMap, offers the potential to reveal vulnerabilities that are robust 
and highly specific, as is the case with our finding that the little-studied 
DCAF5 is a targetable vulnerability in SMARCB1-deficient cancer cells.

The mechanism underlying synthetic lethal relationships is fre-
quently unclear. However, when identified, it often relies on creating 
a toxicity to which the mutant cancer cells are somewhat more sensitive 
than normal cells. For example, PARP inhibition causes DNA strand 
breaks that BRCA-mutant cells are defective in repairing, therefore 

creating greater toxicity in the cancer cells than in the patient’s normal 
cells44. Similarly, inactivating the sole remaining SWI/SNF complex fam-
ily (ncBAF) in SMARCB1-mutant cells creates preferential toxicity20,25,45.

Here we identified a synthetic lethal relationship that functions 
differently. Rather than creating a toxicity, targeted inactivation of 
a quality-control factor substantially restores the function of a multi-
subunit protein complex that is otherwise degraded after the loss of 
a tumour suppressor subunit. We and others have previously demon-
strated that SMARCB1 loss drives cancer by impairing the activation of 
enhancers in highly proliferative progenitor cells, therefore blocking 
differentiation and enabling continued proliferation7,8,32. Mechanisti-
cally, the inactivation of DCAF5 rescues substantial SWI/SNF function, 
restores differentiation and reverses the cancer phenotype (Fig. 4h).

Previously, ubiquitin-dependent pathways, including cullin–RING 
ubiquitin ligase family proteins, have been implicated in the quality con-
trol of multiprotein complexes46. This includes roles in aberrant com-
plex formation, such as the E3 ligase SCF–FBXL1747. SMARCB1-mutant 
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cancers have been reported to show enhanced sensitivity to global 
proteasome inhibition, but the mechanism is unclear48. We show that 
DCAF5 has a quality-control function for SWI/SNF complexes through 
promoting the degradation of SWI/SNF subunits in the absence of 
SMARCB1. We previously demonstrated that SMARCB1 loss causes 
greater destabilization of SWI/SNF complexes than the loss of 
SMARCA4 or ARID1A, likely explaining the preferential dependence 
of SMARCB1-mutant cancers compared with other SWI/SNF mutant 
cancers on DCAF523,49,50.

This synthetic lethal relationship suggests potential therapeutic 
routes as recent studies have demonstrated that β-propeller proteins 
such as DCAFs are readily druggable39. Two examples include WDR5 
and EED, the latter of which is in clinical trials for diffuse large B cell 
lymphoma40–42,51. Our demonstration that the degradation of DCAF5 is 
sufficient to eliminate SMARCB1-deficient tumours in vivo combined 
with our finding that Dcaf5 is dispensable for the development and 
viability of mice suggests DCAF5 as a compelling therapeutic target. 
Our cryo-EM structure of DCAF5 will facilitate the development of 
inhibitors/degraders and therapeutic translation for these highly lethal 
cancers.

Collectively, our data reveal a mechanism that underlies the quality 
control of a multiprotein complex and constitutes a targetable syn-
thetic lethal vulnerability in cancers driven by mutational inactivation 
of a tumour suppressor.
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Methods

Cell culture
G401 (ATCC-CRL1441), G402 (ATCC-CRL-1440), HCT116 (ATCC-CCL-247), 
MCF7 (ATCC HTB-22) and HEK293T (ATCC-CRL-3216) cell lines were 
purchased from ATCC. TTC549 cells were obtained through a material 
transfer agreement from T. Triche. MON cells were obtained through 
a material transfer agreement from F. Bourdeaut. BT16 cells were 
obtained through a material transfer agreement from C. D. James. CH22 
cells were a gift from The Chordoma Foundation and B. E. Weissman. 
TTC549, MON, BT16 and CH22 cells were obtained through a mate-
rial transfer agreement. G401, G402 and HCT116 cells were cultured 
in McCoy’s medium with 10% FBS (Sigma-Aldrich) and 1% GlutaMAX 
(GIBCO). MON and TTC549 cells were cultured in RPMI medium with 
10% FBS and 1% GlutaMAX. BT16, HEK293T and MCF7 cells were cultured 
in DMEM medium with 10% FBS and 1% GlutaMAX. CH22 cells were cul-
tured in a 4:1 ratio of IMDM:RPMI with 20% FBS and 10% 100× MEM NEAA 
(GIBCO). All cells were cultured at 37 °C with 95% humidity and under 
5% CO2 and were regularly tested for mycoplasma by PCR (Genlantis). 
Cells were transduced at a multiplicity of infection of 10 with shRNAs 
in the presence of Polybrene (8 µg ml−1, Santa Cruz) and selected for 
72 h with 1 µg ml−1 puromycin (Thermo Fisher Scientific). Tet-inducible 
SMARCB1 RT cells20 were maintained in Tet-system approved FBS and 
induced with doxycycline (1 µg ml−1, Clontech) for the indicated time.

Generation of dTAG Lines
G401 and BT16 cells were co-infected with FKBP12(F36V)-2×HA-tagged 
DCAF5 and sgRNAs targeting DCAF5 to replace endogenous DCAF5 
with FKBP12(F36V)-2×HA-tagged DCAF5. Cells were selected with both 
1 µg ml−1 puromycin (FKBP12(F36V)-2×HA-tagged DCAF5) and 1 µg ml−1 
blasticidin (sgRNA). pLEX_305-DCAF5-dTAG was generated as previ-
ously described27. dTAGV-1 was synthesized as previously described27. 
Pooled cells were sorted into single-cell clones using the Aria cell 
sorter (BD Biosciences) by the Flow Cytometry and Cell Sorting Shared 
Resource at St Jude Children’s Research Hospital. Clones were subjected 
to confirmatory deep targeted sequencing by the Center for Advanced 
Genomic Engineering at St Jude Children’s Research Hospital. G401 
DCAF5-dTAG cells were prepared for in vivo studies by infection with 
YFP-tagged luciferase lentivirus and selected in puromycin (1 µg µl−1) 
for 72 h. YFP-positive cells were sorted using the Aria cell sorter (BD 
Biosciences).

In vivo xenograft studies
Athymic nude immunodeficient mice were purchased from 
Charles River (strain code, 553; stress level, C). Mice were aged 
6–12 weeks and the sample size was chosen on the basis of a power 
analysis. Mice were subcutaneously implanted with 1.5 × 106 G401 
DCAF5-dTAG-YFP-luciferase cells. Tumour growth was measured weekly 
by IVIS bioluminescence. Mice were weighed at least weekly. The mice 
were randomized and enrolled into treatment arms using a blocked ran-
domization list (https://www.sealedenvelope.com/simple-randomiser/
v1/lists) when animals met enrolment criteria of either visible tumour 
or a luminescence reading of 107 photons s−1. After randomization, no 
blinding was performed. Animals were considered to be moribund 
when tumours reached 2 cm in any one dimension or reached humane 
end points. Disease response was classified based on bioluminescence 
signal, as previously described52. Animals were housed under a 12 h–12 h 
light–dark cycle (light on at 06:00 and off at 18:00) and food and water 
were provided ad libitum. Animals are housed in the facility at 68–70 F 
(20–22 °C) with humidity levels maintained at 30–70% at cage level. 
Animal maintenance and procedures were performed in accordance 
with the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals. The animal protocol was approved by the Institu-
tional Animal Care and Use Committee at St Jude Children’s Research 
Hospital. All efforts were made to minimize suffering.

Xenogen imaging and quantification
Mice bearing G401 DCAF5-dTAG-YFP-luciferase cells were injected 
intraperitoneally with firefly d-luciferin (Caliper Life Sciences; 3 mg 
per mouse). Bioluminescence images were taken 5 min later luciferase 
injection using the IVIS 200 imaging system. Anaesthesia was adminis-
tered throughout image acquisition (isoflurane 1.5% in O2 at 2 l min−1). 
The Living Image v.4.3 software (Caliper Life Sciences) was used to 
generate a standard region of interest (ROI) encompassing the largest 
tumour at the maximal bioluminescence signal. The identical ROI was 
used to determine the average radiance (photons s−1) for all xenografts.

In vivo compound formulation
For IP injections, dTAGV-1 was dissolved in DMSO and then diluted with 
20% solutol (Sigma-Aldrich): 0.9% sterile saline (Moltox) (w/v) with the 
final formulation containing 5% DMSO. Mice were dosed with 40 mg 
per kg of dTAGV-1 on Monday to Friday week 1 and 2 and were not dosed 
on week 3.

Generation of the germline Dcaf5-knockout model
Generating the germline Dcaf5-knockout model was performed under 
the guidelines of the St Jude Children’s Research Hospital IACUC. Male 
and female C57Bl/6 mice (aged 6 weeks) were purchased from Jack-
son Laboratory (000664). Animal care was facilitated by the Animal 
Husbandry Unit at St Jude Children’s Research Hospital in accordance 
with their guidelines and regulations. The germline Dcaf5-knockout 
mouse model was created using CRISPR–Cas9 technology and direct 
zygote injection as previously described53. sgRNAs targeting Dcaf5 were 
generated by the Center of Advanced Genome Engineering at St Jude 
Children’s Research Hospital. An analysis was performed for sgRNA vali-
dation and minimization of off-target deletions in the mouse genome.

Four separate nucleofections were performed in N2A-Cas9 cells using 
the following combinations: 5′ g11 + sense ssODNs; 5′ g11 + antisense 
ssODNs; 3′ g21 + sense ssODNs; 3′ guide (g21) with antisense ssODNs 
for optimal integration analysis.

A mixture of the two sgRNAs for the 5′ and 3′ (10 ng µl−1 each) and 
SpCas9 (40 ng µl−1) was injected into the pronucleus of C57BL/6 fer-
tilized oocytes to delete exon 3, resulting in a premature stop codon 
in exon 4. The resulting pups were genotyped using PCR and gel elec-
trophoresis. At 6 weeks of age, the mice were backcrossed to C57BL/6 
mice and bred to homozygosity. The deletion was confirmed by Sanger 
sequencing, and knockout was confirmed by PCR and western blotting. 
A list of the relevant genome-editing reagents and primers is provided 
in Supplementary Table 10.

Genotyping
Genomic DNA from tail biopsies of postnatal day 11–21 (P11–21) mice 
was extracted using 200 µl of 50 nM NaOH and Tris-HCl (pH 8). PCR 
amplification was achieved using the Promega GoTaq Green Master 
Mix (M7122) using the primers (Integrated DNA Technologies) listed 
in Supplementary Table 3.

The resulting PCR product was analysed by rapid gel electrophore-
sis (Invitrogen E-Gel Agarose Gels with SYBR Safe DNA Gel Stain, 2%).

Vectors and stable cell line generation
DCAF5 knockdown was achieved by lentiviral infection (multiplicity of 
infection = 10) with CMV-driven PLKO Mission shRNA TRCN0000425851 
(TGTTAACCAAGTCCGATTTAA) and TRCN0000146480 (CCCAACT 
TTGATGGCACATTT) and selected with 1 µg ml−1 puromycin (GIBCO) 
for 72 h. L3MBTL3 and KDM1A knockdown were achieved similarly 
using Mission shRNAs TRCN0000431896 (CAATCGTTTCCTGGT 
ACATTT), TRCN0000046072 (CCACGAGTCAAACCTTTATTT) and 
TRCN0000046068 (GCCTAGACATTAAACTGAATA). The non-targeting 
control TRC2 PLKO Mission scramble shRNA SHC202 was used.  
Isogenic SMARCB1-knockout HEK293T cells were generated as 
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described previously20. Inducible cells were then subjected to subse-
quent infection with either shDCAF5 or non-targeting control followed 
by selection in puromycin (1 µg µl−1) for 72 h and simultaneous induc-
tion of SMARCB1 or GFP 72 h.

Lentiviral generation and infection
The production and titration of lentiviral vectors was performed as 
described previously54 and vectors were generated by the St Jude Vector 
Production and Development Core. The detailed protocol is provided 
in the Supplementary Information.

Anti-hDCAF5 polyclonal antibody generation
The DNAStar Protean program was used to predict antigenic peptides 
within DCAF5 for immunization of rabbits to generate polyclonal anti-
body sera. A prominent region highlighted by the hydrophilicity plot 
(Kyte–Doolittle), antigenic index ( Jameson–Wolf) and surface probabil-
ity plot (Emini) was selected. Two peptides (565–585, EDEEELNERRAST-
WQRN; and 586–600, AMRRRQKTTREDKPS) were generated in house 
(St Jude Peptide Synthesis Core) to span this region. Both peptides were 
coupled to keyhole limpet haemocyanin (KLH) and sent to Cocalico 
Biologicals for immunization of rabbits. After a prime, boost and boost 
regimen, test bleeds (2 weeks after the last boost) were provided for 
testing. The sera were tested by enzyme-linked immunosorbent assay, 
using peptide-coated (not coupled to KLH) plates, SDS–PAGE/western 
blotting and IP from cell lysate for screening. The most optimal rabbits 
were then selected on the basis of these results for a final boost and 
terminal bleed. Cocalico Biologicals affinity purified peptide specific 
antibodies from the sera.

Cell viability and proliferation assays
Cells were transduced with shDCAF5 or shCtrl at a multiplicity of 
infection of 10 for 48 h and were subjected to puromycin selection 
(1–2 µg µl−1). After selection, cells were seeded into 96-well plates. Cell 
proliferation was recorded using the IncuCyte live-cell imaging system 
(Essen Bioscience) according to the manufacturer’s recommendations. 
The recorded cell confluence data were analysed by IncuCyte Zoom 
software and plotted using GraphPad Prism 9.

ChIP analysis
ChIP experiments were performed as previously described5. A total of 
5 µg of the following antibodies was used: SMARCC1 (Thermo Fisher 
Scientific, PA5-30174), BRG1 (Abcam, ab110641), ARID1A (Sigma-Aldrich, 
HPA005456), PBRM1 (Bethyl, A700-019), BRD9 (CST, 58906), p300 
(ab10485), H3K27ac (ab4729), H3K4me3 (ab8580) and H3K4me1 
(ab8895). The KAPA Hyper Prep Kit (KK8504) was used for library prepa-
ration before sequencing. Library concentration and size distribution 
were assessed using the Agilent TapeStation and D1000 high-sensitivity 
Screentape. Next-generation sequencing was performed at the Hartwell 
Genome Sequencing Facility at St Jude Children’s Research Hospital using 
the NovaSeq 6000 (Illumina) system to generate 50 bp single-end reads.

CUT&RUN
CUT&RUN was performed as previously described55. For each sample, 
0.5 × 106 cells were used. A total of 1 µl SMARCB1 (Cell Signaling Tech-
nologies, 91735) was incubated with bead-bound, permeabilized cells 
overnight. The KAPA Hyper Prep Kit (KK8504) was used for library 
preparation. Library concentration and size distribution were assessed 
using the Agilent TapeStation and D1000 high-sensitivity Screentape. 
Paired-end 75 bp sequencing was performed on libraries using the 
NovaSeq 6000 sequencer.

ATAC–seq
ATAC–seq experiments were performed on 100,000 G401 shCtrl or 
shDCAF5 cells treated with DMSO or BRM014 (HY-119374, MedChem-
Express) at a final concentration of 1 μM or dTAG-DCAF5 cells treated 

with 50 nM of dTAGV-1 or DMSO for 4 h according to manufacturer 
guidelines (Active Motif, 53150). Libraries were generated using puri-
fied DNA, according to manufacturer guidelines. At least 50 × 106, 
100 bp, paired-end reads were generated on the Illumina NovaSeq  
6000 system.

Whole-cell protein extraction
Cells were lysed in NP-40 lysis buffer (150 mM NaCl, 0.5% NP-40, 50 mM 
Tris-HCl pH 8.0) with 1× protease and phosphatase inhibitors for 30 min 
on ice and were subsequently centrifuged at 13,000 rpm for 10 min. 
Protein was quantified using the Bradford assay (Bio-Rad).

IP analysis
A total of 0.5–1 mg of whole-cell extract was incubated either with 5 µg 
of antibody of interest or rabbit IgG antibody (Cell Signaling Technol-
ogy) while rotating at 4 °C for 16 h. The beads were then separated 
on a magnet and washed three times with NP-40 lysis buffer (150 mM 
NaCl, 0.5% NP-40, 50 mM Tris-HCl pH 8.0). Protein was eluted from 
beads using 1× LDS buffer containing 10% 2-mercaptoethanol at 70 °C 
for 10 min.

Cycloheximide pulse experiments
G401 shCtrl- and shDCAF5-treated cells were pulsed with 50 μg ml−1 
cycloheximide (C7698-5G) for 0 to 24 h and collected for western blot 
analysis.

Glycerol gradient fractionation
Nuclear fractions were extracted from RT cells5. A total of 1 mg of 
nuclear protein from each cell line was added to a 15 ml 10–30% glyc-
erol gradient and centrifuged in an SW40 rotor for 16 h at 40,000 rpm 
at 4 °C. The fractions were collected, processed for gel electrophoresis 
and analysed using western blotting.

Immunoblotting
A total of 25 µg of protein from cell lysates or 100 µg of mouse tissue 
lysate was electrophoresed on either NuPAGE 4–12% Bis-Tris or NuPAGE 
3–8% Tris-acetate gels (Invitrogen). Western blotting was performed 
as previously described5. Blots were imaged using the LI-COR Odyssey 
Fc system and the LI-COR Image Studio software (LI-COR Biosciences, 
v.5.5.4). A list of antibodies and dilutions is provided in Supplemen-
tary Table 9. Immunoblot source data are provided in Supplementary  
Fig. 1.

DCAF5 CRISPR–Cas9 indel fitness assays
A total of 1 × 106 cells was transiently transfected with designed guides 
or non-targeting control guides (Supplementary Table 11). Guides were 
delivered as a precomplexed ribonuclear protein consisting of 150 pmol 
of chemically modified sgRNA (Synthego) and 50 pmol of Cas9 pro-
tein (St Jude Protein Production Facility) by nucleofection (Lonza, 
4D-Nucleofector X-unit) using solution P3 and program EH-100 in a 
small (20 µl) cuvette according to the manufacturer’s recommended 
protocol. A portion of cells was collected for gDNA at 7, 14 and 21 days 
after nucleofection. Genomic DNA was sequenced by targeted deep 
sequencing using gene specific primers with partial Illumina adapter 
overhangs (Supplementary Table 11). Next-generation sequencing 
analysis of edited cell pools was performed using CRIS.py56. All indels 
were binned into in-frame, out-of-frame or 0 bp indels.

RNA-seq analysis
RNA from G401 RT cells was extracted using Trizol (Invitrogen) and 
the DirectZol Miniprep Plus Kit (Zymo Research, R2070). RNA was 
quantified using the Quant-iT RiboGreen RNA assay (Thermo Fisher 
Scientific) and the quality was checked using the 2100 Bioanalyzer 
RNA 6000 Nano assay (Agilent) or the 4200 TapeStation RNA Screen-
Tape assay (Agilent). Libraries were prepared from total RNA using 



the TruSeq Stranded mRNA Library Prep Kit according to the manu-
facturer’s instructions (Illumina, 20020595). Libraries were analysed 
for insert size distribution using the 2100 BioAnalyzer High Sensitivity 
kit (Agilent), 4200 TapeStation D1000 ScreenTape assay (Agilent) or 
5300 Fragment Analyzer NGS fragment kit (Agilent). Libraries were 
quantified using the Quant-iT PicoGreen dsDNA assay (Thermo Fisher 
Scientific) and by low-pass sequencing with a MiSeq nano kit (Illumina). 
Paired-end 100 cycle sequencing was performed on the NovaSeq 6000 
(Illumina) system.

TMT-based quantitative LC–MS proteomics and LC–MS data 
analysis
Two different clones of G401 cells expressing dTAG-DCAF5 were treated 
with DMSO or 50 nM of dTAGV-1 for 4 or 24 h in biological duplicate 
and cells were collected by centrifugation at 4 °C. The detailed pro-
tocol was performed as previously described57 and is provided in the  
Supplementary Information.

Ubiquitylome analysis
TMT-based ubiquitinome analysis was performed on the basis of pre-
viously published methods58,59. The detailed protocol for the follow-
ing steps is available in the Supplementary Information: cell lysis and 
protein digestion, di-Gly peptide enrichment, TMT labelling and LC/
LC–MS, and protein and di-Gly peptide identification and quantifica-
tion using the JUMP software suite.

Protein expression and purification
For the DDB1–DDA1–DCAF5 complex, the following human gene 
combinations were used: DDB1ΔB (residues 396–705 replaced 
with a GNGNSG linker)60, full-length DCAF5 (UniProt: Q96JK2) and 
full-length DDA1 (UniProt: Q9BW61). For the CRL4–DCAF5 complex, 
the human genes used were full-length DDB1 (UniProt: Q16531), DCAF5 
(N-terminal domains 1–477, 1–601 or full length), full-length DDA1, 
CUL4A (residues 38–759) (UniProt: Q16531) and Mus musculus Rbx1 
(residues 12–108) (UniProt: P62878). All these genes were cloned into 
pAC-derived vectors61 (BD Biosciences PharMingen). Baculovirus for 
protein expression (Invitrogen) was generated by transfection into 
Spodoptera frugiperda (Sf9) cells at a density of 0.9 × 106 cells per ml 
grown in ESF 921 medium (Expression Systems), followed by three 
rounds of infection in Sf9 cells to increase the viral titre60. Recombinant 
proteins were expressed in Trichoplusia ni High Five insect cells by infec-
tion with high-titre baculovirus. High Five cells grown in Sf-900 II SFM 
medium (Gibco) at a density of 2.0 × 106 cells per ml were infected with 
baculovirus at 1.5% (v/v) for 40 h at 27 °C. For the cBAF complex (Flag–
ARID1A, SMARCE1, SMARCD1, SMARCB1, ACTL6A, DPF2, SMARCC1, 
SMARCC2, ACTB and SMARCA4)62, the corresponding human genes 
were co-transfected into suspension Expi293F cells according to 
the manufacturer’s recommendation (Thermo Fisher Scientific). 
Cells were cultured for 72 h at 37 °C under 8% CO2 and collected by  
centrifugation.

For purification, cells were resuspended in lysis buffer con-
taining 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 0.25 mM TCEP 
(Tris(2-carboxyethyl)phosphine), 1 mM PMSF and 1 tablet per 500 ml 
protease inhibitor cocktail (Sigma-Aldrich), and lysed by sonifica-
tion. After ultracentrifugation, the soluble fraction was passed over 
the Strep-Tactin XT Superflow (IBA) affinity resin, eluted with wash 
buffer (50 mM Tris–HCl pH 8.0, 200 mM NaCl, 1 mM TCEP) supple-
mented with 50 mM d-biotin (IBA). The affinity-purified DDB1(ΔB1)–
DDA1–DCAF5 or CRL4–DCAF5(1–601) complex used for structure 
determination was next applied to an ion-exchange column (Poros 
50HQ, Thermo Fisher Scientific) and eluted in 50 mM Tris-HCl pH 8.5, 
2 mM TCEP by a linear salt gradient (from 50–800 mM NaCl). Peak 
fractions from ion-exchange chromatography were then subjected to 
size-exclusion chromatography on the Superdex 200 10/300 Increase 
column in 50 mM HEPES pH 7.4 or pH 8.0, 200 mM NaCl and 2 mM TCEP.  

The purified protein complexes were concentrated using ultrafiltration 
(Millipore) and flash-frozen in liquid nitrogen and stored at −80 °C.

Grid preparation and data collection
A total of 4 µl DDB1(ΔB)–DDA1–DCAF5 (0.9 mg ml−1) was applied to a 
glow-discharged (PELCO easiGlow, 20 mA, 60 s, 39 Pa) Quantifoil 1.2/1.3 
300 grid in a Leica EM-GP operated at 90% relative humidity. After 10 s 
pre-blot time, the protein was blotted for 3 s (with 4 s post-blot time) 
and vitrified in liquid ethane after 4 s post-blot time. Data were recorded 
on the Thermo Fisher Talos Arctica system operated at 200 kV equipped 
with a Gatan K3 direct electron detector. SerialEM63 was used to record 
1,072 videos (50 frames, 4.5 exposure time) at a nominal magnification 
of ×36,000, with a total accumulated dose of 53.35 e− Å−2, and defocus 
ranging from −1.5 µm to −2.5 µm.

Data processing and model building
All processing was performed in cryoSPARC (v.3.3.2 and v.4.12)64. All 
resolutions are given based on the Fourier shell correlation (FSC) 
0.143 threshold criterion65,66. In total, 1,072 movies were corrected 
for beam-induced motion and the contrast transfer function (CTF) was 
estimated on-the-fly in cryoSPARC live. 2D classes from live processing 
were used to train TOPAZ67 particle picker, and 1,404,938 particles were 
extracted at 1.5 Å px−1 from 1,068 curated micrographs. The extracted 
particles were cleaned with one round of heterogeneous refinement 
using one good reference and five decoy references. In total, 547,943 
cleaned particles were re-extracted at 1.1 Å px−1, per-particle defocus 
was determined and CTF parameters (tilt, trefoil, spherical aberration, 
tetrafoil) were optimized. These particles then yielded a reconstruction 
at 2.8 Å after local refinement using a mask encompassing the entire 
molecule. After one round of local motion correction in cryoSPARC 
(v.4.1.2), a final reconstruction at 2.6 Å was obtained after local refine-
ment. The map, automatically sharpened with a B-value of −96.8 Å2, 
as well as a map post-processed using deepEMhancer68, were used for 
model building in COOT (v.0.9.8)69. Initial models for DDB1 and DDA1 
(Protein Data Bank (PDB): 6Q0R)59 as well as a structure prediction 
for DCAF5 from RoseTTAfold70 were rigid-body-fitted into the density 
in ChimeraX (v.1.4)71, relaxed into the density using ISOLDE (v.1.3)72 
and then adjusted manually in COOT with help from Rosetta (v.3.12)73. 
The input structures were refined in torsion and Cartesian space with 
penalties for deviation from ideal bond angles and bond lengths. To 
the standard full-atom score function, a fit-to-density score term was 
added to maximize real-space correlations between the model and 
map. Density correlations were determined with interpolation on a 
pre-computed per-atom score grid74. The command line used was as 
follows: $ROSETTA3_BIN/rosetta_scripts.linuxgccrelease -in::file::s 
-parser::protocol relax_density_cart.xml -beta-out:nstruct 400 
-edensity::mapreso 2.8 -edensity::cryoem_scatterers -crystal_refine.

Relax_density_cart.xml is supplied in the GitHub repository. The 
final model was refined using phenix.real_space_refine75,76 (v.1.19.2-
4158) and the model and maps were deposited in the PDB (PDB: 8TL6) 
and the Electron Microscopy Data Bank (EMDB: EMD-41363), respec-
tively. Interface areas were calculated using PDBePisa77, structural 
similarity searches were conducted using PDBeFold78 and all figures 
with models and density were generated in ChimeraX. Conservation 
scores were determined using ConSurf79. The local resolution range is 
given based on the 0–75% percentile in local resolution histograms80. 
Directional resolution was calculated using 3DFSC81. Structural biol-
ogy applications used in this project were compiled and configured  
by SBGrid82.

In vitro neddylation of CRL4–DCAF5
In vitro neddylation of CRL4–DCAF5 complexes was performed as 
previously described83,84. In brief, 4 µM of purified CRL4–DCAF5 was 
mixed with 0.2 µM E1(NAE1/UBA3), 1.2 µM E2 (UBE2M) and 15 µM Nedd8 
in a reaction buffer containing 50 mM Tris pH 7.5, 100 mM NaCl, 2.5 mM 

https://www.uniprot.org/uniprot/Q96JK2
https://www.uniprot.org/uniprot/Q9BW61
https://www.uniprot.org/uniprot/Q16531
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https://www.uniprot.org/uniprot/P62878
https://doi.org/10.2210/pdb6Q0R/pdb
https://doi.org/10.2210/pdb8TL6/pdb
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-41363
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MgCl2, 5 mM ATP and 0.5 mM DTT. The reaction was carried out at room 
temperature for 2 h and full neddylation was confirmed by SDS–PAGE 
analysis. The neddylated CRL4–DCAF5 complex was subsequently 
purified using size-exclusion chromatography.

In vitro ubiquitylation assay
In vitro ubiquitylation reactions were performed in a total volume of 
15 μl with E1 (UBA1, R&D Systems) at 0.2 μM (R&D Systems), the vari-
able E2 enzyme at 0.5 μM each (UBE2D1, UBE2D2, UBE2D4, UBE2N, 
UBE2L3, UBE2D3, UBE2E1, UBE2G1, UBE2H, UBE2E3, UBE2R1, UBE2M or 
UBE2C; R&D Systems), Mg-ATP (R&D Systems) at 10 mM and ubiquitin 
at 50 μM (R&D Systems), and buffered with 1× E3 ligase reaction buffer 
(R&D Systems). The reactions were pre-incubated for 30 min to allow 
charging of the E2 and then initiated by addition of neddylated 0.5 μM 
CRL4–DCAF5 complex (as described above) and 2 μM testing substrate 
(cBAF or SMARCC1). The reactions were incubated for 120 min at 37 °C 
and quenched by the addition of SDS sample buffer and analysed by 
4–20% SDS–PAGE84 or western blotting using anti-substrate antibodies.

DCAF5 quantitative IP–MS and data analysis
The detailed protocol is provided in the Supplementary Information.

Computational analysis
The detailed process for the following experiments is available in Sup-
plementary Information: CRISPR–Cas9 dependency screen analysis, 
NGS data processing, ChIP–seq, CUT&RUN, motif enrichment analysis, 
RNA-seq and AlphaFold Predictions.

Quantification and statistical analysis
GraphPad PRISM 9 and R (v.3.6.1) software packages were used to per-
form statistical analyses. Statistical tests used are specified in the figure 
legends. To perform statistical tests between experimental groups for 
RNA-seq, ChIP–seq, and ATAC–seq, trimmed mean of M-value scale fac-
tors were estimated using edgeR and a limma-voom, empirical bayes 
moderation to establish significant differences. Significant differential 
binding of SWI/SNF members was defined as: FC > 2 (log2[FC] > 1) and 
FDR < 0.05 and FC < 0.5 (log2[FC] < −1) and FDR < 0.05. Significant dif-
ferentially expressed genes were defined as log2[FC] > 0 and FDR < 0.05 
and log2[FC] < 0 and FDR < 0.05. Significant changes in accessibility 
were defined as log2[FC] > 1 and FDR < 0.05 and log2[FC] < −1 and 
FDR < 0.05.

Material availability
Plasmids and cell lines generated in this study are available on request 
after completion of a material transfer agreement. Limited quantities 
of generated DCAF5 polyclonal antibody are available on request after 
completion of a material transfer agreement.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The ChIP–seq, ATAC–seq and RNA-seq data supporting the findings of 
this study have been deposited in the GEO database under accession 
number GSE215025. MS-based proteomics raw data files are provided 
in Supplementary Tables 1–3 and 6–8, and are available at PRIDE under 
the following dataset identifiers: PXD046276 (Supplementary Table 1), 
PXD046275 (Supplementary Tables 2 and 3), PXD046273 (Supplemen-
tary Table 6) and PXD04646 (Supplementary Tables 7 and 8). Coordi-
nates for DDB1ΔB–DDA1–DCAF5 have been deposited at the PDB under 
accession number 8TL6. The cryo-EM volume data are available at the 
Electron Microscopy Data Bank under accession number EMD-41363. 
Source data are provided with this paper.

Code availability
The code for analysing the data and the relax_density_cart.xml has 
been deposited at GitHub (https://github.com/jamyers2358/SWISNF.
DCAF5.Dependency)85.
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Extended Data Fig. 1 | DCAF5 dependence is specific to SMARCB1-mutant 
cancers independent of mRNA expression and tissue type. a, Two-class 
comparison of n = 14 biologically independent Rhabdoid Tumour cell lines 
compared to other SWI/SNF mutant cancer cell lines (n = 190) or other  
non-SWI/SNF mutant cancer cell lines (n = 607) (****P  =  1.22 × 10−16 and 7.16 × 10−21 
respectively; two-tailed Student’s t test, release CERES 21Q1). The box plot 
indicates the median (centre line), the third and first quartiles (box limits)  
and 1.5 × interquartile range (IQR) above and below the box (whiskers). b, Box 
plot showing DCAF5 RNA expression across n = 1332 biologically independent 
cancer cell lines from different tumour types in the Cancer Cell Line 
Encyclopedia (CCLE) database. RT cell lines are shaded in red. The box plot 
indicates the median (centre line), the third and first quartiles (box limits) and 
1.5 × interquartile range (IQR) above and below the box (whiskers). c, Bar plot 
demonstrating normalized expression (nTPM) levels of DCAF5 for n = 55 tissue 

types, created by combining the HPA and GTEx transcriptomics datasets  
using the Human Protein Atlas internal normalization pipeline. Colour-coding 
is based on tissue groups. d, Effects on proliferation upon DCAF5 shRNA 
knockdown in SMARCB1-mutant cell lines. Solid lines (shCTRL) and dotted lines 
(shDCAF5). Graphs show mean values from n = 8 technical replicates per cell 
line condition from one independent biological experiment. e, Western blot 
analysis of TTC549 RT cell line at Day 0 and Day 8 of IncuCyte proliferation 
assay. Band intensities were quantified by the Licor Image Studio Lite software 
and then the normalized DCAF5 level was calculated relative to Actin and 
normalized to shControl signal ± s.e.m (n = 3 independent biological replicates). 
***P = 0.001; Two-Way ANOVA. f, DCAF5 immunoprecipitation in G401 and BT16 
RT cell line demonstrates interaction of DCAF5 with E3 Ub Ligase machinery. 
Input is 1% of the protein used for the IP (n = 2 independent biological replicates).



Extended Data Fig. 2 | Cryo-EM processing workflow for the DDB1∆B- 
DDA1-DCAF5 structure. a, Raw micrograph (low pass-filtered to 10 Å, scale  
bar indicated). b, Representative 2D classes. c, Overview of processing 
workflow from raw micrograph. All processing steps were conducted in 
cryoSPARC. Particles belonging to coloured volumes were taken for the final 
map (EMD-41363). The final map is contoured at 0.134, and local resolution 

mapped onto the final reconstruction is shown. d, FSC plot for the deposited 
map (EMDB-41363). e, Viewing distribution plot. f, Directional resolution 
histogram and directional FSC plot. g, Model-to-map FSC for the deposited 
structure (PDB: 8TL6), value given for FSC (model)=0.5. h, Density example  
for the DCAF5 WD40 domain. i, Density for the DCAF5-motif in the DDB1ΔB 
binding site.

http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-41363
https://doi.org/10.2210/pdb8TL6/pdb
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Extended Data Fig. 3 | Details of DDB1∆B -DDA1-DCAF5 structure, 
evolutionary analysis and AlphaFold prediction. a, Detailed view of  
DCAF5 and DDB1ΔB interaction shown in cartoon representation. The 
N-terminal α-helix of DCAF5 tightly inserts into the pocket of DDB1. b, Charge 
complementarity between DCAF5 and DDB1 at the interface. c, The N terminus 
of DDA1 inserts into DDB1, while the C terminus of DDA1 binds DCAF5 tightly 
with a hydrophobic interaction. DCAF5 surface is shown with hydrophobic and 
hydrophilic colour coding. d, Plot of the ConSurf conservation score versus the 
amino acid residue of full-length DCAF5 with domain annotations. e, ConSurf 

conservation scores are mapped onto DCAF5 with orange-white-purple  
colour scale in increasing conservation order. Top view and bottom view of the 
WD40 domain are shown. f, AlphaFold predictions for the DCAF5 aa 1-601 and 
SMARCC1 interaction. In the domain bar, DCAF5 is represented in green, with 
the WD40 domain specifically highlighted. SMARCC1 is depicted in magenta. 
g, The AlphaFold predicted binding mode of DCAF5 and SMARCC1 is shown. 
DCAF5 is represented in green, SMARCC1 is depicted in magenta, and 
DDB1-DDA1 is represented in grey.



Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | DCAF5 loss upregulates protein levels of SWI/SNF 
members and alters SWI/SNF complex integrity. a, Western blot analysis of 
SWI/SNF subunits in TTC549 SMARCB1-inducible RT cells treated with shCTRL 
or shDCAF5 after 72 h selection in the presence or absence of SMARCB1. b, RNA-
Seq analysis in G401 RT cells treated with shCTRL or shDCAF5 after 72 h selection 
evaluating log2 fold change of mRNA for SWI/SNF in shDCAF5 versus shCTRL. 
ns = not significant; ** log2FC = −0.68, FDR = 0.02. Significance was determined 
by two-sided Empirical Bayes test for differential expression with FDR adjusted 
p-values. c, Left: Cycloheximide Chase (0-24 h with 50 ug/mL cycloheximide)  
in G401 shCTRL or shDCAF5 evaluating SWI/SNF subunit levels and control 
protein c-myc. Right: Graphical representation of the cycloheximide 
experimental data for the mean relative protein amount ± s.e.m of ARID1A 
(****P = < 0.0001), SMARCA4 (**P = < 0.0022), SMARCC1 (*P = < 0.0180), 
PBRM1(****P = < 0.0001) and c-myc (P = ns:not significant); Two-Way ANOVA.  
d, Glycerol gradient (10–30% glycerol) analysis of SMARCB1-deficient BT16 RT 
cells treated with either shCTRL or shDCAF5 after 72 h selection (top panel). 
SMARCB1 has been re-expressed in the cells in the bottom panel. e, SMARCA4 
co-immunoprecipitation in G401 shCTRL and shDCAF5 conditions demonstrates 
that the SWI/SNF complex is maintained in the absence of DCAF5. Lamin A/C  

is a negative control. Input is 1% of the protein used for the IP. f, SMARCA4  
co-immunoprecipitation in G401-dTAG-DCAF5 cells treated with DMSO and V-1 
demonstrates retained SWI/SNF complex interactions in the absence of DCAF5. 
Lamin A/C is a negative control. Input is 1% of the protein used for the IP.  
g, SMARCA4 co-immunoprecipitation in G401 RT cells demonstrates interaction 
with DCAF5 and SWI/SNF subunits. Lamin A/C is a negative control. Input is  
1% of the protein used for the IP. h, Two-class comparison of n = 14 biologically 
independent Rhabdoid Tumour cell lines compared to n = 789 biologically 
independent other cancer cell lines in DepMap analysing L3MBTL3 and LSD1 
dependency (P = 0.907 and 0.701 respectively and is non-significant (ns);  
two-tailed Student’s t test, release CERES 21Q1). The box plots indicate the 
median (centre line), the third and first quartiles (box limits) and 1.5 × 
interquartile range (IQR) above and below the box (whiskers). i, L3MBTL3  
co-immunoprecipitation in G401 RT cells detects no interaction with DCAF5  
or SWI/SNF subunits. j, Western blot analysis of SWI/SNF subunits in BT16  
and G401 RT cells treated with shCTRL or shL3MBTL3 after 72 h selection.  
k, Western blot analysis of SWI/SNF subunits in BT16 and G401 RT cells treated 
with shCTRL or shLSD1 after 72 h selection. Data are representative of three (c) 
or two (d,e,f,g,i,j and k) independent biological experiments.



Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | In vitro and in vivo analyses of CRL4-DCAF5 and  
SWI/SNF substrates. a, In vitro ubiquitylation assay screening of 13 E2-
conjugating enzymes for CUL4-DDB1-RBX1-DCAF5 (CRL4DCAF5) ligase 
autoubiquitylation(n = 2). FL= full-length. b, In vitro ubiquitylation assay 
screening E2-conjugating enzymes for ubiquitylation of full-length (FL) 
SMARCC1 by FL-DCAF5 and DCAF5_ aa1-601). The combination of UBE2D3 + 
UBE2G1 has previously been identified as a canonical E2 pair for CRL4 ligases.  
c, In vitro ubiquitylation assay of SMARCC1 with 3 different CUL4DCAF5 
constructs: DCAF5_aa 1-477 (which contains only the putatively active WD40 
domain), DCAF5_aa 1-601 (which contains an extended region), and FL-DCAF5, 
alongside the CRL4DCAF11 complex (another ring E3 ligase) as a negative control 
and the whole recombinant SWI/SNF complex for ubiquitylation. The UBE2D3/
UBE2G1 combination is chosen as the E2 pair for this assay and the following 
ubiquitylation assays. d, In vitro ubiquitylation assay of SMARCA4 (left) and 
ARID1A (right) in recombinant cBAF complex with CUL4DCAF5_aa 1-477 (which 
contains only the putatively active WD40 domain) complex. The experiment 

has been performed once. e, In vitro ubiquitylation assay of SMARCA4 (left) 
and ARID1A (right) in recombinant cBAF complex with CUL4DCAF5_aa 1-601 (which 
contains an extended region) complex. f, In vitro ubiquitylation assay of 
SMARCA4 (left) and ARID1A (right) in recombinant cBAF complex with full-
length CUL4DCAF5_FL complex. The experiment has been performed once.  
g, Workflow of ubiquitylome analysis in G401 shCTRL and shDCAF5 RT cells.  
h, Comparison of global MS intensities in whole proteome and ubiquitylome 
(n = 2 biological replicates). Similar log2 values of intensities indicate minimal 
sample loading bias in both datasets. The boxplots of ubiquitinome and 
proteome were from n = 44,752 Peptide Spectrum Matches (PSMs) and 
n = 390,548 PSMs respectively. The box plots indicate the median (centre line), 
the third and first quartiles (box limits) and 1.5 × interquartile range (IQR) 
above and below the box (whiskers). i, MS intensities of two DCAF5 peptides 
indicate significant downregulation of DCAF5 protein in G401 shDCAF5 
samples. Data are representative of two (a,c, and e) or three (b) independent 
biological experiments.



Extended Data Fig. 6 | CRISPR-mediated knockout of DCAF5 SWI/SNF 
substrates rescues the lethal phenotype. a, Indel toxicity assay evaluating 
selection against ARID1A out-of-frame alleles (containing ARID1A knockout) 
either in BT16 SMARCB1-deficient RT cells or in BT16 SMARCB1-deficient RT 
cells in which residual SWI/SNF subunits ARID1A, PBRM1, SMARCC1 and DCAF5 
have been inactivated by CRISPR guides. CRISPR knockout of ARID1A is 
tolerated in both instances. b, Indel toxicity assay evaluating selection against 
SMARCC1 out-of-frame alleles (containing SMARCC1 knockout) either in BT16 
SMARCB1-deficient RT cells or in BT16 SMARCB1-deficient RT cells in which 
residual SWI/SNF subunits SMARCC1, PBRM1, ARID1A and DCAF5 have been 
inactivated by CRISPR guides. CRISPR knockout of SMARCC1 is tolerated in 

both instances. c, Indel toxicity assay evaluating selection against PBRM1 
out-of-frame alleles (containing PBRM1 knockout) either in BT16 SMARCB1- 
deficient RT cells or in BT16 SMARCB1-deficient RT cells in which residual SWI/
SNF subunits PBRM1, SMARCC1, ARID1A and DCAF5 have been inactivated by 
CRISPR guides. CRISPR knockout of PBRM1 is tolerated in both instances.  
d, Western blot analysis in BT16-SMARCB1 deficient RT cells at Day 3 versus  
Day 21 in which residual SWI/SNF subunits ARID1A, PBRM1, SMARCC1 and  
DCAF5 have been inactivated by CRISPR guides. WT are wildtype cells. Data are 
representative of three independent biological experiments. Diagrams in  
a,b, and c were created using BioRender (https://biorender.com/).

https://biorender.com/
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Extended Data Fig. 7 | See next page for caption.



Extended Data Fig. 7 | SWI/SNF binding increases upon DCAF5 loss at 
enhancer regions. a, Peak centred heatmaps +/−2 kb of averaged normalized 
coverage for significant, differentially bound regions defined as FC > 2 and 
FDR < 0.05 for ARID1A (n = 3 independent biological replicates) upon DCAF5 
loss in G401 RT cells. b, Peak centred heatmaps +/−2 kb of averaged normalized 
coverage for significant, differentially bound regions defined as FC > 2 and 
FDR < 0.05 for SMARCC1 (n = 3 independent biological replicates) upon DCAF5 
loss in G401 RT cells. c, Peak centred heatmaps +/−2 kb of averaged normalized 
coverage for significant, differentially bound regions defined as FC > 2 and 
FDR < 0.05 for SMARCA4 (n = 2 independent biological replicates) upon DCAF5 
loss in G401 RT cells. d, Venn Diagram of gained regions (FC > 2 and FDR < 0.05) 
for ARID1A, SMARCC1, and SMARCA4. Peak centred heatmap +/−2 kb of averaged 
normalized coverage at each set of regions defined within the Venn Diagram.  
e, Sample locus depicting gains in averaged normalized coverage of SWI/SNF 
subunits and various histone marks in shDCAF5 treated G401 RT cells compared 
to control. f, Peak centred heatmaps +/−2 kb of averaged normalized coverage 
at 3,195 promoters for BRD9 in shCTRL (n = 2 independent biological replicates) 

and shDCAF5 (n = 2 independent biological replicates). g, Peak centred 
heatmaps +/−2 kb of averaged normalized coverage for SWI/SNF subunits at 
significant, differentially bound regions defined as FC > 2 and FDR < 0.05 for 
SMARCC1 in G401 RT cells. h, Peak centred heatmaps +/−2 kb of averaged 
normalized coverage for SWI/SNF subunits at significant, differentially bound 
regions defined as FC > 2 and FDR < 0.05 for SMARCA4 in G401 RT cells. i, Peak 
centred heatmaps +/−2 kb of averaged normalized coverage for SWI/SNF 
subunits (n = 1 independent biological replicate per mark) and H3K27ac (n = 2 
independent biological replicates) 4 h after DCAF5 degradation with V-1 (FC > 0) 
at a previously defined subset of differentially bound regions. j, Genomic 
feature distribution of the entire genome (All) and ARID1A, SMARCC1, and 
SMARCA4 gained regions upon DCAF5 loss (FC > 2 and FDR < 0.05). k, Western 
blot analysis of p300 levels in G401 RT cells treated with shCTRL or shDCAF5 
(n = 2 independent biological replicates). l, Peak centred metaplot of normalized, 
average coverage for p300 (n = 3 independent biological replicates) centred 
(+/−2 kb) on regions significantly gaining ARID1A upon loss of DCAF5 in G401 
RT cells. Gains of p300 coincide with gains of H3K27ac upon loss of DCAF5.
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Following DCAF5 loss, increased SWI/SNF  
binding results in transcriptional activation. a, Peak centred metaplots of 
ARID1A gained regions (FC > 2, FDR < 0.05) +/−2 kb of averaged normalized 
nucleosome free coverage from ATAC-Seq for G401 shCTRL (n = 3 independent 
biological replicates) and shDCAF5 (n = 3 independent biological replicates) 
treated cells (left) compared to G401 −/+ SMARCB1 inducible cells (right) (n = 3 
independent biological replicates). b, Motif enrichment analysis at regions 
gaining accessibility at SWI/SNF bound regions in SMARCB1 re-expressed cells, 
within the sites gained in both SMARCB1 addback and DCAF5 loss conditions 
and in shDCAF5 cells. P-values were calculated with a cumulative binomial 
distribution (one-sided) with Benjamini multiple test correction. c, Alignment 
of the position weight matrix (PWM) for the most significantly enriched 
de novo motif with the known AP-1 PWM (MA0099.2). d, Peak centred, +/−2 kb 
heatmaps at previously defined 4 h SWI/SNF gained regions (FC > 0) of averaged 
normalized nucleosome free coverage for G401-dTAG-DCAF5 DMSO treated 
(n = 3 independent biological replicates) and V-1 (n = 3 independent biological 
replicates) treated cells. e, Motif enrichment analysis at regions gaining SWI/SNF 
binding 4 h after DCAF5 degradation in G401-dTAG-DCAF5 cells. P-values  
were calculated with a cumulative binomial distribution (one-sided) with 
Benjamini multiple test correction. f, Relationship between transcriptional 
regulation (RNA-Seq) and gained binding of SMARCC1 and SMARCA4 upon  
loss of DCAF5 (ChIP-Seq) in G401 RT cells by Binding and Expression Target 
Analysis (BETA). Red and blue lines represent activated and repressed genes 

respectively and the dashed line represents an unchanging gene set. P-values 
calculated with one-tailed Kolmogorov-Smirnov test and compare the activated 
and repressed genes to the unchanging set. Predicted SMARCC1 and SMARCA4 
target genes are upregulated upon DCAF5 loss. g, Top: Relationship between 
transcriptional changes (RNA-Seq) shDCAF5 vs. shCTRL log2FC y-axis and 
differential binding of shDCAF5 vs. shCTRL ARID1A, SMARCC1, and SMARCA4 
(ChIP-Seq) log2FC x-axis. Bottom: GSEA results comparing gene sets of the top 
500 ARID1A, SMARCC1, and SMARCA4 putative enhancer gene targets bound 
in shDCAF5 treated G401 cells, defined based on log2FC, −log10(p-value), and 
log10(Mean Enrichment +1, to transcriptional changes upon loss of DCAF5 in 
G401 RT cells, p-value: 0.002, 0.002, 0.002 and normalized enrichment score 
(NES): 2.37, 2.08, 2.08, respectively. Nominal P-value estimated using an 
empirical gene set permutation test. h, Venn diagram of predicted ARID1A, 
SMARCC1, and SMARCA4 upregulated target genes (predicted by BETA).  
i, GSEA results comparing a gene set of upregulated genes upon loss of DCAF5 in 
G401 RT cells (log2FC > 0 and adjusted p-value < 0.05) to the expression changes 
upon SMARCB1 re-expression in G401 RT cells (GSE71506) p-value = 0.001  
and NES = 2.32. Nominal P-value estimated using an empirical gene set 
permutation test. j, Significantly enriched Gene Ontology (GO) terms ranked 
on Fold Enrichment (binomial over/under representation test with Bonferroni 
correction), based on genes significantly upregulated upon loss of DCAF5 in 
G401 RT cells (log2FC > 0 and adjusted p-value < 0.05). Pathways labelled in red 
are also upregulated upon SMARCB1 re-expression.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE71506
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Extended Data Fig. 9 | Generation and validation of G401-dTAG-DCAF5- 
YFP-dLuc cells. a, Schematic of YFP-luciferase integration into G401-dTAG- 
DCAF5 cells. b, Flow cytometry plots and gating strategy for sorting 
G401-dTAG-DCAF5-YFP-dLuc cells that are YFP + . c, Immunofluorescence 
confirmation of YFP expression in G401-dTAG-DCAF5-YFP-dLuc cells 
compared to HeLa YFP negative control cells. Scale bar 100 μm. The 
experiment has been performed once. d, Western blot analysis confirming 

DCAF5 degradation of G401-dTAG-DCAF5-YFP-dLuc cells after treatment  
with 50 nM or 500 nM of dTAGV-1 at 4 h and 24 h. The experiment has been 
performed once. e, Weight comparisons from 8-week-old Dcaf5 female mice 
(n = 5 mice per genotype). WT (wildtype), Het. (heterozygous) and KO 
(knockout) P = ns (non-significant); Two-way ANOVA. The diagram in a was 
created using BioRender (https://biorender.com/).

https://biorender.com/


Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics
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