2017 Fall Semester Schedule

GMS6647  Transcriptional and Translational Control of Cell Growth and Proliferation
Course Directors: Drs. Yi Qiu (qiuy@ufl.edu) and Daiqing Liao (dliao@ufl.edu)
Room: DG-41, Tuesday and Thursday 2PM-3:30PM
	Date
	Lecturer and lecture title
	Student Presenter
	Paper for presentation/further reading 

	
	
	
	

	Tuesday Sept 26
	Dr. Jorg Bungert (Introduction to transcription and translation)
	Fields Christopher J; chr21711@ufl.edu 

	


	Thursday Sep. 28
	No class
	
	

	Tuesday Oct 3
	Dr. Yi Qiu (Histone modifications in gene expression and cancer)
	
Noble Jerald D
jnoble333@ufl.edu

	Jin L, Vu T, Yuan G, Datta PK. STRAP promotes stemness of human colorectal cancer via epigenetic regulation of the NOTCH pathway. Cancer Res. 2017 Aug 21. pii: canres.0286.2017. doi: 10.1158/0008-5472. CAN-17-0286. [Epub ahead of print]

	Thursday Oct. 5
	Dr. Satya Narayan
(Tumor suppressor p53 in the control of cell proliferation)
	Osking Zachary B
zosking@ufl.edu

	

	Tuesday Oct 10
	Dr. Suming Huang (Long Noncoding RNA in development and cancer)
	Venugopal Kartika
kartikav@ufl.edu

	


	Thursday Oct. 12
	Dr. Rene Opavsky (DNA methylation in cancer)
	Waddell Aaron Richard
aawaddell@ufl.edu 

	TBA

	Tuesday Oct 17
	Dr. Daiqing Liao (Translational control and Cancer)
	Fields Christopher J; chr21711@ufl.edu

	Chio II et al, NRF2 Promotes Tumor Maintenance by Modulating mRNA Translation in Pancreatic Cancer. Cell. 2016 Aug 11; 166(4): 963–976.


	Thursday Oct. 19
	Dr. Shuang Huang (role of miRNA in cell proliferation and survival)
	
Noble Jerald D
jnoble333@ufl.edu

	TBA

	Tuesday Oct 24
	Dr. William Dunn (Transcriptional Control of Autophagy-mediated Cell Survival/Death) 
	Osking Zachary B
zosking@ufl.edu


	


	Thursday Oct. 26
	Dr. Jianrong Lu (Epigenetic regulation of EMT)
	Venugopal and Waddell


	


	
	
	
	

	
	
	
	


Summary: The course covers latest development in our understanding of the mechanisms that regulate gene expression at the transcriptional and translational levels. Phenotypic impact of gene regulation at the molecular and epigenetic levels on cell growth especially in relation to cancer and other diseases is emphasized. Topics related to cellular and viral systems are covered.  
Grading scale: letter grade
Grades will be based on oral presentation, group discussion and attendance--A selected published paper will be presented and discussed in the class. The presenter will introduce background and rationale for the study, show the data that support the author's point of view and summarize the major conclusions of the paper. The presenter is also encouraged to critique the paper, point out weakness and offer points for improvement. Students are expected to attend all lectures and participate in paper discussion.
Textbook: No specific textbook is assigned. Journal articles or handouts will be distributed.
Select past student comments: This course was very useful to me. Most of the papers were appropriate and the course was set up in a way where we could easily discuss things as a group.
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NONCODING RNA

CRISPRi-based genome-scale
identification of functional long
noncoding RNA loci in human cells

S. John Liu,* Max A. Horlbeck,* Seung Woo Cho, Harjus S. Birk, Martina Malatesta,
Daniel He, Frank J. Attenello, Jacqueline E. Villalta, Min Y. Cho, Yuwen Chen,
Mohammad A. Mandegar, Michael P. Olvera, Luke A. Gilbert, Bruce R. Conklin,
Howard Y. Chang, Jonathan S. Weissman, {1 Daniel A. Limt}

INTRODUCTION: The human genome con-
tains tens of thousands of loci that produce
long noncoding RNAs (IncRNAs), transcripts
that have no apparent protein-coding potential.
A subset of IncRNAs have been found to play
critical roles in cellular processes, organismal
development, and disease. Although these ex-
amples are suggestive of the importance and di-
versity of IncRNAs, the vast majority of IncRNA
genes have not been functionally tested.

RATIONALE: Because it is currently not pos-
sible to predict which IncRNA loci are func-
tional or what function they perform, there is
a need for large-scale, systematic approaches
to interrogating the functional contribution of
IncRNA loci. We therefore developed a genome-
scale screening platform based on CRISPR-
mediated interference (CRISPRi), which uses
a catalytically inactive CRISPR effector protein,
(d)Cas9, fused to a repressive KRAB domain
and targeted by a single guide RNA (sgRNA),
to inhibit gene expression. By catalyzing re-

CRISPR interference (CRISPRi)

KRAB

IncRNA
b ¥
DNA *

pressive chromatin modifications around the
transcription start site (T'SS) and serving as a
transcriptional roadblock, CRISPRI tests a broad
range of IncRNA gene functions, including the
production of cis- and trans-acting RNA tran-
scripts, cissmediated regulation related to IncRNA
transcription itself, and enhancer-like function
of some IncRNA loci.

RESULTS: We designed a CRISPRi Non-Coding
Library (CRiNCL), which targets 16401 IncRNA
genes each with 10 sgRNAs per TSS, and ap-
plied this pooled screening approach to iden-
tify IncRNA genes that modify robust cell
growth. We screened seven human cell lines,
including six transformed cell lines and
induced pluripotent stem cells (iPSCs), and
identified 499 IncRNA loci that modified cell
growth upon CRISPRI targeting; 372 and
299 of these loci were distal from any protein
coding gene or mapped enhancer, respective-
ly. Extensive validation confirmed the screen
results and demonstrated the robust and

ON OUR WEBSITE specific performance of

CRISPRi for repressing
IncRNA transcription. Re-
markably, 89% of the
IncRNA gene hits modi-
fied growth in just one of
the cell lines tested, and no hits were common
to all seven cell lines. Although nearly all of the
hit genes were expressed in the cell line in
which they exhibited a growth phenotype, ex-
pression alone was insufficient to explain the
cell type specificity of their function. Tran-
scriptional profiling revealed extensive gene
expression changes upon CRISPRi targeting
of IncRNA loci in the cells in which they mod-
ified growth, whereas targeting the same IncRNA
locus in other cell lines resulted in minimal
changes to the transcriptome beyond deple-
tion of the targeted IncRNA transcript itself.

Read the full article
at http://dx.doi.
org/10.1126/
science.aah7111

CONCLUSION: Our study considerably in-
creases the number of known functional IncRNA
loci. More broadly, our CRISPRi approach enables
mechanistic studies of specific IncRNA functions
and, when applied systematically, supports
the global exploration of the complex biology
contained in the IncRNA-expressing genome.
Finally, in contrast to recent studies that found
that essential protein-coding genes typically are
required across a broad range of cell types, we
show that IncRNA function is highly cell type-
specific, a finding that has important implica-
tions for their involvement in both normal
biology and disease.

The list of author affiliations is available in the full article online.
*These authors contributed equally to this work.

1These authors contributed equally to this work.
fCorresponding author. Email: daniel.lim@ucsf.edu (D.A.L.);
jonathan.weissman@ucsf.edu (J.S.W.)

Cite this article as S. J. Liu et al., Science 355, aah7111 (2017).
DOI: 10.1126/science.aah7111
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CRISPRI screening of IncRNAs in human cells. CRISPRi can precisely repress transcription of INcRNAs. The CRISPRi Non-Coding Library (CRINCL)
was generated to interrogate the function of thousands of long noncoding RNAs in seven different cell lines. Validation studies confirmed the exquisite

cell type—specific function of IncRNAs.

Liu et al., Science 355, 39 (2017) 6 January 2017
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NONCODING RNA

CRISPRi-based genome-scale
identification of functional long
noncoding RNA loci in human cells

S. John Liu,?* Max A. Horlbeck,>*%%* Seung Woo Cho,® Harjus S. Birk,">
Martina Malatesta,> Daniel He,"> Frank J. Attenello,? Jacqueline E. Villalta,>*¢
Min Y. Cho,>*>¢ Yuwen Chen,>*>*®¢ Mohammad A. Mandegar,?> Michael P. Olvera,>
Luke A. Gilbert,>*%¢ Bruce R. Conklin,>"® Howard Y. Chang,’

Jonathan S. Weissman,>*>¢t1 Daniel A. Lim">'%+1

The human genome produces thousands of long noncoding RNAs (IncRNAs)—transcripts
>200 nucleotides long that do not encode proteins. Although critical roles in normal
biology and disease have been revealed for a subset of IncRNAs, the function of the vast
majority remains untested. We developed a CRISPR interference (CRISPRI) platform
targeting 16,401 IncRNA loci in seven diverse cell lines, including six transformed cell lines
and human induced pluripotent stem cells (iPSCs). Large-scale screening identified

499 IncRNA loci required for robust cellular growth, of which 89% showed growth-
modifying function exclusively in one cell type. We further found that IncRNA knockdown
can perturb complex transcriptional networks in a cell type-specific manner. These data
underscore the functional importance and cell type specificity of many IncRNAs.

equencing efforts have revealed that the

human genome produces tens of thousands

of long noncoding RNAs (IncRNAs), tran-

scripts greater than 200 nucleotides in

length that are often spliced and polyad-
enylated but have no apparent protein-coding
potential (7-3). Certain IncRNAs play critical roles
in cellular function, development, and disease
(4, 5). However, of the very large set of IncRNAs—
many of which are differentially expressed in tis-
sues and disease states—only a very small fraction
have established biological functions, and even
fewer are known to function in fundamental as-
pects of cell biology such as cell proliferation.
Currently, it is not possible to predict which
IncRNAs are functional, let alone what function
they perform. Thus, a large-scale, systematic ap-
proach to evaluating the function of the vast pop-
ulation of IncRNAs is critical to understanding

'Department of Neurological Surgery, University of California,
San Francisco, CA 94143, USA. %Eli and Edythe Broad Center of
Regeneration Medicine and Stem Cell Research, University of
California, San Francisco, CA 94143, USA. *Department of
Cellular and Molecular Pharmacology, University of California,
San Francisco, CA 94143, USA. “Howard Hughes Medical
Institute, University of California, San Francisco, CA 94143,
USA. SCalifornia Institute for Quantitative Biomedical Research,
University of California, San Francisco, CA 94143, USA. ®Center
for RNA Systems Biology, University of California, San
Francisco, CA 94143, USA. Deparment of Medicine, University
of California, San Francisco, CA 94143, USA. &Gladstone
Institute of Cardiovascular Disease, San Francisco, CA, USA.
9Center for Personal Dynamic Regulomes, Stanford University,
Stanford, CA, USA. 1°San Francisco Veterans Affairs Medical
Center, San Francisco, CA, USA.

*These authors contributed equally to this work. tThese authors
contributed equally to this work. $Corresponding author. Email:
daniel.lim@ucsf.edu (D.A.L.); jonathan.weissman@ucsf.edu (J.S.W.)
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the roles that these noncoding transcripts play
in cell biology.

A central limitation to systematic efforts to eval-
uate IncRNA function has been the lack of highly
specific, scalable tools for inhibiting IncRNA
gene activity (6). Gene deletion studies conducted
in mice, flies, and human cells have yielded im-
portant biological insights about IncRNAs, but
this approach is difficult to scale up (7-10).
CRISPR/Cas9 nuclease approaches based on
introduction of indels are both scalable and useful
for targeted loss-of-function studies of protein-
coding genes by altering the coding frame, but
they are not well suited for the study of IncRNA
gene function, as small deletions do not generally
disrupt their biological activity (1I-13). None-
theless, larger Cas9-mediated genetic deletions
can be effective at eliminating IncRNA genes
(6, 14~17). Screens based on RNA interference
(RNAI) have been valuable (I8, 19) despite chal-
lenges with off-target effects (20). However, many
IncRNAs localize to the nucleus, where RNAi
exhibits variable knockdown efficiency (21).

‘We previously developed CRISPRI, a technology
that can repress transcription of any gene via
the targeted recruitment of the nuclease-dead
dCas9-KRAB repressor fusion protein to the tran-
scription start site (TSS) by a single guide RNA
(sgRNA) (22-24). Because CRISPRIi acts only with-
in a small window (1 kb) around the targeted TSS
(23), and because dCas9 occludes only 23 base
pairs of the targeted DNA strand (25), CRISPRi
allows for precise perturbation of any IncRNA
gene. By catalyzing repressive chromatin mod-
ifications around the TSS and serving as a tran-

scriptional roadblock, CRISPRI tests a broad range
of IncRNA gene functions including the produc-
tion of cis- and trans-acting RNA transcripts (4),
cis-mediated regulation related to IncRNA tran-
scription itself (26-29), and enhancer-like function
of some IncRNA loci (74, 15, 30). The repressive
chromatin modification H3K9me3 (trimethylation
of histone 3 Lys®) catalyzed by CRISPRi is highly
specific, with little to no off-target effects due to
either spurious dCas9 binding or unintended si-
lencing of distal regulatory elements, as measured
by chromatin immunoprecipitation sequencing
(ChIP-seq) or RNA sequencing (RNA-seq) (22, 31-34)
(see below). To enhance CRISPRI for large-scale
screening, we have improved on the design of
CRISPRi sgRNA libraries to optimize on-target
activity while further minimizing off-target ef-
fects, enabling highly sensitive detection of es-
sential coding genes (35).

Here, we developed CRISPRI libraries target-
ing 16,401 IncRNA loci (with 10 sgRNAs per TSS)
and conducted screens for genes that are re-
quired for robust growth in seven human cell
types—six transformed cell lines and induced
pluripotent stem cells (iPSCs) (36). These large-
scale screens, coupled with extensive validation
studies, greatly increased the number of IncRNA
genes known to have biological function and
revealed IncRNA function to be highly cell type-
specific. Our studies thus help to elucidate the
biology contained within the IncRNA genome
and provide a tool for both large-scale and tar-
geted investigations of IncRNA function.

CRISPRI screens identify IncRNA loci
that modify cell growth

We first designed an sgRNA library to enable
genome-scale CRISPRi screening of IncRNA gene
function. We generated a comprehensive IncRNA
gene set by merging three major noncoding tran-
scriptome annotations (37-39), prioritized about
one-third of these genes based on expression in
any of a panel of cancer and nontransformed cell
lines (table S1), and used the hCRISPRi-v2.1 algo-
rithm to design 10 sgRNAs targeting each IncRNA
TSS (35) (Fig. 1A and fig. S1). The cell lines rep-
resent a broad range of cell types studied by
the ENCODE project (40), including a chronic
myeloid leukemia cell line (K562), the cervical
cancer line HeLa, a glioblastoma line (U87), and
two mammary adenocarcinoma lines (MCF7
and MDA-MB-231). We also chose an iPSC line
that inducibly expresses CRISPRi components
(33, 41). The library, termed CRiNCL (CRISPRi
Non-Coding Library), is available as pooled lenti-
viral plasmid libraries on Addgene and in silico
as table S2.

We used this library to conduct screens for
IncRNA loci that increase or decrease cell growth
in each of seven cell lines. We infected the full
lentiviral library or targeted sublibraries (fig. S2A)
into each cell line engineered to express dCas9-
KRAB (22, 23, 33, 42), selected for infected cells
by puromycin selection, and cultured for 12 to
20 days, measuring sgRNA enrichment by Illumina
sequencing (Fig. 1B and table S3). The fraction of
cells infected with the sgRNA library remained
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Fig. 1. CRISPRi screens identify IncRNA genes that modify cell growth.
(A) Schematic of CRISPRI library design strategy. Three IncRNA annotation
sets were merged, prioritized by expression in the indicated cell lines, and
targeted by 10 sgRNAs per TSS using the hCRISPRi-v2.1 algorithm. Heat
map represents expression as z-score of FPKM within each cell line (see fig.
S1 for TPM values). (B) Schematic of growth screens performed in seven
different cell lines, and formula for calculation of the growth phenotype (y).
(C) Scatterplot of sgRNA phenotypes from two independent replicates
of a CRISPRI screen performed in iPSCs. (D) Volcano plot of gene y and

Liu et al., Science 355, eaah7111 (2017) 6 January 2017

P value. Screen replicates were averaged, and sgRNAs targeting the same
gene were collapsed into a growth phenotype for each gene by the average
of the three top-scoring sgRNAs by absolute value and assigned a P value
by the Mann-Whitney test of all 10 sgRNAs compared to the nontargeting
controls. Negative control genes were randomly generated from the set of
nontargeting sgRNAs; dashed lines represent a threshold for calling hits by
screen score (see supplementary materials). Neighbor hits are not displayed
for clarity (see fig. S3, A and B). (E) Summary table of all CRISPRi growth
screens performed.
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Fig. 2. Validation of screen results shows reproducible phenotypes, cor-
related transcriptome responses, and robust knockdown of target tran-
scripts. (A) Individual sgRNA phenotypes from internally controlled growth
assays [(B) and (C)] compared to sgRNA phenotypes from screens. Individual
growth phenotypes were calculated from the relative fraction of sgRNA-
containing cells at the endpoint divided by the number of doublings from 4 days
after infection. Screen growth phenotypes represent the replicate average
phenotype from the indicated cell line. (B) Internally controlled growth assays
performed with sgRNAs targeting IncRNA hit genes in U87 and K562 cells.
Cells were infected with lentivirus of the sgRNA expression vector [including a
blue fluorescent protein (BFP) marker gene] and passaged for 20 days. The
fraction of sgRNA-containing cells was measured as the fraction of high—BFP-
expressing cells by flow cytometry and expressed relative to the fraction at
4 days after infection. Points represent the mean and standard deviation of
three biological replicates. (C) Internally controlled growth assays of PVTI-
targeting sgRNAs in five cell lines. Assays were performed as in (B). *P < 0.05,
**P < 0.01, ***P < 0.001 [t test values compared to the nontargeting (NT)

Liu et al., Science 855, eaah7111 (2017) 6 January 2017

IncRNA repression in K562

sgRNA at the assay endpoint]. (D) Boxplot of sgRNA growth phenotypes
fromtiling screen of PVTIin U87 cells. TSS represents all sgRNAs within 1 kb
of the PVT1 “pl"” and “p2" TSSs as annotated by FANTOM; exon represents
sgRNAs targeting any PVTI exon annotated by Ensembl; intron represents
all other sgRNAs (see fig. S7B). sgRNA ys are the average of two replicates.
(E) Pairwise correlation of gene expression profiles for independent sgRNAs.
Expression profiles were measured by RNA-seq and correlations were cal-
culated from transcripts per million (TPM) of genes with significant variation of
expression (see supplementary materials). “All" represents every sgRNA pair
from the same cell line with the same phenotype direction, except same-sgRNA
and same-gene pairs. (F) Relative RNA abundance in K562 cells of IncRNA
genes that were not hits in any cell line. RNA abundance for all 10 sgRNAs
targeting the indicated genes in the CRINCL library was measured by gPCR.
Each bar represents the mean and standard deviation of three biological
replicates, and is ordered by decreasing activity as predicted by the hCRISPRi-v2.1
algorithm. (G) Correlation of IncRNA repression in K562 and U87 cells. Points
represent mean values from (F) and fig. S7C.
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Fig. 3. Growth modifier IncRNA function is highly cell type-specific.
(A) Numbers of IncRNA hits for each set of cell types in the complete library
and (B) common sublibrary (INcRNAs that were expressed and screened in all
cell types). Blue bars indicate total number of INcRNA hits in each cell type.
(C) Cumulative distribution function for the proportion of cell types in which
each gene is a hit. Protein-coding hits were obtained from Hart et al. (47) using
their 5% FDR Bayes factor threshold. (D) Distributions of the maximum 1 -

stable over the course of the screen (23), indicat-
ing that CRISPRi targeting of IncRNA loci does
not exhibit nonspecific toxicity (fig. S2B). To fa-
cilitate comparisons between screens conducted
for different durations and in cell lines with dif-
ferent growth rates, we normalized sgRNA en-
richment by total cell doublings to obtain the
quantitative growth phenotype vy, which reflects
the positive or negative impact on cell growth
caused by knockdown of a given gene (43) (Fig. 1B).

Analysis of biological replicates revealed that
the y for targeting sgRNAs showed strong and
reproducible phenotypes (Pearson 7 = 0.34 to
0.90), whereas nontargeting control sgRNAs were
tightly distributed around 0 (Fig. 1C, fig. S2C,
and table S3). We averaged replicate sgRNA
phenotypes and used these to score IncRNA genes
(23, 35), calculating gene phenotypes from the
mean of the top three sgRNAs targeting the
gene and Mann-Whitney P values from all 10
sgRNAs compared to nontargeting control sgRNAs
(Fig. 1D, fig. S3A, and table S4). Within each screen,

Liu et al., Science 355, eaah7111 (2017)
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2 (right).

we also randomly sampled nontargeting sgRNA
phenotypes to generate “negative control genes”
and analyzed them as with IncRNA genes (see
supplementary materials), enabling us to estimate
an empirical false discovery rate (FDR) for each
screen as well as the combined screen data set
(fig. S2D). We classified IncRNA genes as hits if
their combined phenotype effect size and P value
(referred to here as “screen score”) exceeded a
consistent threshold applied to each screen cor-
responding to an empirical FDR of 5% (fig. S3C).
Overall, we found between 28 and 438 IncRNA
loci hits in each cell line (Fig. 1E, fig. S3A, and
table S4).

We observed that for 169 of these IncRNA hits,
the TSS of the noncoding gene was within 1 kb
of the TSS of a coding gene previously found to
be essential in a CRISPRi screen (23), making it
difficult to determine whether the observed pheno-
types were due to knockdown of the target IncRNA
or direct inhibition of the neighboring coding
gene (fig. S3B). We thus removed these hits from
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Jenson-Shannon distance (JSD) metric of cell type specificity for IncRNA
hit screen scores and expression values. Horizontal lines denote medians.
(E) Distributions of screen scores across all cell types for IncRNAs that were
hits in iPSCs. Dashed line represents screen score threshold for calling hit
genes. (F) Distributions of screen scores across both replicates of iPS cells,
for IncRNAs that would be called as hits in replicate 1 (left) and in replicate

the total set of hit genes for downstream analyses
(Fig. 1E and fig. S3, A and D), resulting in 169
“neighbor hits” and 499 “IncRNA hits,” 299 of
which are distal from any protein-coding gene
(~90% of which would not measurably affect
growth upon knockdown). The 1-kb threshold
was chosen on the basis of the maximum distance
at which CRISPRI is effective, as revealed by anal-
ysis of dense sgRNA tiling and genome-scale
screens (fig. S4) (23); increasing this threshold
to 10 kb classified only an additional 19 genes
as neighbor hits (fig. S3D).

A larger fraction of IncRNAs hits were ob-
served in the iPSC screen, which suggests either
that this cell line is more susceptible to growth
perturbations or that iPSCs were differentiating
to other cell types with lower growth rates. We
therefore investigated iPSC differentiation in a
secondary fluorescence-activated cell sorting (FACS)-
based screen by assessing loss of pluripotency as
indicated by decreased POU5F1/OCT4 expres-
sion. CRISPRI targeting of only nine IncRNA loci
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Fig. 4. Dissection of cell type—specific growth modifier IncRNA LINCOO263.
(A) Internally controlled growth assays for two independent sgRNAs target-
ing the TSS of LINCO0263 and nontargeting sgRNA in U87, K562, Hela, and
MCF7 cells. (B) ChlIP-seq against H3K9me3 in replicates of U87 and Hela
cells infected with nontargeting sgRNAs or LINCOO263 sgRNAs. Values
represent normalized reads. (C) Volcano plots for ChIP-seq samples in (B),
representing genome-wide differential enrichment of H3K9me3 at promoter
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regions. Relative changes are those of LINCOO263 sgRNAs versus nontargeting
sgRNAs. (D) Volcano plots for RNA-seq differential expression after infec-
tion of LINCO0263 sgRNAs compared to infection of nontargeting sgRNAs.
(E) gPCR of ASO knockdown of LINCO0263 in U87 and Hel.a cells. (F) Pro-
portion of cells at 13 days after ASO transfection, relative to control ASO.
(G) Percentage of cells in S or Go/M phases after ASO knockdown of LINCOO263.
*P = 0.0029.
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(C) Density plot of expression levels for INcRNAs that scored as hits and nonhits, aggregated across all cell types. (D) Percentage of nonhit (red) and hit (blue)
INcRNAs whose gene bodies resided <1 kb from an annotated FANTOM enhancer. (E) Percentage of nonhit (red) and hit (blue) IncRNAs whose gene bodies resided
<5 kb from a cancer-associated SNP. (F) Cumulative distribution function of number of exons for nonhit (red) and hit (blue) IncRNA transcripts.

reduced POU5F1/OCT4 expression (fig. S5 and
tables S5 and S6), which suggests that the ma-
jority of IncRNA hits identified in iPSCs primarily
affect cell growth. To confirm that the increased
fraction of IncRNA hits in iPSCs was not due to
technical differences in CRISPRi function be-
tween cell lines, we performed a CRISPRi screen
for protein-coding genes required for cell growth
in iPSCs (fig. S6A and table S7). These results
corresponded well with our previously published
K562 growth screen (35), both in the number of
genes found to have function and in the ability to
specifically identify known essential genes (fig.
S6, B and C) (44). Taken together, our screens
identified 499 IncRNA genes that modify cell
growth and have no essential coding gene neigh-
bors, representing a large set of unstudied
non-protein-coding genes that serve important
functions in cell biology.

IncRNA CRISPRi phenotypes are
reproducible with robust knockdown

Extensive validation studies support the low false-
positive and false-negative rates of our studies.
First, we individually cloned the top two sgRNAs
targeting 65 representative IncRNA hit loci, 41
of which were hits in only one cell line. We used
internally controlled growth assays, in which the
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fraction of cells infected with an sgRNA were
measured over time by flow cytometry, to test
whether the observed phenotypes from the
screens were reproducible. We monitored the
growth effects of sgRNAs in the cell lines in
which they exhibited a phenotype in the screen,
as well as several sgRNAs in cell lines where they
showed no effect, and found that the individ-
ual sgRNA growth phenotypes (y) correlated
well with the screen y (Pearson 7 = 0.72; Fig. 2A).
This confirmed both that IncRNA knockdown
phenotypes were reproducible and that the dif-
ference in IncRNA phenotype between cell lines
was not due to technical differences between
genome-scale screens. Analyzing these pheno-
types over time further revealed distinct kinetics
of cell depletion mediated by IncRNA knock-
down (Fig. 2B). For 12 IncRNA hits, we measured
the levels of knockdown by quantitative polymer-
ase chain reaction (qQPCR) and found 70 to 95%
knockdown for most of the targeted transcripts
(14/14 sgRNAs in U87 cells; 10/16 sgRNAs in
MCEFY7 cells) despite the effect of cellular deple-
tion (fig. S7A).

In four cell lines, knockdown of IncRNA PVT1
had a pro-growth phenotype. Because PV7TT had
previously been characterized as a proto-oncogene
(45) and pro-growth phenotypes in cancer cell

lines are uncommon (23, 46), we validated the
pro-growth phenotype (Fig. 2C and fig. S7A)
and investigated this complex locus further by
conducting a CRISPRi screen in U87 cells with
an sgRNA library tiling every possible site along
the locus (17,469 sgRNAs). We found that only
sgRNAs within 1 kb of the most upstream TSSs,
which are distal to any mapped enhancers, caused
a consistent pro-growth phenotype (Fig. 2D, fig.
S7B, and table S8). Within this TSS region, the
majority of sgRNAs promoted cell growth, and
knockdown of the major isoform was confirmed
by qPCR (fig. S7A). sgRNAs outside of this 1-kb
window around the TSS, which would not be
expected to affect transcription of the major
PVTI isoform (23), showed no consistent impact
on growth; this finding implies that the observed
pro-growth phenotype is mediated by transcrip-
tional interference.

Repression of IncRNA loci elicits
IncRNA-specific transcriptome
responses

To better understand the consequences of IncRNA
CRISPRI, we performed RNA-seq after CRISPRi
knockdown of 42 IncRNA hits in three cell types;
32 of these IncRNA loci were hits in only one cell
type. Selected IncRNA loci did not have essential
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coding gene neighbors, and two or more sgRNAs
per gene were tested individually. Distinct sgRNAs
targeting the same IncRNA TSS resulted in highly
correlated transcriptome responses (mean Pearson
r = 0.980; Fig. 2F) that were generally proximal to
each other in hierarchical clustering analysis (fig.
S8, A to D). By contrast, pairs of sgRINAs targeting
different hit IncRNA loci with the same phenotype
direction had transcriptome responses that were
more dissimilar (mean Pearson 7 = 0.942, Mann-
Whitney P value compared to same-gene pairs =
6.4 x 107%), suggesting distinct molecular mecha-
nisms of the IncRNAs despite having similar
phenotypes (Fig. 2E).

RNA-seq analysis of differential gene expres-
sion also revealed several clusters of coexpressed
genes, suggesting that growth modifier IncRNA
loci regulate critical pathways (fig. S8, A to D,
and table S9). For instance, two IncRNA knock-
downs that caused increased growth in U87 cells
clustered by up-regulation of translation genes
(P = 32 x 107%), whereas other pro-growth
sgRNAs showed correlated changes in expres-
sion of DNA replication (P = 2.0 x 107°) and
posttranscriptional regulation (P = 3.0 x 107%).
Clusters enriched for genes in the p53 pathway
(e.g., ATF3) were up-regulated by many anti-
growth sgRNAs in both U87 and Hela cells.
Interestingly, K562 cells showed clusters of genes
enriched for platelet degranulation (P = 1.6 x 107°)
and response to decreasing oxygen levels (P =
5.0 x 107°). The median magnitudes of log, fold
changes for differentially expressed genes in
U87, Hela, and K562 cells were 0.67, 0.86, and
1.17, respectively (fig. S8E), with several genes
exhibiting up- or down-regulation by a factor of
>2 consistently across many samples (fig. S8F).
These results indicate that different IncRNAs can
regulate distinct biological pathways that affect
cell growth and proliferation.

Analysis of the chromosomal location of dif-
ferentially expressed genes did not reveal a glob-
al trend toward transcriptional changes on the
targeted chromosome (fig. S9). We did, however,
find that knockdown of 14: IncRNA loci resulted
in local transcriptional changes within a 20-gene
window (fig. S10), suggesting that certain IncRNAs
may preferentially act locally.

CRISPRI robustly inhibits IncRNA
transcription

The fraction of growth modifier IncRNA loci
identified in our screens (1 to 8% per cell line)
was less than the fraction of essential protein-
coding genes in previous reports (10 to 11%) (35, 46).
We therefore wanted to assess whether IncRNA
genes that did not appear as a hit in any screen
were true negatives or were simply a result of
ineffective repression by CRISPRi. To this end,
using all 10 sgRNAs per gene, we measured the
knockdown of five arbitrarily selected IncRNA
genes that had no observed phenotype in any
cells and were expressed in both K562 and U87
cells (Fig. 2F and fig. S7C). Of these 100 knock-
down measurements, 61 showed >90% repres-
sion of the targeted IncRNA. Furthermore, with
the exception of LOCI00506710 in U87 cells, all
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IncRNAs were repressed by at least 90% by at
least three different sgRNAs. For all sgRNAs,
IncRNA knockdown efficiency correlated with
their predicted CRISPRi activity, and the effi-
ciency of knockdown was highly correlated be-
tween K562 and U87 cells (Pearson 7 = 0.78; Fig.
2G). On the basis of these findings, with the
exception of cases where a small amount of re-
sidual transcript is sufficient for IncRNA func-
tion, we infer that the majority of IncRNA loci
that did not appear as a screen hit produce tran-
scripts that are not essential for robust growth of
the cell line screened.

Growth modifier IncRNA function is
highly cell type—-specific

We next determined the number of IncRNA hits
that were unique to a specific cell type or com-
mon to any combination of two or more of the
cell types screened. The vast majority (89.4%) of
IncRNA hits were unique to only one cell type,
with none being a hit in five or more cell types
(Fig. 3, A to C). Even when we restricted this
analysis to the 1329 IncRNAs expressed in all
seven cell types, 82.6% of the IncRNA hits mod-
ified growth in only one cell type (Fig. 3B).
Analysis of cell type specificity scores based on
the Jensen-Shannon distance, which quantifies
how closely a given distribution resembles “per-
fect” specificity (37), revealed that the specificity
of IncRNA screen scores was far greater than the
specificity of IncRNA expression for IncRNA hits
(Fig. 3D). Therefore, differential expression pat-
terns alone are not sufficient to predict func-
tional IncRNAs. Cross-comparison of screen score
distributions for IncRNAs that scored as hits in
each cell type revealed that the threshold used
for calling hits did not account for the cell type
specificity (Fig. 3E and fig. S11, D and E). Fur-
thermore, cross-comparison of screen scores be-
tween replicates did not support technical variation
as the source of the apparent cell type-specific
function (Fig. 3F and fig. S11F).

In contrast to the sparse cell type overlap of
IncRNA hits, analysis of published protein-coding
screens across similar numbers of cell types (46, 47)
revealed that the majority [54.8% in (47), 67.3% in
(46)] of essential protein-coding genes are hits in
two or more cell types, with 204% and 30.8%
being essential to all cell types screened in (47) and
(46), respectively (Fig. 3C and fig. S11, A and B). In
addition, “neighbor hits” (IncRNA loci that are
within 1 kb of an essential protein-coding gene)
were more likely to modify growth in multiple
cell types, which suggests that CRISPRi targeted
to these loci represses the adjacent essential
coding gene, at least in some cases (Fig. 3C and
fig. S11, C and E).

Cell type-specific IncRNAs elicit highly
divergent phenotypes

We sought to better understand the cell type-
specific function of specific IncRNAs. We focused
on LINC00263, which, despite being expressed in
all seven cell lines screened, had a much stronger
negative growth phenotype in U87 than in any
other cell line (fig. S12A). The abundance of

LINC00263 transcript in a given cell line was
also poorly correlated with the corresponding
screen phenotype (Pearson 2 = 0.266). Validation
of these screen results in internally controlled
growth assays showed that two distinct sgRNAs
to the TSS of LINC00263 reduced the propaga-
tion of only U87 cells and not K562, MCF7, or
HeLa cells (Fig. 4A). H3K9me3 is a chromatin
modification that is a result of local dCas9-KRAB
activity (31), and in both U87 and HeLa cells with
LINC00263 CRISPRI targeting, ChIP-seq analysis
demonstrated equal enrichment of H3K9me3
specifically at the LINC00263 promoter for two
independent sgRNAs (Fig. 4, B and C, and fig.
S12, B and C). However, despite such evidence of
equivalent and specific CRISPRi targeting, U87
and HelLa cells had substantially different tran-
scriptome changes after LINC00263 knockdown.
Although U87 cells up-regulated genes related to
ER stress (e.g., ATF4, CHACI; GO term P = 4.51 x
107°) and apoptosis (e.g., DDIT3, SOD2; GO term
P = 3.39 x 10°%), only LINC00263 itself was dif-
ferentially expressed in HeLa cells (adjusted P <
0.05; Fig. 4D). In K562 cells, these same two
sgRNAs also produced very little transcriptional
change (fig. S12D). Of note, in all three cell lines,
the knockdown efficiency of LINC00263 was
equivalent (Fig. 4D and fig. S12D). Consistent
with our observations for LINC00263, knockdown
of PVTI and LINC00909, which were hits in U87
cells but not in HeLa cells, produced many more
differentially expressed genes in U87 cells (fig.
S12E). By contrast, depletion of LINCO0680, which
was a hit in both U87 and HeLa cells, resulted in
comparable numbers of differentially expressed
genes in U87 and HelLa cells (fig. SI2E). Our results
suggest that the specificity of IncRNA function is
not due to differences in CRISPRi activity but is
related to differences in transcriptional networks
across cell types.

We then targeted the LINC00263 IncRNA tran-
script with antisense oligonucleotides (ASOs) that
degrade RNA via a ribonuclease H-based mech-
anism. In both U87 and HelLa cells, ASOs reduced
LINC00263 transcript levels by 85 to 95% (Fig. 4E).
However, LINC00263 ASOs decreased proliferation
in U87 cells but not in HeLa cells (Fig. 4, F and G).
The magnitude of proliferation decrease was also
comparable to CRISPRI (fig. S12, F and G), further
supporting the cell type-specific function of this
IncRNA. ASO knockdown of three other U87
IncRNA hits also reduced cell proliferation (fig. S12,
H and I), providing additional evidence for the
functional contribution of the IncRNA molecule
in these examples.

Machine learning identifies features
predictive of growth modifier IncRNAs

Using data from our genome-scale screens, we
sought to identify properties of the IncRNA hits
that can distinguish them from nonhit IncRNAs.
We compared 18 classes of genomic data such
as enhancer maps, expression levels, chromo-
somal looping data, conservation, and copy
number variation from ENCODE (40), FANTOM
(48), Vista (49), and other sources (50-52) with
all IncRNA loci screened in this study. Several of
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these properties—expression, Pol2/CTCF looping
by chromatin interaction analysis with paired-
end tag sequencing (ChIA-PET), enhancers and
superenhancers from (5I), and copy number
variation—were cell type-dependent. Generalized
linear models were constructed to assess which
genomic properties are predictive of IncRNA func-
tion (see supplementary materials). Expression
levels within each cell line, in each IncRNA gene
body within 1 kb of a mapped FANTOM Enhancer,
and in each IncRNA gene body within 5 kb of a
cancer-associated single-nucleotide polymorphism
(SNP) (50), as well as the number of exons, were
all significant predictors of IncRNA hits (P < 0.01)
in repeated 10-fold cross-validation (Fig. 5 and
table S10); 99.6% of IncRNA genes that were
screened but not apparently expressed were not
called as hits (Fig. 5C). Whether the 11 growth
modifier hits of such “non-expressed” IncRNA
loci represent non-IncRNA-mediated effects, in-
accurate quantitation of the transcript levels, or
effects mediated by IncRNAs acting at low ex-
pression remains to be determined. In support
of the latter possibility, HOTTIP has been reported
to function despite being expressed at ~0.3 copies
per cell (53). Nonetheless, many highly expressed
IncRNAs were not hits [e.g., 154 nonhit IncRNAs
were detected at >100 fragments per kilobase
million (FPKM)], and the accuracy for predicting
IncRNA hits was greater for a model using all
variables than for a model that relied only on
expression levels (Fig. 5B).

Relative to nonhit IncRNAs, hit IncRNA gene
bodies were 1.66 times as likely to be within 1 kb
of a mapped enhancer (Fig. 5D). This repre-
sented 127 of the IncRNA hit loci identified in our
screens. However, the FANTOM enhancer anno-
tations used for our analyses were derived from
hundreds of different cell types, and thus only a
fraction of these enhancers are active in any
given cell type in our screen (48, 49). Hit loci
were also 1.4 times as likely to be within 5 kb of a
cancer-associated SNP (Fig. 5E). That our hits
were enriched for multiexonic IncRNAs is con-
sistent with the concept that IncRNA splicing
can be an aspect of IncRNA function (26) (Fig.
5F). However, the explanatory power of exon
number was relatively low, and our screen did
identify several single-exon hits such as NEATI.
However, no genomic property analyzed, alone
or in aggregate, fully predicted growth modifier
IncRNAs in a given cell type, underscoring the
importance of performing loss-of-function screens
for defining sets of functional genes.

Discussion

By using CRISPRi for systematic, large-scale
screens for IncRNA function in multiple cell
lines, we identified 499 IncRNA loci that are
required for robust cell growth. This work in-
creases considerably the number of known func-
tional IncRNAs and reveals that the large
majority (89%) of identified IncRNA genes
modified growth in just one cell type. Studies
of the protein-coding genome with similar large-
scale screening efforts showed that an essential
gene in one cell type is highly likely to be es-
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sential in the other cell types tested (46, 47). In
contrast to protein-coding genes, of the 1329
IncRNA genes expressed in all seven cell lines
tested, not one IncRNA gene was required for
robust cell growth in all cell types, with the large
majority of IncRNA gene hits being specific to just
one cell line. Our results thus reveal a critical role of
cellular context in determining IncRNA function.

Several clues to this specificity of IncRNA func-
tion emerge from our analyses. First, although
cell type-specific expression of IncRNAs was the
strongest predictor of IncRNA hits in our ma-
chine learning model (Fig. 5, A and C), it did not
fully explain this functional specificity (Figs. 3
and 5B). For example, RNA-seq analysis points to
LINC00263 playing a role in a complex transcrip-
tional network required for U87 cells, but despite
being expressed in other cell types, LINC00263
appears dispensable for the normal expression
of nearly all genes in these other cells (Fig. 4D
and fig. S12, D and E). Taking advantage of the
scale of our data set, we have also begun to
discover genomic features that predict growth-
modifying function. Our finding that enhancer
proximity and chromosome contacts correlate
with IncRNA function suggests that higher-
order chromatin structure can play a role in
such specificity of IncRNA function (28-30).
The extent to which cell type-specific function
of enhancer-templated IncRNAs results from re-
pression of the transcript itself or its genomic
locus remains an important open question. In
any case, the association of IncRNA function
with higher-order chromatin structure is con-
sistent with the emerging view that chromo-
somal looping between IncRNA promoters and
target genes differs between cell types (54) and
is critical to IncRNA function (55). Finally, our
finding that genomic regions containing growth
modifier IncRNAs are enriched for cancer risk
SNPs suggests that these IncRNAs may contrib-
ute to the pathogenesis of cancer.

Regardless of the mechanism(s) of the observed
cell type specificity of IncRNAs, this finding has
implications for understanding the biological roles
of IncRNAs. IncRNAs appear to have originated
much later than protein-coding genes, consistent
with their not playing generic housekeeping roles
(3, 56). Our study, which focused on IncRNAs
required for robust cell growth, underestimates
the true number of functional IncRNAs in these
cell types, as IncRNAs have been shown to regulate
more evolutionarily complex cellular decisions
such as cell fate (7, 19, 57, 58), cancer metastasis
(59, 60), and perhaps neuronal function (61).
The CRISPRI tools developed here can now be
applied to the study of such higher-order cellular
processes, where IncRNAs might exhibit even
greater richness of function. Finally, the exquisite
cell type specificity of IncRNA gene function has
clear implications for targeted therapy.

REFERENCES AND NOTES

1. S. Djebali et al., Landscape of transcription in human cells.
Nature 489, 101-108 (2012). doi: 10.1038/naturel1233

2. A.R.R. Forrest et al., A promoter-level mammalian
expression atlas. Nature 507, 462-470 (2014).
doi: 10.1038/nature13182

10.

1L

12.

13.

14.

15.

16.

17.

18.

19.

2

21

~

22.

23.

24.

25.

26.

27.

28.

29.

o

I. Ulitsky, D. P. Bartel, lincRNAs: Genomics, evolution, and
mechanisms. Cell 154, 26-46 (2013). doi: 10.1016/
j.cell.2013.06.020

J. L. Rinn, H. Y. Chang, Genome regulation by long noncoding
RNAs. Annu. Rev. Biochem. 81, 145-166 (2012). doi: 10.1146/
annurev-biochem-051410-092902

C. P. Ponting, P. L. Oliver, W. Reik, Evolution and functions of
long noncoding RNAs. Cell 136, 629-641 (2009). doi: 10.1016/
j.cell.2009.02.006

A. R. Bassett et al., Considerations when investigating IncRNA
function in vivo. eLife 3, e03058 (2014). doi: 10.7554/eLife.03058
M. Sauvageau et al., Multiple knockout mouse models reveal
lincRNAs are required for life and brain development. eLife 2,
€01749 (2013). doi: 10.7554/eLife.01749

V. H. Meller, B. P. Rattner, The roX genes encode redundant
male-specific lethal transcripts required for targeting of the MSL
complex. EMBO J. 21, 1084-1091 (2002). doi: 10.1093/emboj/
2151084

E. Aparicio-Prat et al., DECKO: Single-oligo, dual-CRISPR
deletion of genomic elements including long non-coding RNAs.
BMC Genomics 16, 846 (2015). doi: 10.1186/512864-015-2086-z
T.-T. Ho et al., Targeting non-coding RNAs with the CRISPR/
Cas9 system in human cell lines. Nucleic Acids Res. 43,
10.1093/nar/gku1198 (2014). doi: 10.1093/nar/gkul198

T. Wang, J. J. Wei, D. M. Sabatini, E. S. Lander, Genetic screens
in human cells using the CRISPR-Cas9 system. Science 343,
80-84 (2014). doi: 10.1126/science.1246981

0. Shalem et al., Genome-scale CRISPR-Cas9 knockout
screening in human cells. Science 343, 84-87 (2014).

doi: 10.1126/science.1247005

J. Shi et al., Discovery of cancer drug targets by CRISPR-Cas9
screening of protein domains. Nat. Biotechnol. 33, 661-667
(2015). doi: 10.1038/nbt.3235

Y. Yin et al., Opposing roles for the IncRNA haunt and its
genomic locus in regulating HOXA gene activation during
embryonic stem cell differentiation. Cell Stem Cell 16, 504-516
(2015). doi: 10.1016/j.stem.2015.03.007

V. R. Paralkar et al., Unlinking an IncRNA from its associated
cis element. Mol. Cell 62, 104-110 (2016). doi: 10.1016/
j.molcel.2016.02.029

A. F. Groff et al., In vivo characterization of Linc-p21 reveals
functional cis-regulatory DNA elements. Cell Rep. 16,
2178-2186 (2016). doi: 10.1016/j.celrep.2016.07.050

S. Zhu et al., Genome-scale deletion screening of human long
non-coding RNAs using a paired-guide RNA CRISPR-Cas9
library. Nat. Biotechnol. 10.1038/nbt.3715 (2016). doi: 10.1038/
nbt.3715

M. Guttman et al., lincRNAs act in the circuitry controlling
pluripotency and differentiation. Nature 477, 295-300 (2011).
doi: 10.1038/nature10398

N. Lin et al., An evolutionarily conserved long noncoding RNA
TUNA controls pluripotency and neural lineage commitment.
Mol. Cell 53, 1005-1019 (2014). doi: 10.1016/j.molcel.2014.01.021
B. Adamson, A. Smogorzewska, F. D. Sigoillot, R. W. King,

S. J. Elledge, A genome-wide homologous recombination
screen identifies the RNA-binding protein RBMX as a
component of the DNA-damage response. Nat. Cell Biol. 14,
318-328 (2012). doi: 10.1038/nch2426

Y. Zeng, B. R. Cullen, RNA interference in human cells is
restricted to the cytoplasm. RNA 8, 855-860 (2002).

doi: 10.1017/S1355838202020071

L. A. Gilbert et al., CRISPR-mediated modular RNA-guided
regulation of transcription in eukaryotes. Cell 154, 442-451
(2013). doi: 10.1016/j.cell.2013.06.044

L. A. Gilbert et al., Genome-scale CRISPR-mediated control of
gene repression and activation. Cell 159, 647-661 (2014).

doi: 10.1016/j.cell.2014.09.029

L. S. Qi et al., Repurposing CRISPR as an RNA-guided platform
for sequence-specific control of gene expression. Cell 152,
1173-1183 (2013). doi: 10.1016/j.cell.2013.02.022

H. Nishimasu et al., Crystal structure of Staphylococcus aureus
Cas9. Cell 162, 1113-1126 (2015). doi: 10.1016/j.cell.2015.08.007

J. M. Engreitz et al., Local regulation of gene expression by
IncRNA promoters, transcription and splicing. Nature 539,
452-455 (2016).

A. E. Kornienko, P. M. Guenzl, D. P. Barlow, F. M. Pauler, Gene
regulation by the act of long non-coding RNA transcription.
BMC Biol. 11, 59 (2013). doi: 10.1186/1741-7007-11-59

U. A. @rom et al., Long noncoding RNAs with enhancer-like
function in human cells. Cell 143, 46-58 (2010). doi: 10.1016/
j.cell.2010.09.001

W. Li et al., Functional roles of enhancer RNAs for oestrogen-
dependent transcriptional activation. Nature 498, 516-520
(2013). doi: 10.1038/nature12210

8 of 9

/T0Z ‘v Ainc uo /610 Bewasuslds adualds//:dny woly papeojumoq



http://dx.doi.org/10.1038/nature11233

http://dx.doi.org/10.1038/nature13182

http://dx.doi.org/10.1016/j.cell.2013.06.020

http://dx.doi.org/10.1016/j.cell.2013.06.020

http://dx.doi.org/10.1146/annurev-biochem-051410-092902

http://dx.doi.org/10.1146/annurev-biochem-051410-092902

http://dx.doi.org/10.1016/j.cell.2009.02.006

http://dx.doi.org/10.1016/j.cell.2009.02.006

http://dx.doi.org/10.7554/eLife.03058

http://dx.doi.org/10.7554/eLife.01749

http://dx.doi.org/10.1093/emboj/21.5.1084

http://dx.doi.org/10.1093/emboj/21.5.1084

http://dx.doi.org/10.1186/s12864-015-2086-z

http://dx.doi.org/10.1093/nar/gku1198

http://dx.doi.org/10.1126/science.1246981

http://dx.doi.org/10.1126/science.1247005

http://dx.doi.org/10.1038/nbt.3235

http://dx.doi.org/10.1016/j.stem.2015.03.007

http://dx.doi.org/10.1016/j.molcel.2016.02.029

http://dx.doi.org/10.1016/j.molcel.2016.02.029

http://dx.doi.org/10.1016/j.celrep.2016.07.050

http://dx.doi.org/10.1038/nbt.3715

http://dx.doi.org/10.1038/nbt.3715

http://dx.doi.org/10.1038/nature10398

http://dx.doi.org/10.1016/j.molcel.2014.01.021

http://dx.doi.org/10.1038/ncb2426

http://dx.doi.org/10.1017/S1355838202020071

http://dx.doi.org/10.1016/j.cell.2013.06.044

http://dx.doi.org/10.1016/j.cell.2014.09.029

http://dx.doi.org/10.1016/j.cell.2013.02.022

http://dx.doi.org/10.1016/j.cell.2015.08.007

http://dx.doi.org/10.1186/1741-7007-11-59

http://dx.doi.org/10.1016/j.cell.2010.09.001

http://dx.doi.org/10.1016/j.cell.2010.09.001

http://dx.doi.org/10.1038/nature12210

http://science.sciencemag.org/



RESEARCH | RESEARCH ARTICLE

30

3L

=

3

)

33.

34.

35.

[&)

3

37.

38.

39.

4

41

=

2

S

43.

44,

Liu et al., Science 355, eaah7111 (2017)

. A. Amabile et al., Inheritable silencing of endogenous genes

=

(=]

. S. J. Liu et al., Single-cell analysis of long non-coding RNAs in

. C. P. Fulco et al., Systematic mapping of functional
enhancer-promoter connections with CRISPR interference.
Science 354, 769-773 (2016). doi: 10.1126/
science.aag2445
P. I. Thakore et al., Highly specific epigenome editing
by CRISPR-Cas9 repressors for silencing of distal
regulatory elements. Nat. Methods 12, 1143-1149 (2015).
doi: 10.1038/nmeth.3630

by hit-and-run targeted epigenetic editing. Cell 167,
219-232.el4 (2016). doi: 10.1016/j.cell.2016.09.006

M. A. Mandegar et al., CRISPR interference efficiently induces
specific and reversible gene silencing in human iPSCs. Cell
Stem Cell 18, 541-553 (2016). doi: 10.1016/j.stem.2016.01.022
C. J. Braun et al., Versatile in vivo regulation of tumor
phenotypes by dCas9-mediated transcriptional perturbation.
Proc. Natl. Acad. Sci. U.S.A. 113, E3892-E3900 (2016).

doi: 10.1073/pnas.1600582113

M. A. Horlbeck et al., Compact and highly active next-generation
libraries for CRISPR-mediated gene repression and activation.
elLife 5, e19760 (2016). doi: 10.7554/eLife.19760

K. Takahashi et al., Induction of pluripotent stem cells from
adult human fibroblasts by defined factors. Cell 131, 861-872
(2007). doi: 10.1016/j.cell.2007.11.019

M. N. Cabili et al., Integrative annotation of human large
intergenic noncoding RNAs reveals global properties and
specific subclasses. Genes Dev. 25, 1915-1927 (2011).

doi: 10.1101/gad.17446611

M. K. lyer et al., The landscape of long noncoding RNAs

in the human transcriptome. Nat. Genet. 47, 199-208 (2015).
doi: 10.1038/ng.3192

A. Yates et al., Ensembl 2016. Nucleic Acids Res. 44,
D710-D716 (2015). doi: 10.1093/nar/gkv1157

ENCODE Project Consortium, The ENCODE (ENCyclopedia Of
DNA Elements) Project. Science 306, 636-640 (2004).

doi: 10.1126/science.1105136

F. R. Kreitzer et al., A robust method to derive functional neural
crest cells from human pluripotent stem cells. Am. J. Stem
Cells 2, 119-131 (2013).

the developing human neocortex. Genome Biol. 17, 67 (2016).
doi: 10.1186/513059-016-0932-1

M. Kampmann, M. C. Bassik, J. S. Weissman, Integrated
platform for genome-wide screening and construction of
high-density genetic interaction maps in mammalian cells.

Proc. Natl. Acad. Sci. US.A. 110, E2317-E2326 (2013). doi: 101073/
pnas.1307002110

T. Hart, K. R. Brown, F. Sircoulomb, R. Rottapel, J. Moffat,
Measuring error rates in genomic perturbation screens: Gold
standards for human functional genomics. Mol. Syst. Biol. 10,
733 (2014). doi: 10.15252/msb.20145216

6 January 2017

49

50.

51

=N

5

53.

54.

55.

56.

57.

58.

5

60.

61.

=

~

©

. Y.-Y. Tseng et al., PVT1 dependence in cancer with MYC
copy-number increase. Nature 512, 82-86 (2014).

. T. Wang et al., Identification and characterization of essential
genes in the human genome. Science 350, 1096-1101
(2015). doi: 10.1126/science.aac7041

. T. Hart et al., High-resolution CRISPR screens reveal fitness
genes and genotype-specific cancer liabilities. Cell 163,
1515-1526 (2015). doi: 10.1016/j.cell.2015.11.015

. R. Andersson et al., An atlas of active enhancers across
human cell types and tissues. Nature 507, 455-461 (2014).
doi: 10.1038/nature12787

. A. Visel, S. Minovitsky, |. Dubchak, L. A. Pennacchio, VISTA

Enhancer Browser—a database of tissue-specific human

enhancers. Nucleic Acids Res. 35, D88-D92 (2007).

doi: 10.1093/nar/gkl822

X. Yan et al., Comprehensive genomic characterization of

long non-coding RNAs across human cancers. Cancer Cell 28,

529-540 (2015). doi: 10.1016/j.ccell.2015.09.006

D. Hnisz et al., Super-enhancers in the control of cell

identity and disease. Cell 155, 934-947 (2013). doi: 10.1016/].

cell.2013.09.053

J. Chen et al., Evolutionary analysis across mammals reveals

distinct classes of long non-coding RNAs. Genome Biol. 17,

19 (2016). doi: 10.1186/513059-016-0880-9

K. C. Wang et al., A long noncoding RNA maintains active

chromatin to coordinate homeotic gene expression. Nature

472, 120-124 (2011). doi: 10.1038/nature09819

W. Ma et al., Fine-scale chromatin interaction maps reveal

the cis-regulatory landscape of human lincRNA genes.

Nat. Methods 12, 71-78 (2015). doi: 10.1038/nmeth.3205

J. M. Engreitz et al., The Xist IncRNA exploits three-dimensional

genome architecture to spread across the X chromosome.

Science 341, 1237973 (2013). doi: 10.1126/science.1237973

A. Necsulea et al., The evolution of IncRNA repertoires and

expression patterns in tetrapods. Nature 505, 635-640

(2014). doi: 10.1038/naturel2943

A. D. Ramos et al., The long noncoding RNA Pnky regulates

neuronal differentiation of embryonic and postnatal neural

stem cells. Cell Stem Cell 16, 439-447 (2015). doi: 10.1016/

j.stem.2015.02.007

M. Kretz et al., Control of somatic tissue differentiation by

the long non-coding RNA TINCR. Nature 493, 231-235 (2013).

doi: 10.1038/naturel1661

T. Gutschner et al., The noncoding RNA MALATL is a critical

regulator of the metastasis phenotype of lung cancer cells. Cancer

Res. 73, 1180-1189 (2013). doi: 10.1158/0008-5472.CAN-12-2850

R. A. Gupta et al., Long non-coding RNA HOTAIR reprograms

chromatinstate to promote cancer metastasis. Nature 464,

1071-1076 (2011). doi: 10.1038/nature08975

J. A Briggs, E. J. Wolvetang, J. S. Mattick, J. L. Rinn, G. Barry,

Mechanisms of long non-coding RNAs in mammalian

nervous system development, plasticity, disease, and
evolution. Neuron 88, 861-877 (2015). doi: 10.1016/j.
neuron.2015.09.045

ACKNOWLEDGMENTS

We thank the members of the Lim and Weissman labs, particularly
A. Fields, J. Dunn, M. DeVera, M. Cui, and D. Wu, for helpful
discussions and assistance; A. Truong for assistance with iPS cell
culturing; N. Salomonis for iPSC RNA-seq data; E. Chow and

D. Bogdanoff of the UCSF Center for Advanced Technology for
sequencing assistance; and L. Bruhn, D. Ryan, L. Fairbairn, and

P. Tsang of Agilent Technologies for their assistance on the design
and synthesis of oligonucleotide pools. Supported by NIH grant
1ROINS091544-01AL1, VA grant 5l01 BX000252-07, NIH Specialized
Programs of Research Excellence Developmental Research

Program subaward, the Shurl and Kay Curci Foundation, the LoGlio
Foundation, and the Hana Jabsheh Initiative (D.A.L.); NIH grant F30
NS092319-01 (S.J.L.); the Howard Hughes Medical Institutes and

NIH grants P50 GM102706, UO1 CA168370, and RO1 DAO36858
(MAH., JEV,MYC, YC, LAG, and J.SW.); NIH grants
R35-CA209919 and P50-HG007735 (S.W.C. and H.Y.C.); the Gladstone
Institutes and NIH grants UOIHL100406, POIHL089707, and
ROIHL130533 (B.R.C. and MAAM.); and NIH/NCI Pathway to
Independence Award K99CA204602 (L.A.G.). Oligonucleotide pools
were provided courtesy of the Innovative Genomics Initiative. M.A.H.,
LA.G., and J.S.W. are inventors on patent application PCT/US15/40449
submitted by UCSF that covers CRISPRI library design. The human
iPSC line WTC expressing the CRISPRi system (WTC-CRISPRi Gen IC)
is available from B.R.C. under material transfer agreement from the
Gladstone Institutes. The parental iPSC line (WTC) is available from the
Coriell Biorepository #GM25256. The CRINCL libraries are available
from J.S.W. (via Addgene for academic users) under a material transfer
agreement from UCSF and Agilent Technologies. MAAH., LA.G., and
J.S.W. are inventors on patent application PCT/US15/40449 submitted
by UCSF that covers CRISPRI library design. J.S.W. is a founder of

KSQ Therapeutics, a company that uses CRISPR-based screening to
identify therapeutic targets. H.Y.C. is a co-founder of Epinomics Inc.
and served on the scientific advisory board of RaNA Therapeutics. M.A.H.
and LA.G. are consultants for KSQ Therapeutics.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/cgi/content/355/6320/aah7111/suppl/DC1
Materials and Methods

Figs. S1 to S12

Tables S1 to SI1

References (62-70)

3 August 2016; accepted 30 November 2016

Published online 15 December 2016;
10.1126/science.aah7111

9of 9

/T0Z ‘v Ainc uo /610 Bewasuslds adualds//:dny woly papeojumoq



http://dx.doi.org/10.1126/science.aag2445

http://dx.doi.org/10.1126/science.aag2445

http://dx.doi.org/10.1038/nmeth.3630

http://dx.doi.org/10.1016/j.cell.2016.09.006

http://dx.doi.org/10.1016/j.stem.2016.01.022

http://dx.doi.org/10.1073/pnas.1600582113

http://dx.doi.org/10.7554/eLife.19760

http://dx.doi.org/10.1016/j.cell.2007.11.019

http://dx.doi.org/10.1101/gad.17446611

http://dx.doi.org/10.1038/ng.3192

http://dx.doi.org/10.1093/nar/gkv1157

http://dx.doi.org/10.1126/science.1105136

http://dx.doi.org/10.1186/s13059-016-0932-1

http://dx.doi.org/10.1073/pnas.1307002110

http://dx.doi.org/10.1073/pnas.1307002110

http://dx.doi.org/10.15252/msb.20145216

http://dx.doi.org/10.1126/science.aac7041

http://dx.doi.org/10.1016/j.cell.2015.11.015

http://dx.doi.org/10.1038/nature12787

http://dx.doi.org/10.1093/nar/gkl822

http://dx.doi.org/10.1016/j.ccell.2015.09.006

http://dx.doi.org/10.1016/j.cell.2013.09.053

http://dx.doi.org/10.1016/j.cell.2013.09.053

http://dx.doi.org/10.1186/s13059-016-0880-9

http://dx.doi.org/10.1038/nature09819

http://dx.doi.org/10.1038/nmeth.3205

http://dx.doi.org/10.1126/science.1237973

http://dx.doi.org/10.1038/nature12943

http://dx.doi.org/10.1016/j.stem.2015.02.007

http://dx.doi.org/10.1016/j.stem.2015.02.007

http://dx.doi.org/10.1038/nature11661

http://dx.doi.org/10.1158/0008-5472.CAN-12-2850

http://dx.doi.org/10.1038/nature08975

http://dx.doi.org/10.1016/j.neuron.2015.09.045

http://dx.doi.org/10.1016/j.neuron.2015.09.045

http://www.sciencemag.org/cgi/content/355/6320/aah7111/suppl/DC1

http://science.sciencemag.org/



Science

CRISPRi-based genome-scale identification of functional long noncoding RNA loci in human
cells

S. John Liu, Max A. Horlbeck, Seung Woo Cho, Harjus S. Birk, Martina Malatesta, Daniel He, Frank J. Attenello, Jacqueline E.
Villalta, Min Y. Cho, Yuwen Chen, Mohammad A. Mandegar, Michael P. Olvera, Luke A. Gilbert, Bruce R. Conklin, Howard Y.
Chang, Jonathan S. Weissman and Daniel A. Lim

Science 355 (6320), eaah7111.
DOI: 10.1126/science.aah7111originally published online December 15, 2016

A very focused function for IncCRNAs

The human genome generates many thousands of long noncoding RNAs (IncRNAs). A very small number of
IncRNAs have been shown to be functional. Liu et al. carried out a large-scale CRISPR-based screen to assess the
function of 17,000 IncRNAs in seven different human cell lines. A considerable number (C500) of the tested INcCRNAs
influenced cell growth, suggesting biological function. In almost all cases, though, the function was highly cell type——
specific, often limited to just one cell type.

Science, this issue p. 10.1126/science.aah7111

ARTICLE TOOLS http://science.sciencemag.org/content/355/6320/eaah7111
alz\ﬁFE’%'\\"LESNTARY http://science.sciencemag.org/content/suppl/2016/12/14/science.aah7111.DC1
REFERENCES This article cites 70 articles, 19 of which you can access for free

http://science.sciencemag.org/content/355/6320/eaah7111#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. The title
Science is a registered trademark of AAAS.

/102 ‘2 AinC uo /610" Bewasuslos aoualds//:dny wolj papeojumod



http://science.sciencemag.org/content/355/6320/eaah7111

http://science.sciencemag.org/content/suppl/2016/12/14/science.aah7111.DC1

http://science.sciencemag.org/content/355/6320/eaah7111#BIBL

http://www.sciencemag.org/help/reprints-and-permissions

http://www.sciencemag.org/about/terms-service

http://science.sciencemag.org/




image3.emf
Sakamaki etal_BRD4  Transcription Repressor of Autophagy w Supplemental Info_MoleCell 2017.pdf


Sakamaki etal_BRD4 Transcription Repressor of Autophagy w Supplemental Info_MoleCell 2017.pdf
Molecular Cell

Bromodomain Protein BRD4 Is a Transcriptional
Repressor of Autophagy and Lysosomal Function

Graphical Abstract

1. Normal condition

Autophagy genes

\\%\\/T) Lysosome genes

Basal autophagy

2. BRD4 inhibition

o ﬁ;;z‘;z;%y::::;
f\ﬁ\,\\/\\/\\r :

Autophagy activation
Enhanced lysosomal function

3. Autophagy stimulation (starvation)

@ @ Autophagy genes
T} Lysosome genes

\<\/\ \\,\\/ .

Autophagy activation
Enhanced lysosomal function

Highlights
e BRD4 represses a program of autophagy and lysosome
genes independently of MiT/TFE

e BRD4 de-repression promotes certain types of autophagy,

but not others

e Nutrient deprivation de-represses BRD4 via AMPK signaling

to promote cell survival

e Oncoprotein BRD4-NUT is a potent repressor of autophagy

and lysosome function

Sakamaki et al., 2017, Molecular Cell 66, 517-532

@ crossMark May 18, 2017 © 2017 The Authors. Published by Elsevier Inc.

http://dx.doi.org/10.1016/j.molcel.2017.04.027

Authors

Jun-ichi Sakamaki, Simon Wilkinson,
Marcel Hahn, ..., Scott W. Lowe,
Ivan Dikic, Kevin M. Ryan

Correspondence
k.ryan@beatson.gla.ac.uk

In Brief

Sakamaki et al. show that BRD4
represses autophagy and lysosome gene
expression. This repression is alleviated
during nutrient deprivation through
AMPK-SIRT1 signaling, allowing
autophagy activation. BRD4 inhibition
enhances autophagic flux and lysosomal
function and promotes the degradation of
protein aggregates.

Cell



mailto:k.ryan@beatson.gla.ac.�uk

http://dx.doi.org/10.1016/j.molcel.2017.04.027

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.molcel.2017.04.027&domain=pdf



Molecular Cell

Bromodomain Protein BRD4
Is a Transcriptional Repressor
of Autophagy and Lysosomal Function

Jun-ichi Sakamaki,” Simon Wilkinson,'-8 Marcel Hahn,? Nilgun Tasdemir,® Jim O’Prey,! William Clark,” Ann Hedley,’
Colin Nixon," Jaclyn S. Long,' Maria New,* Tim Van Acker,* Sharon A. Tooze,* Scott W. Lowe,3° lvan Dikic,%"

and Kevin M. Ryan'-%*

1Cancer Research UK Beatson Institute, Garscube Estate, Switchback Road, Glasgow G61 1BD, UK

2|nstitute of Biochemistry I, Goethe University School of Medicine, 60590 Frankfurt, Germany

3Department of Cancer Biology and Genetics, Memorial Sloan Kettering Cancer Center, New York, NY 10065, USA
4Molecular Cell Biology of Autophagy, Francis Crick Institute, London NW1 1AT, UK

5Howard Hughes Medical Institute, New York, NY 10065, USA

SBuchmann Institute for Molecular Life Sciences, Goethe University, 60438 Frankfurt, Germany
“Institute of Immunology, School of Medicine, University of Split, 21 000 Split, Croatia
8Present address: Edinburgh Cancer Research UK Centre, MRC Institute of Genetics and Molecular Medicine, University of Edinburgh,

Edinburgh EH4 2XR, UK

9L ead Contact

*Correspondence: k.ryan@beatson.gla.ac.uk
http://dx.doi.org/10.1016/j.molcel.2017.04.027

SUMMARY

Autophagy is a membrane-trafficking process that
directs degradation of cytoplasmic material in lyso-
somes. The process promotes cellular fidelity, and
while the core machinery of autophagy is known,
the mechanisms that promote and sustain auto-
phagy are less well defined. Here we report that the
epigenetic reader BRD4 and the methyltransferase
G9a repress a TFEB/TFE3/MITF-independent tran-
scriptional program that promotes autophagy and
lysosome biogenesis. We show that BRD4 knock-
down induces autophagy in vitro and in vivo in
response to some, but not all, situations. In the
case of starvation, a signaling cascade involving
AMPK and histone deacetylase SIRT1 displaces
chromatin-bound BRD4, instigating autophagy
gene activation and cell survival. Importantly, this
program is directed independently and also recipro-
cally to the growth-promoting properties of BRD4
and is potently repressed by BRD4-NUT, a driver of
NUT midline carcinoma. These findings therefore
identify a distinct and selective mechanism of auto-
phagy regulation.

INTRODUCTION

(Macro) autophagy is a catabolic process that delivers intracel-
lular constituents and organelles to lysosomes for degradation
(Mizushima et al., 2008). This process operates at basal levels
in virtually all cells and contributes to the preservation of cellular
fidelity. Autophagy can also be activated by various stresses and

P

G} CrossMark

signaling cues to promote the degradation of specific species to
bring about selective desired effects within cells (Khaminets
et al., 2016; Rabinowitz and White, 2010). The importance of
the process is exemplified by the fact that its dysregulation is
implicated in various diseases, including neuronal degeneration,
immune diseases, and cancer (Mizushima et al., 2008).

Autophagy is initiated by the formation of double-membraned
structures called phagophores that originate from endoplasmic
reticulum (ER)-derived omegasomes as well as other sources
(Ktistakis and Tooze, 2016). As phagophores grow, they form
sphere-like structures called autophagosomes that sequester
and entrap cytoplasmic components. Autophagosomes can
then fuse with other organelles, such as endosomes, but ulti-
mately, fusion occurs with lysosomes forming autolysosomes
within which cargo digestion occurs (Ktistakis and Tooze,
2016). Intensive studies have identified the genes involved in
the various steps of autophagy, which has led to an established
basic machinery for this complicated vesicular trafficking system
(Ktistakis and Tooze, 2016; Lamb et al., 2013).

Numerous signaling pathways that regulate autophagy in
response to specific stimuli have been identified (Lamb et al.,
2013). Recent accumulating evidence has also highlighted the
importance of transcriptional regulation of autophagy to sustain
prolonged autophagy and/or maintain basal autophagy (Baek
and Kim, 2017; Fullgrabe et al., 2014, 2016). The precise control
of suppression and de-repression of autophagy is essential as
both excess and insufficient autophagy activation has been
shown to be deleterious to cells (Mizushima et al., 2008). How-
ever, the detailed regulatory mechanisms controlling autophagy
in both general and specific contexts remain largely unknown.

Successful completion of autophagy also requires functional
lysosomes, acidic organelles that contain various acid hydro-
lases for the degradation of macromolecules (Shen and Mizush-
ima, 2014). Lysosomal dysfunction impairs the degradation
of autophagic cargo, as well as molecules delivered by the

Molecular Cell 66, 517-532, May 18, 2017 © 2017 The Authors. Published by Elsevier Inc. 517
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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endocytic pathway, macropinocytosis, and chaperone-medi-
ated autophagy, which in turn causes diseases, including
neuronal degeneration and lysosomal storage disorders (Shen
and Mizushima, 2014). In the course of an increased autophagic
response, lysosome biogenesis and function must also be
enhanced to support increased cargo degradation, yet the
mechanism underlying this effect is poorly understood. Recent
reports have shown that the coordinated activation of the auto-
phagy-lysosome pathway is governed by several transcription
factors, including transcription factor EB (TFEB) (Settembre
et al., 2011). Following certain autophagic stimuli, TFEB translo-
cates to the nucleus and activates a subset of autophagy and
lysosome genes. This enhances autophagosome formation,
their fusion with lysosomes, and lysosome biogenesis and func-
tion (Settembre et al., 2011).

Bromodomain-containing protein 4 (BRD4) is a member of the
bromodomain and extraterminal (BET) family proteins character-
ized by two N-terminal bromodomains and an extraterminal (ET)
domain (Shi and Vakoc, 2014). BRD4 binds to acetylated his-
tones and transcription factors through bromodomains and re-
cruits transcriptional regulators such as positive transcription
elongation factor b (P-TEFb) and Mediator complex (Shi and
Vakoc, 2014). BRD4 is involved in the activation of genes
involved in cell growth and cell cycle progression (Wang and Fil-
ippakopoulos, 2015). As a result, intensive studies have been
focused on the role of BRD4 in cancer, and BET inhibitors
have been proven to have efficacy against various types of tu-
mors (Wang and Filippakopoulos, 2015). Intriguingly, recent
accumulating evidence has shown that BRD4 also plays a role
in different biological processes, including memory formation,
mitochondrial oxidative phosphorylation, and DNA damage
response (Barrow et al., 2016; Floyd et al., 2013; Korb et al.,
2015). However, our understanding of the biological role of
BRD4 requires further investigation.

Here, by using RNAI screening and transcriptome analysis, we
have identified BRD4 as a transcriptional repressor of autophagy
and lysosomal function. We show that BRD4 suppresses the
expression of a subset of autophagy and lysosome genes by
binding to the promoter regions under normal growth conditions
and that this repression is alleviated in response to certain auto-
phagic stimuli. Inhibition of BRD4 enhances autophagic flux and
lysosomal function, which consequently promotes the degrada-
tion of pathogenic protein aggregates and confers the resistance
to starvation-induced cell death. These observations therefore

provide important insights into a regulatory mechanism control-
ling autophagy and lysosome function.

RESULTS

BRD4 Is a Repressor of Autophagy
To understand the regulatory mechanisms of autophagy, we
conducted an RNAi screen using Drosophila S2R* cells stably
expressing GFP-LC3 (Wilkinson et al., 2011). Double-stranded
RNA targeting female sterile (1) homeotic (Fs(1)h) was one of
the hits that increased GFP-LC3 puncta (Figure 1A). Fs(1)h is a
BET protein that functions as a scaffold protein bridging acety-
lated histones and transcriptional regulators (Kellner et al.,
2013). The mammalian BET family consists of four members:
ubiquitously expressed BRD2, BRD3, and BRD4 and testis-spe-
cific BRDT (Shi and Vakoc, 2014). To validate the screening re-
sults, we knocked down the genes encoding BRD2, BRD3, or
BRD4 in human pancreatic ductal adenocarcinoma KP-4 cells
and determined their effects on autophagy by monitoring the
levels of the lipidated form of LC3 (LC3Il)—a marker of autopha-
gosome formation/accumulation (Klionsky et al., 2016). This re-
vealed that knockdown of BRD4, but not BRD2 and BRDS3, led
to an increase in LC3Il levels (Figure 1B; Figures S1A and
S1B). The generality of this finding was confirmed using a panel
of different cell lines (Figure S1C). Consistent with LC3Ill accumu-
lation, the number of LC3 puncta, an indicator of autophago-
some formation (Klionsky et al., 2016), was also increased in
BRD4 knockdown cells (Figure 1C). Furthermore, analysis of in-
testinal sections from mice expressing an inducible BRD4
shRNA revealed that LC3 lipidation and puncta also increased
in vivo upon knockdown of BRD4 (Figure 1D; Figure S1D).
There are three BRD4 isoforms reported —isoform A (referred
to as long isoform) that possesses a carboxy-terminal domain
(CTD) containing the binding site for P-TEFb, isoform B that lacks
the CTD and has a unique 77 amino acid extension at its C termi-
nus, and isoform C (referred to as short isoform) that is the
shortest isoform lacking the CTD (Figure S1E). Isoform-specific
function of BRD4 has been described (Floyd et al., 2013). Knock-
down of either the short or the long isoform of BRD4 had no
effect on LC3lII, while simultaneous depletion of both isoforms
promoted LC3 lipidation (Figures S1F and S1G), indicating that
BRD4 short and long isoforms are functionally redundant in the
regulation of autophagy. Of note, we could not detect BRD4 iso-
form B in KP-4 cells.

Figure 1. BRD4 Silencing Enhances Autophagic Flux

(A) Drosophila S2R* cells expressing GFP-LC3 were transfected with double-stranded RNA (dsRNA) targeting control luciferase (Luc) or Fs(1)h.

(B and C) KP-4 cells transfected with control or BRD4 siRNA for 72 hr were subjected to western blot analysis (B) and stained for LC3B (C). The number of LC3
puncta normalized to cell number is shown. CON: n = 94 cells, BRD4 1: n = 97 cells, BRD4 2: n = 74 cells. Scale bars, 50 um.

(D) Immunohistochemistry of small intestinal sections from transgenic mice harboring inducible renilla luciferase or BRD4 shRNA. Sections were stained for LC3
(upper) and BRD4 (lower). Cytoplasmic signal in BRD4 panels is due to non-specific staining. Scale bars, 50 pm.

(
(
n =107 cells, BRD4 2: n = 109 cells. Scale bars, 20 um.

E) KP-4 cells transfected with BRD4 siRNA were treated with 10 uM CQ for 4 hr.
F) KP-4 cells transfected with BRD4 siRNA were stained for WIPI2. The number of WIPI2 puncta normalized to cell number is shown. CON: n =119 cells, BRD4 1:

(G) KP-4 cells stably expressing RFP-GFP-LC3 were transfected with BRD4 siRNA. Scale bars, 50 um.
(H) KP-4 cells were treated with 500 nM JQ1 for 9 hr in the presence or absence of CQ (10 uM, 4 hr).
(

1) KP-4 cells overexpressing BRD4 were treated with 10 uM CQ for 4 hr.

(J) TY-82 cells transfected with NUT siRNA for 5 days were treated with 10 uM CQ for 8 hr. BRD4-NUT was detected using NUT antibody.

All data are shown as mean + SD. *p < 0.01. See also Figure S1.
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As LC3Il accumulation is attributed to either increased auto-
phagy induction orimpaired autophagosome turnover, the effect
of BRD4 knockdown on autophagic flux was examined in the
presence of chloroquine (CQ), an inhibitor of lysosomal degrada-
tion (Klionsky et al., 2016). As shown in Figures 1E, ST1H, and S1I,
BRD4 silencing increased LC3Il levels in the presence of CQ,
suggesting that BRD4 knockdown enhances autophagic flux.

To further examine the stage at which BRD4 affects auto-
phagy, we first examined the recruitment of WD repeat domain
phosphoinositide interacting 2 (WIPI2) to phosphatidylinositol
3-phosphate (PI3P)-enriched membrane—an event that pre-
cedes LCS3 lipidation and which is used as a marker of early
stages of autophagy induction (Klionsky et al., 2016). This re-
vealed that an increased number of WIPI2 puncta were also
observed in BRD4-silenced cells (Figure 1F). In addition, we per-
formed a detailed examination of LC3 localization by using RFP-
GFP-tandem-tagged LC3 (Kimura et al., 2007). Due to the acid
lability of GFP in (auto)lysosomes, this revealed an increase in
GFP~/RFP* autolysosomes and also, to lesser extent, GFP*/
RFP* phagophores/autophagosomes in BRD4 knockdown cells
(Figure 1G), suggesting that BRD4 knockdown promotes the for-
mation of autophagosomes and subsequent fusion with lyso-
somes. Autophagy receptors, such as p62/SQSTM1, are
degraded together with cargos and are used as readouts of au-
tophagic degradation (Klionsky et al., 2016). Consistently, BRD4
silencing led to a reduction in exogenously expressed GFP-p62
levels, and this p62 degradation was blocked by CQ (Figure S1J).

BET inhibitors displace BRD proteins from promoter and
enhancer regions, thereby interfering with BRD-mediated tran-
scriptional regulation (Shi and Vakoc, 2014). Similar to the results
we obtained in BRD4 knockdown cells, BET inhibitor JQ1 (Fili-
ppakopoulos et al., 2010) increased LC3II levels (Figure 1H; Fig-
ures S1K and S1L). As this did not occur in the absence of BRD4
(Figure S1M), we conclude that autophagy activation by JQ1 is
attributed to BRD4 inhibition. In addition, increased LC3 lipida-
tion and puncta formation were observed in mice treated with
JQ1 (Figures STN and S10). Similarly, we found that the BET
degrader ARV-825 (Lu et al., 2015) also activates autophagy
(Figure S1P). Conversely, overexpression of BRD4 suppressed
autophagic flux (Figure 11; Figure S1Q). Collectively, these re-
sults identify BRD4 as a conserved negative regulator of
autophagy.

Chromosomal translocation of BRD4 to the locus encoding
nuclear protein in testis (NUT) causes NUT midline carcinoma
(NMC), a rare aggressive subtype of squamous cell carcinoma
(French, 2010). The fusion gene product BRD4-NUT possesses
two N-terminal bromodomains, an ET domain, and almost the
full length of NUT at its C terminus (Figure S1E) (French, 2010).
As a result, we were interested to know whether BRD4-NUT
also functions as a suppressor of autophagy. By taking advan-
tage of the testis-specific expression of NUT, we used small
interfering RNA (siRNA) against NUT to knockdown BRD4-NUT
(Schwartz et al., 2011). Inhibition of BRD4-NUT by NUT siRNAs
or JQ1 caused accumulation of LC3II in the presence of CQ in
the TY-82 NMC cell line (Figure 1J; Figures S1R and S1S), and
the effect of JQ1 treatment on LC3 lipidation was comparable
to that of BRD4-NUT knockdown (Figure S1T). BRD4-NUT
knockdown also increased the formation of GFP~/RFP* LC3

520 Molecular Cell 66, 517-532, May 18, 2017

puncta, indicating an accumulation of autolysosomes (Fig-
ure S1U). Interestingly, knockdown of BRD4 expressed from
the unaffected allele had little effect on autophagy compared
to BRD4-NUT knockdown (Figure S1V), suggesting that BRD4-
NUT fusion protein is a dominant repressor of autophagy
in NMC.

BRD4 Is a Negative Regulator of Autophagy Gene
Expression

As BRD4 is a transcriptional regulator, we hypothesized that
BRD4 regulates autophagy at the transcriptional level. RNA
sequencing (RNA-seq) analysis followed by reverse transcrip-
tase quantitative PCR (RT-gPCR) validation revealed that a sig-
nificant number of autophagy genes were upregulated upon
knockdown of BRD4 (Figures 2A and 2B; Figures S2A-S2D).
These include genes that encode proteins involved in autopha-
gosome formation (BECN1, VMP1, PIK3C3, WIPI1, ATG2A,
ATG9B, and MAP1LC3B) (Lamb et al., 2013), autophagy cargo
recruitment (SQSTM1 and OPTN), autophagosome-lysosome
fusion (PLEKHM1, TECPR1, and HOPS complex components)
(McEwan et al., 2015a), and maintenance of functional ER exit
sites and autophagosome formation (MAP1LC3C, TECPR2,
and SEC24D) (Stadel et al., 2015). BET inhibitors also led to up-
regulation of autophagy genes (Figure 2C). Of note, de-repres-
sion of autophagy genes was observed almost immediately after
JQ1 addition (Figure 2D), implying that these autophagy genes
are directly regulated by BRDA4. In addition, we found that over-
expression of BRD4 repressed autophagy gene expression (Fig-
ure 2E; Figure S2E). As it is well established that BRD4 can form a
complex with P-TEFb and facilitate productive elongation at pro-
moter-proximal regions (Shi and Vakoc, 2014), we considered
that the effect on autophagy may also be through this mecha-
nism. We found, however, that knockdown of cyclin-dependent
kinase 9 (CDK9), a subunit of P-TEFb, had no effect on LC3II
levels (Figures S2F and S2G). This rules out the involvement of
P-TEFb in this response and indicates that BRD4 modulates
autophagy through a distinct pathway.

BRD4 Regulates Lysosome Gene Expression and
Lysosomal Function

As significant changes in lysosome gene expression occur upon
BRD4 knockdown (Figure 2A), this prompted us to examine
whether these alterations enhance lysosomal function and sup-
port increased autophagic flux. First, we validated the RNA-seq
results by conducting RT-gPCR analyses, which showed that
BRD4 knockdown significantly upregulated a number of lyso-
some genes involved in proteolysis, glycan degradation, and
lysosome biogenesis (Figure 3A). Consistent with this, we
observed an increase in lysosomal protein levels, including lyso-
somal-associated membrane protein 1 (LAMP1), LAMP2, acid
sphingomyelinase (ASM), a-glucosidase (GAA), and heavy chain
of mature cathepsin B (CTSB HC) and cathepsin D (CTSD HC)
(Figure 3B; Figure S3A). Staining of lysosomal compartments
with anti-LAMP1 antibody and LysoTracker red also revealed
an expanded lysosomal area in BRD4 knockdown cells (Figures
3C and 3D, upper panels). To assess the activity of lysosomal en-
zymes, we employed the use of Magic Red CTSB, a CTSB sub-
strate that produces a cresyl violet fluorophore upon proteolytic
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Figure 2. BRD4 Is a Negative Regulator of Autophagy Gene Expression

(A and B) KP-4 cells transfected with control or BRD4 siRNA were subjected to RNA-seq and gene ontology analyses (A) and RT-gPCR analysis (B).
(C) RT-gPCR analysis of KP-4 cells treated with DMSO, 500 nM JQ1, 500 nM I-BET151, or 500 nM OTX015 for 9 hr.

(D) RT-gPCR analysis of KP-4 cells treated with 500 nM JQ1 for the indicated time.

(E) RT-gPCR analysis of KP-4 cells overexpressing BRDA4.

All data are shown as mean + SD. In (A)~(D), n = 3 independent experiments; in (E), data are representative of two independent experiments performed in triplicate.

*p < 0.01, *p < 0.05. See also Figure S2.

cleavage. As shown in Figure 3D’s lower panels, a significant in-
crease in CTSB substrate cleavage was seen in BRD4 knock-
down cells. In addition, we also observed increased enzymatic
activity of B-hexosaminidase, a lysosomal enzyme that catalyzes
the hydrolysis of ganglioside monosialic 2, in BRD4 knockdown
cells (Figure 3E). These results indicate that not only autophagic
flux, but also lysosomal biogenesis and function are enhanced

by BRD4 knockdown. Furthermore, we also observed upregula-
tion of autophagy and lysosomal gene expression upon BRD4-
NUT inhibition by NUT siRNA and JQ1 and an increase in
lysosomal protein levels and LysoTracker™ acidic compartments
in BRD4-NUT knockdown NMC cells (Figures 3F and 3G; Figures
S3B and S3C), suggesting that BRD4-NUT also suppresses the
autophagy-lysosome pathway in NMC.
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Activation of the autophagy-lysosome pathway in BRD4
knockdown cells is reminiscent of the phenotype observed by
activation of TFEB (Settembre et al., 2011). We therefore tested
the possibility that BRD4 knockdown stimulates autophagy
through activation of TFEB and its related members TFE3 and
MITF. However, BRD4 knockdown cells were capable of acti-
vating autophagy in the absence of TFEB (Figures S3D-S3F).
Furthermore, BRD4 knockdown still activated autophagy and
lysosome gene transcription and enhanced autophagic flux in
cells where all MiT/TFE members (TFEB, TFE3, and MITF) were
simultaneously silenced (Figure 3H; Figures S3G-S3J), indi-
cating that BRD4 regulates autophagy independently of MiT/
TFE transcription factors.

BRD4 Is Recruited to Autophagy Gene Promoters and Its
Dissociation Leads to Transcriptional Activation of
Autophagy Genes

We next examined the molecular mechanism by which BRD4 re-
presses autophagy and lysosome gene expression. Given that
BET inhibitor dissociates BRD4 from acetylated histones and
rapidly upregulates autophagy genes (Figure 2D), we hypothe-
sized that BRD4 binds to acetylated histones at autophagy and
lysosome gene promoter regions. Indeed, BRD4 was found at
autophagy and lysosome gene promoter regions, and its enrich-
ment was reduced after JQ1 treatment (Figures S4A and S4B).
BRD4 occupation at autophagy and lysosome gene promoters
was also significantly decreased during starvation, and this
BRD4 dissociation was correlated with upregulation of gene
expression (Figures 4A and 4B).

Interestingly, histone H4 lysine 16 (H4K16) acetylation that is
recognized by BRD4 (Zippo et al., 2009) is downregulated
upon autophagic stimulation (Fullgrabe et al., 2013). H4K16
acetylation and its acetyltransferase human males absent on
the first (hMOF) have been described as both positive and nega-
tive regulators of autophagy (Fullgrabe et al., 2013; Hale et al.,
2016). Therefore, we tested whether BRD4 recruitment is regu-
lated by hMOF. CRISPR/CRISPR-associated protein 9 (Cas9)-
mediated editing of hMOF efficiently reduced hMOF protein
levels and H4K16Ac status at autophagy gene promoters
(Figures S4C and S4D). Depletion of hMOF also caused BRD4
dissociation from autophagy gene promoters, upregulation of
autophagy gene expression, and increased LC3 lipidation (Fig-
ure 4C; Figures S4E and S4F). Consistent with the previous study
(Fullgrabe et al., 2013), H4K16Ac declined upon starvation (Fig-
ure 4D), implying that BRD4 dissociation is attributed to H4K16
deacetylation in response to starvation. However, analysis of
hMOF protein levels revealed that they did not change during

starvation (Figure S4G). As a result, we hypothesized instead
that the decrease in H4K16 acetylation and subsequent BRD4
dissociation during starvation may be driven by the deacetylase
Sirtuin 1 (SIRT1) (Vaquero et al., 2007). In line with this hypothe-
sis, H4K16 deacetylation and BRD4 dissociation by starvation
were not seen in cells infected with Cas9/single-guide RNA
(sgRNA) targeting SIRT1 (Figure 4E; Figure S4H). In addition,
SIRT1 depletion suppressed starvation-induced autophagy
gene expression and LC3 lipidation (Figure 4F; Figure S4l),
underscoring the importance of this enzyme in this response.

Itis known that SIRT1 is activated by nutrient deprivation via its
dissociation from the inhibitory molecule Deleted in Breast Can-
cer protein 1 (DBC1) and an increase in nicotinamide adenine
dinucleotide (NAD*) levels in a manner dependent on AMP-acti-
vated protein kinase (AMPK) (Canté et al., 2009; Chang et al.,
2015). As expected, AMPK phosphorylation at Thr172, which is
required for its activation, increased during nutrient starvation
(Figure S4J). Consistent with these observations, we found that
BRD4 forms a complex with SIRT1 and DBC1 and that starvation
disrupts the SIRT1-DBC1 interaction (Figures S4K and S4L). The
dissociation of this interaction was not observed in cells treated
with AMPK inhibitor Compound C and infected with Cas9/
sgRNAs targeting AMPKa catalytic subunits (Figure 4G; Fig-
ure S4M). Moreover, disruption of AMPKa genes prevented
BRD4 dissociation from autophagy gene promoters in response
to starvation (Figure S4N). As a consequence, AMPK inhibition
blocked autophagy gene expression and autophagic flux
induced by starvation (Figure 4H; Figures S40 and S4P). Collec-
tively, these results detail a signaling cascade from nutrient
deprivation to de-repression of autophagy gene transcription,
which involves the disruption of SIRT1-DBC1 interaction by
AMPK and SIRT1-mediated BRD4 dissociation from autophagy
gene promoters.

BRD4 Represses Autophagy Gene Expression through
Binding to G9a

In contrast to its well-established role as a positive transcrip-
tional regulator of genes involved in cell growth (Shi and Vakoc,
2014), BRD4 represses expression of a subset of autophagy
genes. We therefore investigated the molecular mechanism by
which BRD4 suppresses autophagy gene expression. From pre-
vious interactome analyses of BRD4 (Dawson et al., 2011), we
searched for BRD4 interacting protein(s) that are known to be
involved in gene repression. Different from the majority of inter-
acting proteins, histone lysine methyltransferase G9a has been
shown to both promote and repress transcription by catalyzing
mono- and di-methylation of histone H3 at lysine 9 (H3K9),

Figure 3. BRD4 Knockdown Enhances Lysosomal Function
(A) RT-gPCR analysis of KP-4 cells transfected with control or BRD4 siRNA.

(B-D) KP-4 cells transfected with BRD4 siRNA were subjected to western blot analysis with antibodies against lysosomal proteins (B) and stained with LAMP1
antibody (C), LysoTracker Red (100 nM, 2 hr) (D, upper panels), and Magic Red CTSB (1 hr) (D, lower panels). Area of LAMP1*, LysoTracker®, and Magic Red
CTSB™ area normalized to cell number is shown (C, CON: n = 115 cells, BRD4: n = 130 cells; D upper, CON: n = 66 cells, BRD4 1: n = 52 cells, BRD4 2: n = 50 cells;
D lower, CON: n = 164 cells, BRD4 1: n = 109 cells, BRD4 2: n = 53 cells). Scale bars, 50 um.

(E) Hexosaminidase activity was measured using lysates from control and BRD4 knockdown KP-4 cells.

(F and G) RT-qPCR analysis of TY-82 cells transfected with NUT siRNA for 72 hr (F) or treated with 500 nM JQT1 for 9 hr (G).

(H) KP-4 cells were transfected with BRD4 and/or MiT/TFE (TFEB, TFE3, MITF) siRNAs and treated with 10 uM CQ for 4 hr.

All data are shown as mean + SD. In (A) and (F), n = 3 independent experiments. In (E), n = 4 independent experiments. In (G), data are representative of two
independent experiments performed in triplicate. *p < 0.01, **p < 0.05. See also Figure S3.
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respectively (Shinkai and Tachibana, 2011). We first confirmed
the interaction between BRD4 and G9a by reciprocal co-immu-
noprecipitation (Figure 5A). G9a interacted with the long and
short isoforms of BRD4 (Figure S5A), which is consistent with
our observations that both isoforms contribute to autophagy
repression (Figure S1F). Importantly, we observed that the inter-
action between BRD4 and G9a was disrupted by starvation
(Figure 5B). In addition, G9a recruitment to autophagy gene pro-
moters was abolished by JQ1 treatment and BRD4 knockdown
(Figures 5C and 5D; Figures S5B and S5C). Consequently,
H3K9diMe status was also reduced in these settings (Figures
5E and 5F). Consistent with a functional role in the regulation
of autophagy, G9a silencing upregulated autophagy gene
expression and enhanced autophagic flux (Figures 5G and 5H;
Figures S5D and S5E). Furthermore, simultaneous knockdown
of BRD4 and G9a did not cause further accumulation of LC3II
and autophagy gene transcripts (Figures 5G and 5H; Figure S5E),
and G9a silencing largely abolished autophagy suppression by
BRD4 overexpression (Figure 5I; Figure S5F), suggesting that
BRD4 and G9a act on the same pathway. In addition, we found
that autophagy regulation by H4K16 acetylation and G9a is also
conserved in NMC. Depletion of hMOF decreased H4K16 acet-
ylation and increased LC3II levels in TY-82 cells (Figures S5G-
S5I). Starvation led to a SIRT1-dependent H4K16 deacetylation
at autophagy gene promoters (Figure S5J). BRD4-NUT interacts
with G9a, and G9a silencing promoted LC3 lipidation (Figures
S5K and S6L), implying that, like BRD4, BRD4-NUT suppresses
autophagy through G9a.

BRD4 Knockdown Modulates Specific Types of
Autophagy

Bulk degradation of cytoplasmic components by autophagy,
termed bulk autophagy, is thought to feed energy sources during
nutrient shortage, whereas degradation of specific substrates,
such as protein aggregates, damaged mitochondria and patho-
gens, called selective autophagy, serves as an intracellular qual-
ity control mechanism (Khaminets et al., 2016; Rabinowitz and
White, 2010). We were therefore interested in understanding
the contribution of BRD4 to the control of stimulus-dependent
and selective autophagy.

In the first instance, we examined starvation- and rapamycin-
induced autophagy and found that they were augmented by
BRD4 silencing (Figures 6A and 6B; Figures S6A and S6B).
Reduction of both LC3I and Il after 2 hr of starvation in BRD4
knockdown cells suggests enhanced LC3l conversion to
LC3Il and subsequent degradation (Figure 6A; Figure SE6A).
Conversely, BRD4 overexpression suppressed LC3I conversion
to LC3II induced by starvation and rapamycin (Figure S6C). In

addition, BRD4 knockdown further activated autophagy induced
by glucose starvation, hypoxia, trehalose, and oncogenic Ras
mutant (Figures 6C-6F; Figures S6D-S6G). Similarly, TFEB and
TFE3-mediated autophagy activation was also augmented by
BRD4 and G9a silencing (Figures S6H and S6l). We next deter-
mined whether BRD4 knockdown would promote the autopha-
gic degradation of protein aggregates (aggrephagy). To test
this, we analyzed aggregates caused by mutant Huntingtin
(HTT) and found that BRD4 silencing promoted the degradation
of poly-glutamine (Q)-expanded HTT (HTT 94Q) (Figure 6G).
Conversely, BRD4 overexpression exacerbated the accumula-
tion of HTT 94Q in the insoluble fraction (Figure S6J). Similar to
the previous reports (Williams et al., 2008), induction of polyQ-
expanded HTT caused a reduction in cell number, and BRD4
knockdown ameliorated this effect (Figure S6K).

In contrast, modulation of BRD4 did not promote or prevent the
clearance of Salmonella enterica serovar Typhimurium by xenoph-
agy (Figure 6H; Figure S6L) or mitochondria by mitophagy (Fig-
ure 6l; Figures S6M and S6N). In fact, we actually observed an
accumulation of mitochondrial proteins in BRD4 knockdown cells,
which may be due to transcriptional upregulation of mitochondrial
genes as recently described (Barrow et al., 2016). A similar effect
was also observed with p62/SQSTM1 mRNA and protein levels
upon BRD4 knockdown (Figure 2B; Figure S60), thereby compli-
cating its utility as a marker of autophagic activity modulated by
BRDA4. In conclusion, our collective results show that BRD4 knock-
down affects some, but not all, types of autophagy, indicating that
it is a regulator of this response in specific contexts.

BRD4 Knockdown Sustains mTOR Activity during
Starvation and Confers Resistance to Starvation-
Induced Cell Death

Autophagic degradation of intracellular proteins produces amino
acids, leading to activation of the amino acid sensor mechanistic
target of rapamycin complex1 (mMTORC1), and these nutrient
sources can be used to maintain cell survival during periods of
starvation (Perera et al., 2015; Rabinowitz and White, 2010).
We observed that BRD4 knockdown sustained the phosphoryla-
tion status of S6K, a substrate of mMTORC1 and established
readout of mMTORC1 activity (Perera et al., 2015), during amino
acid starvation (Figure 7A). This sustained S6K phosphorylation
was abolished by CQ and CRISPR/Cas9-mediated ATG5 gene
disruption (Figures 7B and 7C), suggesting that BRD4 knock-
down activates mTORC1 through the autophagy-lysosome
pathway during amino acid shortage. Therefore, we next
examined whether autophagy activation by BRD4 knockdown
affects cell growth and cell survival during nutrient deprivation.
As reported previously (Shi and Vakoc, 2014; Zuber et al.,

Figure 4. Starvation Leads to BRD4 Dissociation from Autophagy Gene Promoters

(A and B) KP-4 cells were starved for 4 hr followed by chromatin immunoprecipitation (ChIP) assay with BRD4 antibody (A) and RT-qPCR analysis (B).

(C) KP-4 cells infected with Cas9/hMOF sgRNA were subjected to ChIP assay with BRD4 antibody.

(D) KP-4 cells were starved for 4 hr followed by ChIP assay with H4K16Ac antibody.

(E and F) KP-4 cells infected with Cas9/SIRT1 sgRNA were starved for 4 hr followed by ChIP assay with BRD4 antibody (E) and RT-qPCR analysis (F). Western blot

shows efficient SIRT1 depletion in Cas9/SIRT1 sgRNA-infected cells.

(G and H) KP-4 cells infected with Cas9/AMPKa1 and a2 sgRNAs were starved for 4 hr followed by immunoprecipitation with DBC1 antibody (G) and RT-gPCR

analysis (H).

All data are shown as mean + SD. In (A)-(F) and (H), n = 3 independent experiments. *p < 0.01, *p < 0.05, N.S., no significance. See also Figure S4.
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2011), BRD4 knockdown caused downregulation of c-Myc,
altered cell cycle gene expression, and decreased cell prolifera-
tion due to cell cycle retardation under nutrient-replete condi-
tions (Figures S7A-S7D). We found, however, that this growth
retardation was caused independently of autophagic activity
(Figures S7E and S7F). In contrast to these effects on cell growth,
we found that starvation-induced cell death was significantly
suppressed in BRD4 knockdown cells, and this protective effect
was abolished by ATG5 gene disruption and CQ treatment (Fig-
ures 7D-7G; Figure S7G). These data therefore suggest that the
modulation of autophagy by BRD4 inhibition maintains cell sur-
vival under starvation conditions by providing nutrient source.

DISCUSSION

In this study, we show that a series of autophagic processes,
including autophagosome formation, fusion of autophagosomes
with lysosomes, and lysosome biogenesis and function, is tran-
scriptionally repressed by BRD4. BRD4 knockdown upregulates
a subset of autophagy and lysosome genes, which in turn en-
hances autophagic flux and lysosome biogenesis and activity.
Interestingly, the effect of this transcriptional program only
affects certain forms of autophagy. We found that knockdown
of BRD4 promoted autophagy induced by stimuli, such as
nutrient deprivation, rapamycin, and protein aggregates, but
this did not affect the autophagic removal of mitochondria or
bacteria. This indicates that the program is selectively engaged,
adding another layer of complexity to the control of this ubiqui-
tous and yet multifaceted process.

As different types of selective autophagy utilize their desig-
nated receptors to recruit the cargos, we examined whether
the aggrephagy receptor(s) are specifically upregulated by
BRD4 and found that the expression of p62 and Optineurin
increased upon BRD4 knockdown (Figure 2B; Figure S7H). How-
ever, these receptors capture ubiquitinated mitochondria and
pathogens, as well as protein aggregates (Khaminets et al.,
2016); therefore, these alterations do not provide a mechanistic
explanation for the autophagy specificity conferred by BRD4
knockdown. Since mechanisms of selective autophagy are not
fully elucidated, the future identification of selective auto-
phagy-specific regulators will help solve this question.

In the case of autophagy induced by nutrient availability, it is
already clear that the process is orchestrated by different mech-
anisms. The acute response to nutrient deprivation includes
nutrient sensing by mTORC1 and AMPK and activation of the
UNC-51-like kinase (ULK) and class Il phosphatidylinositol-3 ki-
nase (PI3K) complexes. This subsequently leads to the formation
of a PI3P-enriched membrane compartment, recruitment of
the ATG12-5-16L1 complex, and LC3 lipidation (Lamb et al.,

2013). More recently, it has become clear that the transcriptional
activation of autophagy and lysosome genes plays an important
role in prolonged autophagy (Fullgrabe et al., 2014). Although the
link between nutrient sensing by mTORC1 and TFEB-mediated
autophagy/lysosome gene activation is now well recognized,
other signaling pathways that mediate the nutrient regulation of
autophagy genes are not fully understood. In this regard, we
report that a signaling cascade consisting of two nutrient sensor
molecules—AMPK and SIRT1—integrate the nutrient status of
the cell to autophagy gene regulation via BRD4. Nutrient depriva-
tion causes the dissociation of SIRT1 from its inhibitory molecule
DBC1 in an AMPK-dependent manner and may also activate
SIRT1 via an increase in NAD*/NADH ratio (Canto et al., 2009),
which in turn leads to SIRT1-mediated BRD4 dissociation from
autophagy gene promoters and de-repression of autophagy
gene expression. Our findings suggest that BRD4 suppresses
autophagy and lysosome gene expression under nutrient-
replete conditions to prevent excess autophagy, and BRD4
dissociation allows cells to maintain autophagic activity during
prolonged nutrient shortage. Interestingly, a recent report
showing that JQ1 increases LC3 lipidation and autophagosome
formation implicates the involvement of BET proteins in auto-
phagy regulation (Jang et al., 2016). Importantly, however, the
detailed mechanism by which JQ1 modulates autophagy and
the molecule that mediates this effect were not explored.

Currently, TFEB is thought to be a “master” regulator of auto-
phagy and lysosome gene transcription (Settembre et al., 2011).
Importantly, BRD4 inhibition activates autophagy in the absence
of TFEB and its related molecules TFE3 and MITF. This observa-
tion suggests that BRD4 orchestrates a distinct transcriptional
program and is therefore another crucial regulator of autophagy
and lysosome gene expression. Interestingly, a recent report has
shown that AMPK activates TFEB-mediated transcription by
inducing the transcriptional coactivator, Coactivator associated
arginine (R) methyltransferase 1 (CARM1) (Shin et al., 2016).
These findings, taken together, suggest that AMPK activation
upon nutrient deprivation stimulates TFEB-mediated transcrip-
tion and suppresses BRD4 function to cooperatively activate
the autophagy-lysosome pathway.

BRD4 has been proposed as a positive regulator of transcrip-
tion that bridges histone acetylation and transcriptional regula-
tors such as P-TEFb and the Mediator complex (Shi and Vakoc,
2014). We observed, as previously reported, that this positive
effect on transcription is particularly important for the regulation
of genes involved in the promotion of cell growth (Zuber et al.,
2011), and so it is interesting that BRD4 at the same time recip-
rocally represses genes involved in major catabolic processes at
the lysosome and vice versa. Interestingly, although this is not
the first report to show that BRD4 functions as a transcriptional

Figure 5. BRD4 Represses Autophagy Gene Expression through G9a

A) Cell extracts from KP-4 cells were subjected to immunoprecipitation with G9a (upper) and BRD4 (lower) antibodies.

B) KP-4 cells were starved for 4 hr followed by immunoprecipitation with BRD4 antibody.

C-F) KP-4 cells were treated with 500 nM JQ1 for 9 hr (C and E). KP-4 cells harboring inducible control or BRD4 shRNA were treated with 500 ng/mL doxycycline
DOX) for 4 days (D and F). ChIP assays were performed using G9a (C and D) and H3K9diMe (E and F) antibodies.

G and H) KP-4 cells infected with shRNA targeting G9a were transfected with BRD4 siRNA followed by RT-qPCR (G) and western blot (H).

1) KP-4 cells overexpressing BRD4 were infected with shRNA targeting G9a.

All data are shown as mean = SD. In (C)—(G), n = 3 independent experiments. *p < 0.01, **p < 0.05, N.S., no significance. See also Figure S5.

Molecular Cell 66, 517-532, May 18, 2017 527

CellPress






Cell’ress

B
A DMSO Rapamycin
siRNA: CON BRD4 CON BRD4 (ﬂ\l BRD4 :siRNA
Starvation(th): 0 1 2 3 4 5 0 1 2 3 4 5 11 2 1 1 2
—————— . —— <LC3BI S e (< LC3BI
. ——— . | < LC3B I m <LC3B I
CETTT | 80 [= 3 |BRD4
GAPDH
| | | e ——— |GAPDH
C D
i 1. 0,
Glucose + Glucose - Normoxia Hypoxia (1% O,)
CON BRD4 CON BRD4 :siRNA CON BRD4 CON BRD4 :siRNA
11 2 1 1 2 112 1 12
e e e e | < LC3BI —— o — o | <LC3BI
- - | <LC3B Il S ——— | < LC3B I
[= - BRD4 E IS
[S—————— cArDH [ o e e e e | H5D90
E F
IMR90 ER-HRas G12V
- Trehalose “Eon aonT
CON BRD4 CON BRD4 :siRNA CON BRD4 CON BRD4 :siRNA
1 12 112 7211 2
<LC3BI
w— | <LC3BI
e —— . —_| <LC3B Il
: | <LC3BI
- . BRD4
| - - | erD4
s o s s s | GAPDH
|-——-_-| GAPDH
G H |
Vec HTT 94Q-CFP Antimycin A
siRNA:  CON BRD4 Ethanol  Oligomycin
T 1 7 2 ) siRNA: CON BRD4 CON BRD4
Top —| - < HTT 94Q-CFP 14 - SIRNA T 1 2 1.1 2
" Aggregates S CON N e e | < COmplex Va
1 £ 121 — BRD41 > - —— _ < Complex Ill
' £ ., ] —BRD42 53 corel
g 10 ox
g -k 'g § W < Porin
8% ’ - & | * Non-specific ° 29
T8l L 64 s
< E ] E o
Sa S 4 4 5=
=3 . 5 g
£3 peciic £ 2 (W —— | - C. oD
Y=g 8
- | < 94Q- T‘T‘T‘ — v v e | <LC3BI
Lamin A/C time p.i. (h) ————— | < LC3BII
< — — .
8¢ |E < HTT 94Q-CFP [ a— == | GFP (YFP-Parkin)
R
S
2 L e ——
S e |  aaeor
(%]

Figure 6. Effect of BRD4 Silencing on Stimulus-Dependent and Selective Autophagy

(A-F) Cells transfected with BRD4 siRNA were starved for 1-5 hr (KP-4 cells, A), treated with 500 nM rapamycin for 24 hr (KP-4 cells, B), starved of glucose for 4 hr
(KP-4 cells, C), cultured under hypoxic (1% O.) conditions for 48 hr (SUIT2 cells, D), treated with 100 mM Trehalose for 4 hr (KP-4 cells, E), or treated with 500 nM
4-Hydroxytamoxifen (4-OHT) for 48 hr IMR90 ER-HRas G12V cells, F).

(G) KP-4 cells harboring rtTA and Tre-tight-HTT Q94-CFP were transfected with BRD4 siRNA. At 12 hr after transfection, cells were treated with 1 png/mL DOX for
10 hr. At 48 hr after removal of DOX, cells were separated into Triton X-100 soluble and insoluble fractions.

(H) KP-4 cells transfected with BRD4 siRNA were infected with Salmonella enterica serovar Typhimurium. The number of Salmonella was determined by performing
colony-forming unit assays at 2, 6, and 8 hr after infection and normalized to the numbers at 2 hr. Data are shown as mean + SEM; n = 4 independent experiments.
(I) KP-4 cells expressing YFP-parkin were transfected with BRD4 siRNA followed by treatment with 1 uM Antimycin A and 1 1M Oligomycin for 8 hr.

See also Figure S6.
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for 2 hr in the presence of CQ (B).
(C) KP-4 cells infected with Cas9/ATG5 sgRNA were transfected with BRD4 siRNA and subjected to amino acid starvation for 2 hr.

(legend continued on next page)
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repressor, the mechanisms behind this effect were largely un-
known (Barrow et al., 2016). We show that BRD4 is recruited
to autophagy and lysosome gene promoter regions and interacts
with G9a that deposits a repressive H3K9diMe mark. However,
our finding that G9a knockdown largely, but not completely,
abrogates autophagy repression by BRD4 overexpression im-
plies that there are other mechanism(s) that mediate the auto-
phagy suppression by BRD4. Different transcriptional activators
(i.e., FOXO family and p53 family), repressors (i.e., ZKSCAN3
and FOXK), and histone modifications (i.e., H3K27triMe and
H2BK120UDb) are also involved in the transcriptional regulation
of autophagy (Baek and Kim, 2017; Fullgrabe et al., 2016). There-
fore, it remains possible that BRD4 affects the recruitment of
these transcription factors and histone-modifying enzymes to
suppress autophagy gene expression.

Modulation of autophagic activity is thought to be a potential
therapeutic strategy for various diseases, including neuronal
degeneration, infectious diseases, and cancer (Rubinsztein
etal., 2012). In this regard, identification of druggable autophagy
regulators would be an attractive strategy to treat these dis-
eases. BET inhibitors exhibit anti-tumor effects in various types
of cancers and have been tested in phase one and two clinical
trials (Wang and Filippakopoulos, 2015). Our findings also poten-
tially indicate that BET inhibitors may have beneficial effects in
diseases, such as neurodegeneration, where promotion of auto-
phagy is being explored for therapy.

There has been much interest in whether autophagy represses
or promotes tumor development (Galluzzi et al., 2015) and so the
fact that the product of a chromosomal translocation considered
to be the driver of NMC is a repressor of autophagy is an inter-
esting discovery. Interestingly, we found that, in NMC cells,
BRD4 expressed from the unaffected allele has little contribution
to the regulation of autophagy, indicating a dominant role of
BRD4-NUT in autophagy repression. How this enhanced repres-
sion is achieved and how much, if at all, the repression of auto-
phagy is a contributing factor in the development of NMC are
beyond the scope of this current study but undoubtedly worthy
of future investigation.

Taken together, the findings we present here detail a mecha-
nism of transcriptional regulation of autophagy and lysosome
function. The mechanism facilitates some forms of autophagy,
but not others, and this therefore highlights an additional control
point of autophagy regulation that may be relevant to various
forms of human disease.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-BRD4 (clone E2A7X) (human Cell Signaling Technology Cat#: 134408

specific) (long isoform)

Rabbit monoclonal anti-NUT (clone C52B1) Cell Signaling Technology Cat#: 3625S; RRID: AB_2066833
Rabbit monoclonal anti-G9a (EHMT2/KMT1C) Cell Signaling Technology Cat#: 3306S; RRID: AB_2097647
(clone C6H3)

Rabbit monoclonal anti-SIRT1 (clone D1D7) Cell Signaling Technology Cat#: 9475P; RRID: AB_2617130
Mouse monoclonal anti-DBC1 (clone 3G4) Cell Signaling Technology Cat#: 5857S; RRID: AB_10838138
Rabbit monoclonal anti-AMPKa pT172 Cell Signaling Technology Cat#: 2535S; RRID: AB_331250
Mouse monoclonal anti-AMPKa1/a.2 Cell Signaling Technology Cat#: 2793S; RRID: AB_915794
Rabbit polyclonal anti-LC3B Cell Signaling Technology Cat#: 2775S; RRID: AB_915950
Rabbit monoclonal anti-LC3B (clone D11) Cell Signaling Technology Cat#: 3868S; RRID: AB_2137707
Rabbit polyclonal anti-TFEB Cell Signaling Technology Cat#: 4240S; RRID: AB_11220225
Rabbit monoclonal anti-LAMP1 (clone D2D11) Cell Signaling Technology Cat#: 9091P

Rabbit polyclonal anti-Cathepsin D Cell Signaling Technology Cat#: 2284S; RRID: AB_10694258
Rabbit polyclonal anti-ASM Cell Signaling Technology Cat# 3687S; RRID: AB_1904135
Rabbit monoclonal anti-Cathepsin B (clone D1C7Y) Cell Signaling Technology Cat#: 31718S

Rabbit monoclonal anti-ATG5 (clone D5F5U) Cell Signaling Technology Cat#: 12994S

Rabbit monoclonal anti-p70 S6K pT389 (clone 108D2) Cell Signaling Technology Cat#: 9234S; RRID: AB_2269803

Rabbit monoclonal anti-p70 S6K (clone 49D7)

Rabbit monoclonal anti-Acetyl-Histone H4 (Lys16)
(clone E2B8W)

Mouse monoclonal anti-Histone H4 (clone L64C1)
Rabbit monoclonal anti-c-Myc (clone D84C12)
Rabbit monoclonal anti-CDK9 (clone C12F7)
Rabbit monoclonal anti-GFP (clone D5.1)

Rabbit polyclonal anti-TFE3

Normal rabbit IgG

Mouse IgG1 isotype control G3A1

Rabbit monoclonal anti-BRD4 (clone EPR5150(2))
(human and mouse) (long and short isoforms)

Mouse monoclonal anti-GAPDH

Rabbit polyclonal anti-B-actin

Rabbit polyclonal anti-G9a (EHMT2/KMT1C)
Mouse monoclonal anti-Histone H3 (di methyl K9)
Rabbit polyclonal anti-GAA (clone EPR4716(2))

Mouse monoclonal Membrane Integrity WB
Antibody Cocktail

Rabbit polyclonal anti-BRD4 (human and mouse)
(long isoform)

Rabbit polyclonal anti-BRD2

Rabbit polyclonal anti-BRD3

Rabbit polyclonal anti-hMOF (MYST1/KAT8)
Rabbit polyclonal anti-Acetyl-Histone H4 (Lys16)
Rabbit polyclonal anti-Acetyl-Histone H4 (Lys16)

Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Abcam

Abcam
Abcam
Abcam
Abcam
Abcam
Abcam

Bethyl Laboratories

Bethyl Laboratories
Bethyl Laboratories
Bethyl Laboratories
Millipore

Active Motif

Cat#:

2708S; RRID: AB_390722

Cat#:13534S

Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:

Cat#:
Cat#:
Cat#:
Cat#:
Cat#:
Cat#:

Cat#

Cat#:
Cat#
Cat#:
Cat#:
Cat#:

2935P; RRID: AB_1147658
5605S; RRID: AB_1903938
2316T; RRID: AB_2291505
2956S; RRID: AB_1196615
14779S

2729S; RRID: AB_1031062
5415S; RRID: AB_10829607
ab128874; RRID: AB_11145462

ab9484; RRID: AB_307274
ab8227; RRID: AB_2305186
ab133482

ab1220; RRID: AB_449854
ab137068

ab110414

: A301-985A50; RRID: AB_2631449

A302-583A; RRID: AB_2034829

: A302-368A; RRID: AB_1907251

A300-992A; RRID: AB_805802
07-329; RRID: AB_310525
39167
(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse monoclonal anti-LAMP2/CD107b
Mouse monoclonal anti-p62

Mouse monoclonal anti-GFP

Goat polyclonal anti-LaminA/C

Goat polyclonal anti-HSP90B

Mouse monoclonal anti-FLAG (clone M2)
Mouse monoclonal anti-V5

Mouse monoclonal anti-WIPI2

Mouse monoclonal anti-LC3

BD Biosciences
BD Biosciences
Covance

Santa Cruz
Santa Cruz
Sigma-Aldrich
Invitrogen
Bio-Rad
NanoTools

Cati#: 555803; RRID: AB_396137

Cat#: 610833; RRID: AB_398152

Cat#: MMS-118P-200; RRID: AB_10063778
Cat#: sc-6215; RRID: AB_648152

Cat#: sc-1057; RRID: AB_2121392

Cati#: F1804; RRID: AB_262044

Cat#: 46-0705

Cat#: MCA5780GA; RRID: AB_10845951
Cat#: 0231-100/LC3-5F10

Bacterial and Virus Strains

Salmonella enterica serovar Typhimurium David Holden Lab (Imperial N/A

(strain 12023) College London)

Chemicals, Peptides, and Recombinant Proteins

Chloroquine Sigma-Aldrich Cati#: C6628
Doxycycline Sigma-Aldrich Cat#: D9891
Antimycin A Sigma-Aldrich Cati#: A8674
Oligomycin Sigma-Aldrich Cat#: 04876
D-(+)-Trehalose dihydrate Sigma-Aldrich Cat#: T0167
4-Hydroxytamoxifen Sigma-Aldrich Cat#: H7904
(+)-JQ1 TOCRIS Cati: 4499
I-BET151 TOCRIS Cat#: 4650
OTX015 Cayman Cati: 15947
Compound C EMD Millipore Cati#: 171264
Rapamycin LC Laboratories Cat#: R-5000
ARV-825 Chemietek Cat#: CT-ARV825
LysoTracker red DND-99 Thermo Fisher Scientific Cat# L7528
Magic Red Cathepsin B ImmunoChemistry Technologies Cat#: 938
Hoechst33342 Thermo Fisher Scientific Cat#: H3570

Critical Commercial Assays

TruSeq RNA Sample Prep Kit v2
Click-iT EdU Flow Cytometry Assay Kit

lllumina
Thermo Fisher Scientific

Cati#: RS-122-2001
Cat#: C10633

Deposited Data

Raw and processed data of the RNA-seq This paper GEO: GSE90444
Full scans of western blot data and original microscopy This paper Mendeley Data: http://dx.doi.org/10.
images 17632/ksz4pmwkdb.1
Experimental Models: Cell Lines
Human: KP-4 RIKEN RCB1005
Human: PA-TU-8902 DMSZ ACC-179
Human: SUIT2 JCRB JCRB1094
Human: PA-TU-8988T DMSZ ACC-162
Human: hTERT-HPNE ATCC CRL-4023
Human: IMR90 ER-HRas G12V Peter D. Adams Lab (Cancer N/A
Research UK Beatson Institute)
Human: HEK293T ATCC CRL-3216
Human: PK-1 RIKEN RCB1972
Human: TY-82 JCRB JCRB1330
Human: Phoenix-AMPHO ATCC CRL-3213
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IDENTIFIER

Experimental Models: Organisms/Strains

Mouse: CAGs-rtTA3

Mouse: TRE-shRen
Mouse: TRE-shBRD4
Mouse: C57BL/6J

Scott W. Lowe Lab (Memorial
Sloan Kettering Cancer Center)

Scott W. Lowe Lab
Scott W. Lowe Lab
The Jackson Laboratory

Premsrirut et al., 2011 (also available from
the Jackson Laboratory, Stock #: 016532)

N/A
N/A
Stock #: 000664

Oligonucleotides

siRNAs, see the Table S1
PPCR primers, See the Table S2

N/A
N/A

N/A
N/A

Recombinant DNA

pBabe-puro
pRetrox-tight-puro-HA-BRD4

pBabe-puro-human BRD4 long variant
pLenti-puro

pLenti-puro-human BRD4 long variant
pEGFP-C1+mRFP-LC3

pBabe-puro-mRFP-GFP-LC3
pLZRS-YFP-Parkin

PcDNA3

pPcDNAS3-human BRD4 short variant

pLenti6-MK1-EHMT2 (G9a)-V5 (human G9a long
variant)

pPTRE-tight

pTRE-tight-Htt94Q-CFP

pMA2640

pFlag-CMV2-Brd4 (1-1362) (human BRD4 long variant)

psPAX2

pMD2.G

pMXs-puro GFP-p62

PEGFP-N1

pEGFP-N1-TFEB

pEGFP-N1-TFE3

PEGFP-N1-MITF-A

pEGFP-Q74

pLVX-TetOne-Puro
pLVX-TetOne-Puro-GFP-HTT exon1 Q74
lentiCRISPR v2

lentiCRISPR v2-human hMOF/KATS #1
lentiCRISPR v2-human hMOF/KAT8 #2
lentiCRISPR v2-human SIRT1
lentiCRISPR v2-human AMPKa1/PRKAA1
lentiCRISPR v2-human AMPKa2/PRKAA2
lentiCRISPR v2-human ATG5
lentiCRISPR v2-non-targeting control (NTC)
pLKO.1-non-targeting control (NTC)
pLKO.1-human G9a shRNA #1

Morgenstern and Land, 1990

MRC Protein Phosphorylation
and Ubiquitylation Unit

This paper
Guan et al., 2011
This paper

Tamotsu Yoshimori Lab (Osaka
University)

This paper

Baudot et al., 2015
Invitrogen

This paper
Addgene

Clontech

Maynard et al., 2009
Alexeyev et al., 2010
Bisgrove et al., 2007

Addgene

Addgene

Itakura and Mizushima, 2011
Clontech

Roczniak-Ferguson et al., 2012
Roczniak-Ferguson et al., 2012
Roczniak-Ferguson et al., 2012
Narain et al., 1999

Clontech

This paper

Sanjana et al., 2014

This paper

This paper

This paper

This paper

This paper

This paper

This paper

Sigma-Aldrich

Dharmacon

Addgene plasmid # 1764
Cat#: DU46347

N/A

Addgene plasmid # 39481
N/A

Kimura et al., 2007

N/A
N/A
N/A
N/A
Addgene plasmid # 31113

Cat#: 631059
Addgene plasmid #23966
Addgene plasmid #25434

Addgene plasmid #22304, discontinued
due to reason other than plasmid issue

Addgene plasmid #12260

Addgene plasmid #12259

Addgene plasmid #38277

Cat#: 6085-1

Addgene plasmid #38119

Addgene plasmid #38120

Addgene plasmid #38132

Addgene plasmid # 40262

Cat#: 631849

N/A

Addgene plasmid #52961

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Cat#: SHC002

Cat#: TRCNO000115670
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
pLKO.1-human G9a shRNA #2 Dharmacon Cat#: TRCN0000115668
pTRIPZ-non-targeting control (NTC) Dharmacon Cat#: RHS4743
pTRIPZ-human BRD4 shRNA (targeting short and long Dharmacon Cat#: V3THS326487
variants)

Software and Algorithms

ImageJ64 NIH https://imagej.nih.gov/ij/
CellProfiler Anne Carpenter Lab (Broad http://cellprofiler.org

Optimized CRISPR Design
FastQC

FastQ Screen

TopHat2 v.2.0.10

Bowtie v.2.1.0

HTSeq v.0.5.4p3

DESeq2

g:Profiler

ZEN 2010 software

ZEN 2012 software
StepOne software

FlowJo software v.7.6.5
BD CellQuest Pro software
GraphPad Prism 7

Institute)
Feng Zhang Lab (MIT)
Babraham Bioinformatics

Babraham Bioinformatics

Kim et al., 2013

Langmead and Salzberg, 2012

Simon Anders (EMBL
Heidelberg)

Love et al., 2014
Reimand et al., 2011
Zeiss

Zeiss

Applied Biosystems
FlowJo

BD Biosciences
GraphPad software

http://crispr.mit.edu

https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/

http://www.bioinformatics.babraham.
ac.uk/projects/fastq_screen/

https://ccb.jhu.edu/software/tophat/
index.shtml

http://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

http://www-huber.embl.de/users/
anders/HTSeqg/doc/overview.html

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kevin M.
Ryan (k.ryan@beatson.gla.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture

KP-4 cells (RIKEN, Cat#: RCB1005) were cultured in IMDM (Thermo Fisher Scientific, Cat#: 21980065) supplemented with 20% FBS
(Thermo Fisher Scientific, Cat#: 10270106) and antibiotics (Thermo Fisher Scientific, Cat#: 15140122) in a humidified atmosphere
with 5% CO,. PA-TU-8902 (DMSZ, Cat#: ACC-179), SUIT2 (JCRB, Cat#: JCRB1094), PA-TU-8988T (DMSZ, Cat#: ACC-162),
hTERT-HPNE (ATCC, Cat#: CRL-4023), IMR90 ER-HRas G12V (a gift from Peter D. Adams, Cancer Research UK Beatson
Institute, UK), and HEK293T (ATCC, Cat#: CRL-3216) cells were maintained in DMEM (Thermo Fisher Scientific, Cat#: 21969035)
supplemented with 10% FBS, 2 mM L-Glutamine (Thermo Fisher Scientific, Cat#: 25030032), and antibiotics. PK-1 (RIKEN,
Cat#: RCB1972) and TY-82 (JCRB, Cat#: JCRB1330) were maintained in RPMI-1640 (Thermo Fisher Scientific, Cat#: 31870074)
supplemented with 10% FBS, 2 mM L-Glutamine, and antibiotics. For starvation experiments, cells were cultured in EBSS
(Sigma-Aldrich, Cat#: E2888). Since amino acid-free and glucose-free IMDM media are not commercially available, we used amino
acid-free and glucose-free DMEM media supplemented with 20% FBS. For amino acid starvation, DMEM low glucose amino acid
free (USBiological, Cat#: D9800-13) was supplemented with Glucose (Thermo Fisher Scientific, Cat#: 15023021) to 25 mM, 20%
dialized FBS (Thermo Fisher Scientific, Cat#: 26400044), 1 mM Sodium pyruvate (Sigma-Aldrich, Cat#: S8636), 3.7 g/L Sodium
bicarbonate (Sigma-Aldrich, Cat#: S5761), and antibiotics. For glucose starvation, DMEM no glucose (Thermo Fisher Scientific,
Cat#: 11966-025) was supplemented with 20% dialized FBS, 1 mM Sodium pyruvate, and antibiotics. DMEM supplemented with
20% dialized FBS, 2 mM L-Glutamine, and antibiotics was used as a control for amino acid and glucose starvation.
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Mice

6-8 week old TRE-shRen/CAG-rtTA3 and TRE-shBRD4/CAG-rtTA3 mice were fed with 625 mg/kg doxycycline-containing food pel-
lets (Harlan Teklad) for 2 weeks. Tissues were harvested and fixed overnight in 10% neutral buffered formalin, followed by paraffin
embedding and sectioning as described previously (Bolden et al., 2014). All experimental procedures were approved by, and
adhered to guidelines of, the Memorial Sloan Kettering Cancer Center institutional animal care and use committee.

METHOD DETAILS

Reagents

Chloroquine (Cat#: C6628), Doxycycline (Cat#: D9891), Antimycin A (Cat#: A8674), Oligomycin (Cat#: O4876), D-(+)-Trehalose dihy-
drate (Cat#: T0167), and 4-Hydroxytamoxifen (Cat#: H7904) were from Sigma-Aldrich. (+)-JQ1 (Cat#: 4499) and |-BET151 (Cat#:
4650) were from TOCRIS. OTX015 (Cat#: 15947) was from Cayman. Compound C (Cat#: 171264) was from EMD Millipore. Rapamy-
cin (Cat#: R-5000) was from LC Laboratories. ARV-825 was from Chemietek (Cat#: CT-ARV825).

Plasmid Transfection

Plasmids were transfected into HEK293T cells using Lipofectamine2000 (Thermo Fisher Scientific, Cat#: 11668027) or GeneJuice
(EMD Millipore, Cat#: 70967). KP-4 cells were transfected with plasmids using Lipofectamine3000 (Thermo Fisher Scientific,
Cat#: L3000015).

siRNA Transfection

Cells were reverse-transfected with 20 nM of siRNAs using Lipofectamine RNAIMAX reagent (Thermo Fisher Scientific, Cat#:
13778150) for 72 hr. siRNAs are listed in Table S1. BRD4 #1-#4 were used to knockdown both short and long isoforms. Since
NUT is a testis-specific gene, NUT siRNAs were used to knockdown BRD4-NUT fusion gene (Schwartz et al., 2011).

Western Blotting

Cells were lysed with cell lysis buffer (20 mM HEPES-KOH pH7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100) containing Halt pro-
tease inhibitor cocktail (Thermo Scientific, Cat#: 78430). Total protein concentration was determined by BCA assay using Copper (II)
sulfate solution (Sigma-Aldrich, Cat#: C2284) and Bicinchoninic Acid solution (Sigma-Aldrich, Cat#: B9643). The cell extracts were
mixed with 6x SDS-PAGE sample buffer (0.3 M Tris-HCI (pH6.8), 0.12 g/ml SDS, 0.1 M Dithiothreitol, 60% Glycerol, 0.6 mg/ml Bro-
mophenol blue) and heated at 99°C for 5 min. The same amount of protein (10-30 pg) was loaded and run on SDS-PAGE. The
following antibodies were used. BRD4 E2A7X (long isoform) (Cat#: 13440S, WB 1/1000, IP, ChIP), NUT (Cat#: 3625S, WB
1/1000), G9a (Cat#: 3306S, WB 1/1000), SIRT1 (Cat#: 9475P, WB 1/1000), DBC1 (Cat#: 5857S, WB 1/1000, IP), AMPKa pT172
(Cat#: 2535S, WB 1/1000), AMPKa.1/02 (Cat#: 2793S, WB 1/1000), LC3B (Cat#: 2775S, WB 1/1500), LC3B D11 (Cat#: 3868S, IF
1/200), TFEB (Cat#: 4240S, WB 1/1000), LAMP1 (Cat#: 9091P, WB 1/1000, IF 1/200), CTSD (Cat#: 2284S, WB 1/1000), ASM
(Cat#: 3687S, WB 1/1000), CTSB (Cat#: 31718S, WB 1/1000), ATG5 (Cat#: 12994S, WB 1/1500), p70 S6K pT389 (Cat#: 9234S,
WB 1/1000), p70 S6K (Cat#: 2708S, WB 1/1500), Histone H4K16Ac (Cat#: 13534S, WB 1/1000), Histone H4 (Cat#: 2935P, WB
1/1000), c-Myc (Cat#: 5605S, WB 1/1000), CDK9 (Cat#: 2316T, WB 1/1000), GFP (Cat#: 2956S, WB 1/2000), TFE3 (Cat#:
14779S, WB 1/1000), Normal rabbit IgG (Cat#: 2729S, IP, ChIP), Mouse IgG1 isotype control (Cat#: 5415S, IP), Anti-rabbit IgG
HRP-linked Antibody (Cat#: 7074S, WB 1/5000), and Anti-mouse IgG HRP-linked Antibody (Cat#: #7076S, WB 1/5000) were from
Cell Signaling Technology. BRD4 NT (short and long isoforms) (Cat#: ab128874, WB 1/1000), GAPDH (Cat#: ab9484, WB 1/2000),
B-Actin (Cat#: ab8227, WB 1/2000), G9a (Cat#: ab133482, WB 1/1000, IP, ChIP), H3K9diMe (Cat#: ab1220, ChIP), GAA (Cat#:
ab137068, WB 1/1000), Membrane Integrity WB Antibody Cocktail (Cat#: ab110414 (MS620), WB 1/5000), and Anti-Goat IgG
H&L (HRP) (Cat#: ab6741, WB 1/5000) were from Abcam. BRD4 (long isoform) (Cat#: A301-985A50, ChIP, IHC 1/2000), BRD2
(Cat#: A302-583A, WB 1/5000), BRD3 (Cat#: A302-368A, WB 1/5000), and hMOF (Cat#: A300-992A, WB 1/1000) were from Bethyl
Laboratories. H4K16Ac (Cat#: 07-329, WB 1/2000, ChIP) was from Millipore. H4K16Ac (Cat#: 39167, ChIP) was from Active motif.
LAMP2/CD107b (Cat#: 555803, WB 1/2000) and p62 (Cat#: 610833, WB 1/5000) were from BD. GFP (Cat#: MMS-118P, WB
1/5000) was from Covance. LaminA/C (Cat#: sc-6215, WB 1/2000) and Hsp90B (Cat#: sc-1057, WB 1/2000) were from Santa
Cruz. FLAG (Cat#: F1804, WB 1/2000) was Sigma-Aldrich. V5 (Cat#: 46-0705, WB 1/2000) was from Invitrogen. WIPI2 (Cat#:
MCA5780GA, IF 1/200) was from Bio-Rad. LC3B (Cat#: 0231-100/LC3-5F10, IHC: 1/50) was from NanoTools. Proteins were de-
tected using Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Cat#: 32106) or SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific, Cat#: 34095). Signal intensity was measured using ImageJ64 software (https://
imagej.nih.gov/ij/).

Plasmids, sgRNAs, and shRNAs

cDNA encoding human BRD4 transcript variant long was excised from pRetrox-tight-puro-HA-BRD4 (obtained from MRC
Protein Phosphorylation and Ubiquitylation Unit, Cat#: DU46347) and inserted into pBabe-puro (a gift from Hartmut Land & Jay
Morgenstern & Bob Weinberg, Addgene plasmid # 1764) (Morgenstern and Land, 1990) and pLenti-puro (a gift from le-Ming Shih,
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Addgene plasmid # 39481) (Guan et al., 2011) vectors. Human BRD4 transcript variant short was cloned using pRetrox-tight-puro-
HA-BRD4 as a template with BRD4 Short Fw (CGCGATATCACCATGGACTACAAAGACGATGACGACAAGATGTCTGCGGAG
AGCGG) and BRD4 Short Rv (CGCGTCGACTTAGGCAGGACCTGTTTCGGAGTCTTCGCTG) primers. The fragment was digested
with EcoRV and Sall and inserted into pcDNAS3 vector (Invitrogen) (EcoRV and Xhol sites). The sequence was confirmed to be iden-
tical to BRD4 transcript variant short (RefSeq: NM_014299.2). mRFP-GFP-LC3 cDNA was excised from pEGFP-C1+mRFP-LC3
(a kind gift from Tamotsu Yoshimori, Osaka University, Japan) (Kimura et al., 2007) and inserted into pBabe-puro vector. pLZRS-
YFP-Parkin was described in (Baudot et al., 2015). pLenti6-MK1-EHMT2 (G9a)-V5 was a gift from Bernard Futscher (Addgene
plasmid # 31113). pTreTight-Htt94Q-CFP was a gift from Nico Dantuma (Addgene plasmid #23966) (Maynard et al., 2009).
pMA2640 was a gift from Mikhail Alexeyev (Addgene plasmid #25434) (Alexeyev et al., 2010). pFlag-CMV2-Brd4 (1-1362) was a
gift from Eric Verdin (Addgene plasmid #22304) (Bisgrove et al., 2007). psPAX2 and pMD2.G were gifts from Didier Trono (Addgene
plasmid #12260 and #12259). pMXs-puro GFP-p62 was a gift from Noboru Mizushima (Addgene plasmid #38277) (Itakura and Miz-
ushima, 2011). pEGFP-N1-TFEB, pEGFP-N1-TFE3 and pEGFP-N1-MITF-A were gifts from Shawn Ferguson (Addgene plasmid
#38119, #38120 and #38132) (Roczniak-Ferguson et al., 2012). GFP-HTT exon1 Q74 cDNA was excised from pEGFP-Q74 (a gift
from David Rubinsztein, Addgene plasmid #40262) (Narain et al., 1999) and inserted into pLVX-TetOne-puro vector (Clontech,
Cat#: 631849). pTRE-tight and pEGFP-N1 vectors were from Clontech (Cat#: 631059 and 6085-1). lentiCRISPR v2 was a gift
from Feng Zhang (Addgene plasmid #52961) (Sanjana et al., 2014).
The following sgRNA sequences were used in the experiments.

Human hMOF/KAT8 #1: CCTTCCCGCGATGGCGGCAC (Wang et al., 2014);

Human hMOF/KAT8 #2: GGCGGCACAGGGAGCTGCTG (Wang et al., 2014);

Human SIRT1: AGAGATGGCTGGAATTGTCC (Wang et al., 2014);

Human AMPKa1/PRKAA1: AAGATCGGCCACTACATTCT (Wang et al., 2014);

Human AMPKa2/PRKAA2: GCTGAGAAGCAGAAGCACGA (Wang et al., 2014);

Human ATG5: AAGAGTAAGTTATTTGACGT (Designed using Optimized CRISPR Design (http://crispr.mit.edu);
Non-targeting control (NTC): GTAGCGAACGTGTCCGGCGT (Wang et al., 2014).

pLKO.1-non-targeting control (NTC) (Sigma-Aldrich, Cat#: SHC002) and pLKO.1-shG9a #1 and #2 (Dharmacon, Cat#:
TRCNO0000115670 (#1) and TRCNO0O00115668 (#2)) were purchased from Sigma-Aldrich and Dharmacon, respectively. pTRIPZ-
non-targeting control (NTC) (Cat#: RHS4743) and shBRD4 (Cat#: V3THS326487) were purchased from Dharmacon.

Lentivirus and Retrovirus Production and Infection

Lentiviral plasmids were transfected into HEK293T cells together with packaging and envelope plasmids (psPAX2 and pMD2.G) us-
ing Lipofectamine2000 (Thermo Fisher Scientific, Cat#: 11668027) or Genejuice (EMD Millipore, Cat# 70967). At 2 days after trans-
fection, the medium was passed through a 0.45 um pore filter and mixed with Polybrene (Sigma-Aldrich, Cat#: H9268). The medium
containing lentiviruses was transferred to the recipient cells. HEK293T cells were further cultured in fresh medium for 24 hr. After
6 hr of infection, medium was changed. Next day, infection was repeated as above. After lentivirus infection, cells were selected
with 1 pug/ml of Puromycin (Sigma-Aldrich, Cat#: P9620) or 5 png/ml of Blasticidin (Thermo Fisher Scientific, Cat# R21001) for
5-10 days. For retrovirus production, retroviral plasmids were transfected into Phoenix-AMPHO cells (ATCC, Cat#: CRL-3213) using
Lipofectamine2000 or Genejuice. Retrovirus infection was carried out as described above.

Immunofluorescence and Confocal Imaging

Cells seeded on coverslips (VWR 16mm, Thickness No.1, Cat# 631-0152) were fixed with 4% PFA/PBS (Electron microscopy sci-
ence, Cat#: 1570) at RT for 15 min followed by permeabilization with 0.1% Triton X-100/PBS. For LC3 and WIPI2 staining, cells
were fixed and permeabilized in 100% ice-cold methanol at —20°C for 15min. After incubation in blocking solution (3% BSA/PBS)
at room temperature for 1hr, cells were incubated with primary antibody at 4°C overnight. Cells were washed in PBS three times
and stained with 2 ug/ml Hoechst33342 (Thermo Fisher Scientific, Cat#: H3570) for 15min at room temperature, followed by wash
in PBS three times. Cells were then incubated with Anti-rabbit IgG-Alexa 488 (Thermo Fisher Scientific, Cat#: A11008, 1/1000) or
Anti-mouse 1gG-Alexa 568 (Thermo Fisher Scientific, Cat#: A11031, 1/1000) for 1hr at room temperature. After cells were washed
with PBS four times, the coverslips were mounted onto glass slides using Fluorescent Mounting Medium (DAKO, Cat#: S3023).
To visualize acidic lysosome compartments, cells were stained with LysoTracker Red DND-99 (Thermo Fisher Scientific, Cat#
L7528, 100 nM, 2 hr). To measure lysosomal Cathepsin B activity, cells were incubated with Magic Red CathepsinB (ImmunoChem-
istry Technologies, Cat#: 938) for 1 hr according to the manufacturer’s instructions. After incubation with LysoTracker Red or Magic
Red CathepsinB, cells were fixed in 4% PFA/PBS for 15 min at room temperature. Cells were then washed in PBS five times followed
by staining with 2 ng/ml Hoechst33342 for 15 min at room temperature. Cells were washed with PBS four times and the coverslips
were mounted onto glass slides using Fluorescent Mounting Medium. All confocal images were acquired and processed using
a Zeiss 710 confocal microscope (Zeiss) and Zen2010 software (Zeiss). The number of LC3 and WIPI2 puncta were counted using
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CellProfiler software (http://cellprofiler.org) and normalized to the number of nuclei. The area of LAMP-1-, LysoTracker Red-, and
Magic Red CathepsinB-positive compartments was measured using Imaged64 software (https://imagej.nih.gov/ij/) and normalized
to the number of nuclei.

Immunohistochemistry

Transgenic mice harboring inducible Renilla luciferase and BRD4 shRNAs whose expression is under the control of TRE promoter
were generated as described previously using the same shRNA sequences (Bolden et al., 2014). Briefly ESCs containing a homing
cassette at the Col1a1 locus were targeted with TRE-driven single-copy shRNAs and mice were generated by blastocytst injections.
Resulting F1 mice were crossed to the CAG-rtTA3 strain (Premsrirut et al., 2011). Doxycycline was administered to 6-8 week old TRE-
shRen/CAG-rtTA3 or TRE-shBRD4/CAG-rtTA3 mice via 625 mg/kg doxycycline-containing food pellets (Harlan Teklad) for 2 weeks.
JQ1 preparation and administration were performed as described previously (Bolden et al., 2014). JQ1 powder was dissolved in
DMSO to generate a concentrated 50 mg/mL stock solution. For administration to animals, a working solution was generated by
diluting 1 part of the concentrated JQ1stock drop-wise into 9 parts 10% 2-(Hydroxypropyl)-B-cyclodextrin (Sigma-Aldrich,
Cat#: C0926). C57BL/6 mice received once daily intraperitoneal injections of 100 mg/kg JQ1 for 2 weeks. Tissues were harvested
and fixed overnight in 10% neutral buffered formalin, followed by paraffin embedding and sectioning as described previously (Bolden
et al., 2014). All experimental procedures were approved by, and adhered to guidelines of, the Memorial Sloan Kettering Cancer
Center institutional animal care and use committee.

Paraffin embedded sections were placed in Xylene for 5 min, 100% Ethanol for 1 min twice, 70% Ethanol for 1 min, and deionized
water for 5 min. Antigen retrieval was performed in PT Module using Sodium citrate retrieval buffer pH 6 (Thermo Scientific, Cat#: TA-
250-PM1X) at 98°C for 25 min followed by wash with Tris buffered saline and tween 20 (TBST) (Thermo Scientific, Cat#: TA-999-TT).
The sections were then blocked for endogenous peroxidase using Peroxidase-blocking solution (Dako, Cat#: S2023) for 5 min fol-
lowed by wash with TBST. The sections were incubated with LC3B (NanoTools, Cat#: 0231-100/LC3-5F10, 1/50) or BRD4 (Bethyl
Laboratories, Cat#: A301-985A50, 1/2000) antibody diluted in Antibody diluent (Dako, Cat#: S2022) for 35 min. After wash with
TBST twice, the sections were incubated with EnVision+ HRP, Mouse or Rabbit (Dako, Cat#: K4001 and K4003) for 30 min followed
by wash with TBST twice. The sections were incubated with 3,3'-Diaminobenzidine tetrahydrochloride (DAB) (Dako, Cat#: K3468) for
10 min, washed with deionized water for 1 min, stained with Haematoxylin Z (CellPath, Cat#: RBA-4201-00A) for 7 min, washed with
deionized water for 1min, differentiated in 1% Acid alcohol, washed with deionized water for 30 s, incubated in Scott’s tap water
substitute for 1 min, and washed with deionized water for 1 min. The sections were dehydrated, cleaned, and mounted with DPX.
Images were acquired using a Zeiss Axio Scope.A1 microscope (Zeiss) and ZEN 2012 software (Zeiss).

To measure LC3 lipidation levels in BRD4 knockdown and JQ1-treated mice, proteins were extracted from formalin-fixed paraffin-
embedded (FFPE) tissues using Qproteome FFPE Tissue Kit (QIAGEN, Cat#: 37623). Total protein concentration was determined by
Bradford assay (Bio-Rad, Cat#: 500-0201). The cell extracts were mixed with 6x SDS-PAGE sample buffer and heated at 99°C for
5 min. The same amount of protein (20-30 pg) was loaded and run on SDS-PAGE. To confirm BRD4 knockdown, total RNA was iso-
lated from FFPE tissues using RNeasy FFPE kit (QIAGEN, Cat#: 73504) followed by RT-qPCR analysis described below.

RNA Sequencing

KP-4 cells were transfected with Control #1, BRD4 #1, or BRD4 #2 siRNA for 72 hr. At 72 hr after transfection, total RNA was isolated
and purified using RNeasy mini kit (QIAGEN, Cat#: 74104). Quality of the purified RNA was assessed using an Agilent RNA 6000 Nano
kit and 2100 Bioanalyzer. Libraries for cluster generation and DNA sequencing were prepared following an adapted method from
(Fisher et al., 2011) using TruSeq RNA Sample Prep Kit v2 (lllumina, Cat#: RS-122-2001). Quality and quantity of the DNA libraries
were assessed on an Agilent 2100 Bioanalyser and Qubit (Thermo Fisher Scientific), respectively. The libraries were run on the Illu-
mina Next Seq 500 using the High Output 75 cycles kit (2x36 cycles, paired end reads, single index). The results were then analyzed
as follows. Quality checks on the raw RNA-Seq data files were conducted using fastqc (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and fastq_screen (http://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/). RNA-Seq reads were
aligned to the GRCh37 (Church et al., 2011) version of the human genome using tophat2 version 2.0.10 (Kim et al., 2013) with Bowtie
version 2.1.0 (Langmead and Salzberg, 2012). Expression levels were determined and statistically analyzed by a combination of
HTSeq version 0.5.4p3 (http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html), the R 3.1.1 environment, utilizing
packages from the Bioconductor data analysis suite and differential gene expression analysis based on a generalized linear model
using the DESeq2 (Love et al., 2014). Enrichment analysis for Gene Ontology terms within this gene set was performed using
g:Profiler (Reimand et al., 2011).

RNA Isolation, Reverse Transcription, and Quantitative PCR (RT-qPCR)

The total RNA was isolated and purified using the RNeasy mini kit (QIAGEN, Cat#: 74104). 1 ng of total RNA was reverse-transcribed
using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems, Cat# 4387406) at 37°C for 1 hr. 1 uL of cDNA from 20 puL reaction
volume was used for gPCR. gPCR was run on a StepOnePlus (Applied Biosystems) using Fast SYBR Green Master Mix (Applied
Aiosystems, Cat#: 4385617). mRNA levels were determined by the relative standard curve method, normalized to 18S, GAPDH,
or HPRT levels, and presented as relative mRNA levels. gPCR analyses were done in triplicate. Experiments were repeated at least
twice. Primers are listed in Table S2.
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Co-immunoprecipitation

Cells were lysed in cell lysis buffer (20 mM HEPES-KOH pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100) containing Halt pro-
tease inhibitor cocktail (Thermo Fisher Scientific, Cat#: 78430). Lysates were incubated with 1 pg of antibody or control rabbit or
mouse IgG (Cell Signaling Technology, Cat#: 2729S and 5415S) at 4°C overnight followed by incubation with 50 uL of Dynabeads
Protein G (Thermo Fisher Scientific, Cat# 10004D) for 3 hr. After washing 3 times with cell lysis buffer containing 0.05% NP-40, im-
munoprecipitates were resuspended in 1x SDS-PAGE sample buffer and resolved by SDS-PAGE followed by western blot analysis.

Chromatin Immunoprecipitation

Approximately 7x10° cells were fixed with 1% Formaldehyde (Sigma-Aldrich, Cat#: F8775) at room temperature for 10 min and
quenched by adding Glycine at a final concentration of 125 mM. Cells were then harvested and lysed in 500 pL of ChIP lysis Buffer
(50 mM Tris-HCI pH8.0, 5 mM EDTA, 150 mM NaCl, 0.5% Triton X-100, 0.5% SDS, 0.5% NP-40, 1 mM Sodium butylate) containing
Halt protease inhibitor cocktail. The lysates were subjected to sonication to shear DNA to the length of approximately between 150
and 900 bp using a Bioruptor (Diagenode). 300 uL of the lysate were then diluted in 1.2 mL of ChIP dilution buffer (50 mM Tris-HCI
pH8.0, 5 mM EDTA, 150 mM NaCl, 0.5% Triton X-100, 0.5% NP-40, 1 mM Sodium butylate) containing Halt protease inhibitor cock-
tail, and incubated with control IgG (Cell Signaling Technology, Cat#: 2729S) or primary antibody together with 50 pL of Dynabeads
protein G (Thermo Fisher Scientific, Cat# 10004D) at 4°C overnight. The beads were washed sequentially with the following buffers:
ChlIP dilution buffer, high salt wash buffer twice (50 mM Tris-HCI pH8.0, 5 mM EDTA, 600 mM NaCl, 0.5% Triton X-100, 0.5% NP-40),
LiCl wash buffer twice (10 mM Tris-HCI pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate), ChIP dilution
buffer, and wash buffer 4 (10 mM Tris-HCI, pH 8.0, 0.1% NP-40). The immunocomplexes were eluted with 75 pL of elution buffer
(1% SDS, 0.1 M NaHCO3) twice at 65°C for 30 min. After elution, the cross-link was reversed by adding NaCl to a final concentration
of 200 MM and incubated together with Proteinase K (Thermo Fisher Scientific, Cat#: EO0491) for 6 hr at 65°C. 3M Sodium acetate
solution pH5.2 (Thermo Fisher Scientific, Cat#: R1181) was added to the eluate to lower pH. DNA fragments were purified with the
QIAquick PCR purification kit (QIAGEN, Cat#: 28104). The purified DNA was analyzed on a StepOnePlus using Fast SYBR Green
Master Mix. The results are presented as percentage of input. gPCR analyses were done in triplicate. Experiments were repeated
at least twice. Primers are listed in Table S2.

RNAI in Drosophila S2R* cells

Culture of Drosophila S2R* cells, generation of S2R* cells stably expressing GFP-LC3, delivery of control luciferase and Fs(1)h
dsRNAs into GFP-LC3 expressing S2R™ cells, and subsequent confocal microscopic analysis were described previously (Wilkinson
et al., 2011).

B-Hexosaminidase Assay

Lysosomal B-Hexosaminidase activity was measured as described in (Chauhan et al., 2013). An equal number of KP-4 cells
(3x10° cells) were lysed in 50 pL of 0.1% Triton X-100 containing Halt protease inhibitor cocktail. 20 uL of the cell extracts were
then incubated with 1 mM 4-Nitrophenyl N-acetyl-B-D-glucosaminide (p-NAG) (Sigma-Aldrich, Cat#: N9376) at 37°C for 1.5 hr.
The reaction was stopped by adding 0.1 M Carbonate/bicarbonate (Sigma-Aldrich, Cat#: C3041). The amount of the reaction product
was measured by reading the absorbance at 405nm.

Aggrephagy

Effects of BRD4 knockdown and overexpression on aggrephagy were examined as described in (Bauer et al., 2010). KP-4 cells
harboring rtTA and Tre-tight-HTT Q94-CFP were treated with 1 pg/ml of Doxycycline (DOX) for 10 hr. Cells were then washed
with PBS three times and cultured in fresh medium. At 48 hr after removal of DOX, cells were lysed in cell lysis buffer and separated
into Triton X-100 soluble and insoluble fractions. Triton X-100 insoluble fraction was washed with lysis buffer three times. Triton X-100
soluble fraction was mixed with 6x SDS-PAGE sample buffer and Triton X-100 insoluble fraction was resuspended in 1x SDS-PAGE
sample buffer followed by SDS-PAGE and western blot. To determine the effect of mutant HTT on cell number, HTT exon1 Q74 was
overexpressed in cells as described in (Williams et al., 2008). KP-4 cells infected with pLVX-TetOne-GFP-HTT Q74 and control
parental cells were treated with 100 ng/ml DOX for 60 hr. Cell number of mutant HTT expressing cells was normalized to that of
parental cells and presented as percentage of reduction in cell number upon mutant HTT induction. Cell number of KP-4 pLVX-
GFP-HTT Q74 and parental control cells was comparable in the absence of DOX (data is shown in Figure S6K first lane).

Mitophagy

Effects of BRD4 knockdown and overexpression on mitophagy were examined as described in (Baudot et al., 2015). KP-4 cells stably
expressing YFP-parkin were treated with 1 pM of Antimycin A and Oligomycin for 8 hr. Degradation of mitochondrial proteins was
monitored as a readout for mitophagy.

Xenophagy

KP-4 cells were plated in triplicates at 8x10* cells in 6-well plates and reverse-transfected with 20 nM of siRNAs using Lipofectamine
RNAIMAX. Infection with Salmonella enterica serovar Typhimurium (strain 12023) was performed 48 hr after siRNA transfection as
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described previously (McEwan et al., 2015b). Therefore, an overnight (stationary) culture of Salmonella was diluted 1:33 and incu-
bated for 3 hr at 37°C prior to infection. The culture was diluted 1:250 to infect cells and Salmonella were allowed to invade cells
for 15 min. Afterward, cells were washed with EBSS and incubated for 1 hr in media containing 100 pug/ml gentamycin. Media
was replaced with 20 pg/ml gentamycin thereafter. To enumerate intracellular Salmonella, cells were lysed 2, 6 or 8 hr post infection
in PBS with 0.1% Triton X-100. Lysates were serial diluted and plated in duplicates on Agar plates.

Cell Proliferation and Cell Death Assays

For EdU staining, KP-4 cells were treated with 10 uM EdU for 2 hr before fixation. Cells were then subjected to EdU staining using
Click-iT EdU Flow Cytometry Assay Kit (Thermo Fisher Scientific, Cat#: C10633). Samples were then stained with FxCycle PI/RNAase
staining solution (Thermo Fisher Scientific, Cat#: F10797) and analyzed on a FACSCalibur (BD Biosciences). Percentage of EAU pos-
itive cells was calculated using FlowJo software. Cell number was determined by using a CASY cell counter (Roche Innovatis) or by
Trypan blue exclusion test using Trypan blue solution (Sigma-Aldrich, Cat#: T8154). To determine the sub G1 population, cells were
fixed with 10% methanol followed by staining with 50 pg/ml Propidium iodide (Sigma-Aldrich, Cat#: P4170) containing 50 pg/mi
RNase A (QIAGEN, Cat#: 19101). Cells were then analyzed on a FACSCalibur using BD CellQuest Pro software (BD Biosciences).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of Western Blotting
Quantification of western blotting was performed using ImageJ64 software (https://imagej.nih.gov/ij/) using Gel analyzer script.
Signal intensity of the protein of interest was normalized to that of loading control (GAPDH, Hsp90, or B-actin).

Quantification of Microscopic Images

The number of LC3 and WIPI2 puncta were counted using CellProfiler software (http://cellprofiler.org) and normalized to the number
of nuclei. The area of LAMP-1-, LysoTracker Red-, and Magic Red CathepsinB-positive compartments was measured using
Imaged64 software (https://imagej.nih.gov/ij/) and normalized to the number of nuclei.

Quantification of the qPCR Results
Target mMRNA levels were determined by relative standard curve method, normalized to 18S, GAPDH, or HPRT levels, and presented
as relative mRNA levels compared to control. StepOne software (Applied Biosystems) was used to analyze the data.

Statistical Analyses

All studies were performed on at least three independent occasions. Results are shown as mean + SD unless mentioned otherwise.
Statistical significance was determined by two-tailed unpaired Student’s t test for two group comparison and one-way ANOVA with
Tukey or Dunnett for multiple group comparison using GraphPad Prism 7 (GraphPad software). P values < 0.05 were considered sig-
nificant. Significance in all figures is indicated as follows: * p < 0.01, ** p < 0.05, N.S.: no significance.

DATA AND SOFTWARE AVAILABILITY
The raw and processed data of the RNA-Seq have been deposited in Gene Expression Omnibus under GEO: GSE90444. Full scans

of western blot data and original microscopy images have been deposited in Mendeley Data (http://dx.doi.org/10.17632/
ksz4pmwkdb.1).
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Figure S1, related to Figure 1. BRD4 silencing enhances autophagic flux

(A) Quantification of LC3II signal intensity normalized to GAPDH levels in Fig. 1B.

(B) KP-4 cells were transfected with BRD2 (left) or BRD3 (right) siRNA for 72 hrs.

(C) BRD4 siRNA was transfected into PA-TU-8902, SUIT2, PK-1, PA-TU-8988T, HPNE, and HEK293T
cells for 72 hrs.

(D) Proteins (left) and RNA (right) were extracted from FFPE small intestinal tissues of transgenic mice
harboring inducible renilla luciferase or BRD4 shRNA. LC3II levels were monitored by western blot
analysis (left) and knockdown of BRD4 was confirmed by RT-qPCR (right).

(E) Domain structure of BRD4 isoforms and BRD4-NUT. BD: Bromodomain, ET: Extraterminal domain,
CTD: carboxy-terminal domain.

(F, G) KP-4 cells were transfected with siRNA targeting BRD4 short (S) and/or long (L) isoforms for 72
hrs (F). All BRD4 siRNAs used in the experiments target both long and short isoforms (G).

(H) Quantification of LC3II signal intensity normalized to GAPDH levels in Fig. 1E.

(I PA-TU-8902 (upper left) and SUIT2 (lower left) transfected with BRD4 siRNA were treated with 10
uM CQ for 4 hrs. Quantification of LC3II signal intensity is shown in the middle (PA-TU-8902) and right
(SUIT2) panels.

(J) KP-4 cells were transfected with control or BRD4 siRNA. At 24 hrs after siRNA transfection, cells were
transfected with GFP-p62 expression vector for 48 hrs. At 16 hrs after GFP-p62 transfection, cells were
treated with or without 10 uM CQ for 32 hrs. Quantification of GFP-p62 levels is shown in the right panel.
(K) KP-4 cells were treated with 500 nM of JQ1 and harvested at indicated time points.

(L) Quantification of LC3II signal intensity normalized to GAPDH levels in Fig. 1H.

(M) KP-4 cells transfected with control or BRD4 siRNA were treated with 500 nM JQ1 for 9 hrs.

(N) Proteins were extracted from FFPE small intestinal tissues of control vehicle and JQ1-treated mice.
(O) Immunohistochemical staining for LC3 in small intestinal sections from mice treated with control
vehicle or JQ1. Scale bars: 50 um.

(P) KP-4 cells were treated with 100 nM ARV-825 for 16 hrs in the presence or absence of CQ (10 uM, 4
hrs). Quantification of LC3II levels is shown in the right panel.

(Q, R) Quantification of LC3II signal intensity normalized to GAPDH levels in Fig. 11 (Q) and Fig. 1J (R).
(S) TY-82 cells were treated with 500 nM JQ1 for 9 hrs in the presence or absence of CQ (10 uM, 8 hrs).
Quantification of LC3II levels is shown in the right panel.

(T) TY-82 cells were transfected with siRNA against control, NUT alone or NUT together with BRD4 S
and L isoforms for 5 days. 500 nM JQ1 was treated for 9 hrs.

(U) TY-82 cells stably expressing RFP-GFP-LC3 were transfected with NUT siRNA for 5 days. The
number of GFP-LC3/RFP-LC3* puncta normalized to cell number is shown. CON n=133 cells, BRD4 1
n=115 cells, BRD4 2 n=105 cells. Scale bars: 20 um.

(V) TY-82 cells were transfected with siRNAs targeting BRD4 short and long isoforms or NUT for 5 days.
All data are shown as mean + SD. A, H-J, L, and P-S: n=3 independent experiments. *P < 0.01, **P < 0.05,
N.S.: no significance.
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Figure S2, related to Figure 2. BRD4 is a negative regulator of autophagy gene expression

(A-D) RT-qPCR analyses of PA-TU-8902 (A), SUIT2 (B), HPNE (C), and HEK293T (D) cells transfected
with BRD4 siRNA for 72 hrs.

(E) RT-qPCR analysis of SUIT2 cells stably overexpressing BRD4. Right panel shows autophagy
inhibition by BRD4 overexpression.

(F) KP-4 cells were transfected with control, CDK9, or BRD4 siRNA for 72 hrs.

(G) TY-82 cells were transfected with siRNA targeting CDK9 or NUT for 5 days.

All data are shown as mean + SD. A-E: Data are representative of two independent experiments performed
in triplicate. *P < 0.01, **P < 0.05.
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Figure S3, related to Figure 3. BRD4 knockdown enhances lysosomal function

(A) KP-4 cells transfected with BRD4 siRNA were subjected to western blot analysis with antibodies
against lysosomal proteins.

(B) TY-82 cells transfected with NUT siRNA were subjected to western blot analysis with antibodies
against lysosomal proteins.

(C) TY-82 cells transfected with NUT siRNA were stained with LysoTracker Red (100 nM, 4 hrs). Area of
LysoTracker” compartments normalized to cell number is shown (CON n=189 cells, NUT 1 n=101 cells,
NUT 2 n=101 cells). Scale bars: 20 um.

(D) BRD4 siRNA was transfected into KP-4 cells together with siRNA against TFEB followed by
treatment with 10 uM CQ for 4 hrs. Quantification of LC3II levels is shown in the right.

(E) BRD4 siRNA was transfected into KP-4 cells together with siRNA against TFEB. MAP1LC3B mRNA
levels were monitored at 72 hrs after transfection.

(F) BRD4 siRNA was transfected into KP-4 cells together with siRNA against TFEB for 72 hrs followed
by western blot analysis with indicated antibodies against lysosomal proteins.

(G) Confirmation of MITF knockdown in Fig. 3H. KP-4 cells transfected with BRD4 and/or MiT/TFE
(TFEB, TFE3, MITF) siRNAs were subjected to RT-qPCR analysis.

(H) Quantification of LC3II levels normalized to GAPDH levels in Fig. 3H.

(I) RT-qPCR analysis of KP-4 cells transfected with BRD4 and/or MiT/TFE (TFEB, TFE3, MITF)
siRNAs.

(J) TY-82 cells were transfected with NUT and/or MiT/TFE (TFEB, TFE3, MITF) siRNAs and treated
with 10 uM CQ for 8 hrs. Quantification of LC3II levels is shown in the middle panel. Knockdown of
MITF was confirmed by RT-qPCR (right panel).

All data are shown as mean + SD. D, E, H, and J: n=3 independent experiments. I: Data are representative
of two independent experiments performed in triplicate. *P < 0.01, **P < 0.05, N.S.: no significance.





Figure S4 B

A

5 1.2 1 -
[} =}
£ g_
G i
S hs i chip 9
g — G 8
8/061 —pBrRD4 §
[} 1<
o 0.4 A s

0.2 1
,.-_..45=|=._|

-05  TSS 0.5 (kb)

MAP1LC3B

E sgRNA  F
B CON1
25 1M hMOF1  NTC hMOF :sgRNA
.*hMOF2 — 1 2
P 21 * . * — o | < | C3B I
[}
3 o — | < LC3B I
<15
Z - hMOF
£
% 1 2.68 2.37 LC3II/GAPDH
T o5
0 — —
Q N
& &
N
S =)
N
J N K
X
&
.

Percentage of input

1.4 -

1.2

0.8

0.6

0.4

0.2

AMPKa
GAPDH

sgRNA ChIP
W \TC - IgG
[l NTC - BRD4
B NTC Starvation BRD4
B AMPKa1/a2 - IgG
AMPKol1/02 - BRD4
AMPKa1/a2 Starvation BRD4 O
= N.S
N _I_—" > N_S
J T T
0
E ]
>
<@
- <
zZ
o
i IS
(]
=
h T 1 1 171 1 11 %
MAP1LC3B SQSTM1 o

NTC AMPK :sgRNA
- | AMPKa1/a2
GAPDH

sgRNA ChIP
chiP C D B NTC IgG
B NTC  H4K16Ac
NTC hMOF :sgRNA B hMOF IgG
e B hMOF  H4K16Ac
1 1 2
5
— | H4K16Ac &
S
- o
©
<
[0
o
[0
o
H sgRNA ChIP
B NTC - IgG
B NTC - H4K16Ac
B NTC Starvation H4K16Ac
M SIRT1 - IgG - - Starvation
SIRT1 - H4K16Ac - cQ cQ
2.5 - ' = = =
SIRTA Starvatlgn H4K16Ac (,3 E ,9 E ,9 'E:
Z ®» =z ®» 2z » SGRNA
2.0 o | <vLecsBI
H ‘
£ » | <LC3BII
5 1.5 :
S N ELu
510 w | GAPDH
g sgRNA
o ENTC
0.5 _ 1291 SIRT
I
g
<
0.0 =
(]
MAP1LC3B SQSTM1 S
z
) M - Starvation £
- Starvation cc: - - - 1+ E
O]
p: 2 g g 0] 8 8 8 “
p: & o o o
o
o
5
5 3
£
m - P
Wcc -
- Starvation .
CC Starvation - - Starvation
- cQ cQ
Qq Qq Qq sgRNA
RS R R ENTC
S 3 S 10 9 [ AMPKo/02
E (@) E () E * X
O —_—
5 2 2 2 5 2 :sgRNA

MAP1LC3B SQSTM1

|<LC3BII

| GAPDH

o | AMPKo /a2

Relative intensity (LC3II/GAPDH)

- ctaca

STV





Figure S4, related to Figure 4. Starvation leads to BRD4 dissociation from autophagy gene promoters
(A) KP-4 cells were subjected to ChIP assay using control IgG and BRD4 antibody followed by qPCR
analysis using primers for different regions of MAP1LC3B gene.

(B) KP-4 cells treated with 500 nM JQ1 for 9 hrs followed by ChIP assay with BRD4 antibody.

(C-F) KP-4 cells infected with Cas9/hMOF sgRNA were subjected to western blot analyses with hMOF
and H4K16Ac (C) and LC3 (F) antibodies, ChIP assay with H4K16Ac antibody (D), and RT-qPCR
analysis (E).

(G) KP-4 cells were starved for 4 hrs followed by western blot analysis with hMOF antibody.

(H) KP-4 cells infected with Cas9/SIRT1 sgRNA were starved for 4 hrs followed by ChIP assay with
H4K16Ac antibody.

(I) KP-4 cells infected with Cas9/SIRT1 sgRNA were treated with 10 uM CQ for 4 hrs. At 2 hrs after CQ
treatment, cells were subjected to starvation for 2 hrs in the presence of CQ. Quantification of LC3II levels
is shown in the lower right panel.

(J) KP-4 cells were starved for 4 hrs and subjected to western blot analysis.

(K) Cell extracts from KP-4 cells were subjected to immunoprecipitation with BRD4 antibody.

(L) Lysates from KP-4 cells starved for 4 hrs were subjected to immunoprecipitation with DBC1 antibody.
(M) KP-4 cells pre-treated with 10 uM Compound C (CC, 3 hrs) were starved for 4 hrs in the presence of
10 uM CC. Cell lysates were then subjected to immunoprecipitation with DBC1 antibody.

(N) KP-4 cells infected with Cas9/AMPKal/a2 sgRNAs were starved for 4 hrs followed by ChIP assay
with BRD4 antibody. Western blot shows efficient AMPKa1/a2 depletion in Cas9/AMPKal/a2 sgRNA-
infected cells.

(O) KP4 cells pre-treated with 10 uM Compound C (CC, 3 hrs) were starved for 4 hrs in the presence of
10 uM CC.

(P) KP-4 cells infected with Cas9/AMPKal/a2 sgRNAs were treated with 10 uM CQ for 4 hrs. At 2 hrs
after CQ treatment, cells were subjected to starvation for 2 hrs in the presence of CQ. Quantification of
LC3II levels is shown in the right panel.

All data are shown as mean + SD. B, D, E, I, N-P: n=3 independent experiments. A and H: Data are
representative of two independent experiments performed in triplicate. *P < 0.01, **P < 0.05, N.S.: no
significance.
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Figure S5, related to Figure 5. BRD4 represses autophagy gene expression through G9a

(A) HEK293T cells transfected with G9a-V5 together with FLAG-BRD4 long or short isoform were
subjected to immunoprecipitation with control IgG or FLAG antibody.

(B, C) Validation of inducible BRD4 knockdown cells. KP-4 cells harboring inducible control or BRD4
shRNA were treated with 500 ng/ml doxycycline (DOX) for 4 days and subjected to western blot (B) and
RT-qPCR (C) analyses.

(D) KP-4 cells infected with lentivirus expressing G9a shRNA were treated with 10 uM CQ for 4 hrs.
Quantification of LC3II levels is shown in the right panel.

(E, F) Quantification of LC3II signal intensity normalized to GAPDH levels in Fig. 5H (E) and Fig. 5I (F).
(G-I) TY-82 cells were infected with Cas9/hMOF sgRNA followed by western blot analysis with hMOF
and H4K16Ac (G) and LC3B (I) antibodies and ChIP assay with H4K16Ac antibody (H).

(J) TY-82 cells infected with Cas9/SIRT1 sgRNA were starved for 4 hrs followed by ChIP assay with
H4K16Ac antibody. Western blot shows efficient SIRT1 depletion in Cas9/SIRT1 sgRNA-infected cells.
(K) Cell extracts from TY-82 cells were immunoprecipitated with G9a antibody.

(L) TY-82 cells were infected with shRNA targeting G9a followed by western blot analysis.

All data are shown as mean + SD. C-F: n=3 independent experiments. H and J: Data are representative of
two independent experiments performed in triplicate. *P < 0.01, **P < 0.05, N.S.: no significance.
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Figure S6, related to Figure 6. Effect of BRD4 silencing on stimulus-dependent and selective
autophagy

(A, B) Quantification of LC3II signal intensity normalized to GAPDH levels in Fig. 6A (A) and Fig. 6B
(B).

(C) KP-4 cells stably overexpressing BRD4 were starved for 90 min (left western blot) or treated with 500
nM rapamycin for 24 hrs (right western blot). Quantification of LC3II levels is shown.

(D-G) Quantification of LC3II signal intensity normalized to GAPDH or HSP90 levels in Fig. 6C (D), Fig.
6D (E), Fig. 6E (F), and Fig. 6F (G).

(H, I) HEK293T cells were transfected with BRD4 siRNA (H) or infected with G9a shRNA (I) followed by
transfection with MiT/TFE expression vectors.

(J) KP-4 cells expressing BRD4, 1tTA, and Tre-tight-HTT Q94-CFP were treated with 1 ug/ml DOX for 10
hrs. At 48 hrs after removal of DOX, cells were harvested and separated into TritonX-100 soluble and
insoluble fractions.

(K) KP-4 pLVX-GFP-HTT Q74 and control parental cells were transfected with control or BRD4 siRNA
for 72 hrs. At 12 hrs after transfection, cells were treated with 100 ng/ml DOX for 60 hrs. Cell number of
mutant HTT expressing cells was normalized to that of parental cells and presented as percentage of
reduction in cell number upon mutant HTT induction.

(L) Confirmation of efficient BRD4 knockdown in Fig. 6H.

(M) Quantification of LC3II signal intensity normalized to GAPDH levels in Fig. 61.

(N) KP-4 cells expressing YFP-parkin were infected with control or BRD4 expression vector. Cells were
treated with 1 uM Antimycin A and 1 uM Oligomycin for 8 hrs.

(O) KP-4 cells were transfected with BRD4 siRNA for 72hrs.

All data are shown as mean + SD. A-E, G, and M: n=3 independent experiments. F: n=4 independent
experiments. K: n=5 independent experiments. *P < 0.01, **P < 0.05.
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Figure S7, related to Figure 7. BRD4 knockdown sustains mTOR activity during starvation and
confers resistance to starvation-induced cell death

(A) KP-4 cells were transfected with BRD4 siRNA for 72hrs.

(B) The results are from the RNA-Seq analysis of KP-4 cells transfected with BRD4.

(C, D) KP-4 cells were transfected with BRD4 siRNA. At 72 and 96 hrs after transfection, cell number was
determined (C). At 72 hrs after transfection, EQU incorporation (D, left) assays were conducted.
Measurement of subG1 cells (D, right) shows no significant increase in cell death in BRD4 knockdown
cells under normal culture conditions.

(E, F) KP-4 cells infected with Cas9/ATGS sgRNA were transfected with BRD4 siRNA. At 72 hr after
transfection, cell number was determined (E). (F) shows efficient depletion of ATG5-ATG12 complex and
loss of LC3II in Cas9/ATGS sgRNA-infected cells.

(G) KP-4 cells infected with Cas9/ATGS5 sgRNA were transfected with BRD4 siRNA. Following 48 hr
starvation, percentage of dead cells was determined by trypan blue exclusion test.

(H) The results are from the RNA-Seq analysis of KP-4 cells transfected with BRD4 siRNA.

All data are shown as mean + SD. B-E, G, and H: n=3 independent experiments. *P < 0.01, N.S.: no
significance.





		MOLCEL6229_proof.pdf

		Bromodomain Protein BRD4 Is a Transcriptional Repressor of Autophagy and Lysosomal Function

		Introduction

		Results

		BRD4 Is a Repressor of Autophagy

		BRD4 Is a Negative Regulator of Autophagy Gene Expression

		BRD4 Regulates Lysosome Gene Expression and Lysosomal Function

		BRD4 Is Recruited to Autophagy Gene Promoters and Its Dissociation Leads to Transcriptional Activation of Autophagy Genes

		BRD4 Represses Autophagy Gene Expression through Binding to G9a

		BRD4 Knockdown Modulates Specific Types of Autophagy

		BRD4 Knockdown Sustains mTOR Activity during Starvation and Confers Resistance to Starvation-Induced Cell Death



		Discussion

		Supplemental Information

		Author Contributions

		Acknowledgments

		References

		STAR★Methods

		Key Resources Table

		Contact for Reagent and Resource Sharing

		Experimental Model and Subject Details

		Cell Culture

		Mice



		Method Details

		Reagents

		Plasmid Transfection

		siRNA Transfection

		Western Blotting

		Plasmids, sgRNAs, and shRNAs

		Lentivirus and Retrovirus Production and Infection

		Immunofluorescence and Confocal Imaging

		Immunohistochemistry

		RNA Sequencing

		RNA Isolation, Reverse Transcription, and Quantitative PCR (RT-qPCR)

		Co-immunoprecipitation

		Chromatin Immunoprecipitation

		RNAi in Drosophila S2R+ cells

		β-Hexosaminidase Assay

		Aggrephagy

		Mitophagy

		Xenophagy

		Cell Proliferation and Cell Death Assays



		Quantification and Statistical Analysis

		Quantification of Western Blotting

		Quantification of Microscopic Images

		Quantification of the qPCR Results

		Statistical Analyses



		Data and Software Availability










image4.emf
A20 Snai1.pdf


A20 Snai1.pdf
nature

cell biology

ARTICLES

A20 promotes metastasis of aggressive basal-like
breast cancers through multi-monoubiquitylation

of Snaill

Ji-Hyung Lee"’, Su Myung Jung"’, Kyung-Min Yang’, Eunjin Bae’, Sung Gwe Ahn’, Jin Seok Park’,
Dongyeob Seo', Minbeom Kim', Jihoon Ha', Jaewon Lee', Jun-Hyeong Kim', Jun Hwan Kim', Akira Ooshima’,
Jinah Park?, Donghyuk Shin’, Youn Sook Lee', Sangho Lee', Geert van Loo*’, Joon ]eong3 , Seong-Jin Kim?®

and Seok Hee Park"®

Although the ubiquitin-editing enzyme A20 is a key player in inflammation and autoimmunity, its role in cancer metastasis
remains unknown. Here we show that A20 monoubiquitylates Snaill at three lysine residues and thereby promotes metastasis of
aggressive basal-like breast cancers. A20 is significantly upregulated in human basal-like breast cancers and its expression level is
inversely correlated with metastasis-free patient survival. A20 facilitates TGF-$1-induced epithelial-mesenchymal transition (EMT)
of breast cancer cells through multi-monoubiquitylation of Snaill. Monoubiquitylated Snaill has reduced affinity for glycogen
synthase kinase 33 (GSK3p), and is thus stabilized in the nucleus through decreased phosphorylation. Knockdown of A20 or
overexpression of Snaill with mutation of the monoubiquitylated lysine residues into arginine abolishes lung metastasis in mouse
xenograft and orthotopic breast cancer models, indicating that A20 and monoubiquitylated Snaill are required for metastasis.
Our findings uncover an essential role of the A20-Snaill axis in TGF-B1-induced EMT and metastasis of basal-like breast cancers.

Among the six major subsets of breast carcinomas, basal-like breast
cancers express basal/myoepithelial markers and are frequently triple
negative for ER, PR and HER2 (ref. 1). Basal-like breast cancers
are highly aggressive and have poorer prognoses than luminal
subtypes®. These aggressive types frequently relapse, are more prone
to metastasize to other organs, and lead to worse outcomes in breast
cancer patients®*,

A20, also called tumour necrosis factor o-induced protein 3
(TNFAIP3), acts as a key regulator of inflammation and immunity®~?,
due to its role as a nuclear factor (NF)-xB inhibitory and anti-apoptotic
signalling protein>'%!%, Recent in vivo gene targeting studies indicate
that A20 has cell- or disease-context-dependent functions'*~2!. These
diverse functions may be ascribed to the ubiquitin-editing activities
of A20: deubiquitylase (DUB)**-%%, and E3 ubiquitin ligase activities®.
A20 also acts as a ubiquitin-binding protein®*%".

Despite knowledge of the roles of A20 in inflammation and imm-
une responses, its functions in cancer are not yet clearly understood.
Several reports suggest an oncogenic role of A20 in diverse solid

tumour cell lines?*~*2

suggested for A20 in B-cell lymphoma
different roles in tumorigenesis through collaboration with specific

, whereas a tumour suppressor function has been

143334 Thys, A20 may play

oncoproteins or tumour suppressors in a context-dependent manner.

Epithelial-mesenchymal transition (EMT) is highly associated with
cancer progression such as invasion and metastasis in pathological
contexts*>?. Transcription factors including the Snail family (Snaill,
Snail2 and Snail3), the ZEB family (ZEB1 and ZEB2) and the basic
helix-loop-helix family (Twistl and Twist2) are known as regulators
driving the EMT process*®”’. Among them, Snaill is the most
studied, as its expression is regulated by dual mechanisms. Snaill
is transcriptionally induced by transforming growth factor (TGF)-3
(ref. 38), hypoxia® and reactive oxygen species®’. Snaill expression
is further regulated by proteasomal rapid degradation in normal
cells*'. Snaill degradation is promoted by the SCF (Skp1-Cullinl-
F-box)-p-TrCP (fB-transducin-repeat-containing protein) complex,
a multi-subunit RING type E3 ubiquitin ligase, and requires
phosphorylation of Snaill by GSK3f as well as Lys48-linked
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polyubiquitylation*". Although A20 and Snaill functions are well
studied in inflammation and EMT, respectively, it remains unknown
how A20 contributes to tumorigenesis, invasion and metastasis in
conjunction with Snaill.

Here we uncover a mechanism where upregulated A20 is involved
in TGF-B-induced EMT through stabilizing Snaill in the nucleus by
multiple monoubiquitylation, thereby promoting the metastasis of
aggressive basal-like breast cancers.

RESULTS

A20 is overexpressed in aggressive basal-like breast cancers

To identify E3 ubiquitin ligases or deubiquitylases engaged in human
breast cancer metastasis, we initially performed RNA sequencing in
several subtypes of human breast cancer cell lines. We found that A20
is significantly overexpressed in basal-like breast cancer cells (Fig. 1a),
further supported by immunoblot analysis (Fig. 1b). The MCF10A
series of cell lines, mimicking the stages of breast cancer progres-
sion from normal breast epithelial cells (M1) to highly metastatic
cells (M4), showed a positive correlation between A20 expression
and metastatic potential (Fig. 1c). Analysis of public microarray
data sets (GSE41313) in 52 breast cancer cell lines*? revealed
higher expression of A20 in basal-like types, compared with luminal
ones (Fig. 1d).

Analysis of The Cancer Genome Atlas (TCGA) databases and other
public microarray data (GSE2034)* indicated that A20 is significantly
upregulated in tumour samples of basal-like subtypes including triple-
negative breast cancers (TNBCs) (Fig. 1le-g). Computational analysis
of breast cancer tissue microarrays (TMAs) from Gangnam Severance
Hospital in South Korea demonstrated an association of high A20
expression with distant metastasis-free, overall, and breast cancer-
specific survival (Fig. 1h-j). Immunohistochemistry of the breast
cancer TMAs corroborated our finding that A20 expression is higher
in TNBC relative to other subtypes (Fig. 1k).

A20 is required for TGF-p-induced EMT
We hypothesized that A20 may be involved in TGF-f3-induced EMT,
because A20 expression was increased in aggressive basal-like breast
cancers. Thus, we observed morphological changes and protein
levels in A20-knockdown NMuMG mouse mammary epithelial
cells and MCF10A human breast epithelial cells following TGF-f31
treatment (Fig. 2a—e). Although TGF-f1 treatment induced EMT-
like morphological changes in green fluorescent protein (GEFP)-
specific short hairpin RNA (shGFP)- or control short interfering RNA
(siCON)-expressing cells, no morphological changes were observed
in A20-depleted NMuMG and MCFI10A cells (Fig. 2a,b). Unlike
control cells, no reduction in E-cadherin expression nor increase in
expression of mesenchymal markers, including N-cadherin, vimentin,
fibronectin and o-smooth muscle actin (SMA), was seen in A20-
depleted NMuMG and MCF10A cells following TGF-f1 treatment
(Fig. 2c—e). Such observations were further confirmed by quantitative
PCR with reverse transcription (QRT-PCR) analysis of CDH1, CDH2
and VIM messenger RNAs, which encode E-cadherin, N-cadherin and
vimentin, respectively (Fig. 2f-h), and by CDHI-specific reporter gene
analysis (Fig. 2i).

These observations prompted investigation of Snail transcrip-
tion factors. Interestingly, Snaill expression was decreased in

A20-knockdown NMuMG and MCF10A cells, while Snail2 and Twist
expression was unaffected (Fig. 2d,e). A20 knockdown also reduced
expression of ZEB1, possibly due to A20-mediated decrease of Snaill,
which acts upstream of ZEB1 (ref. 44; Fig. 2d,e). Notably, A20 was
significantly induced by TGF-f1 treatment in both NMuMG and
MCF10A cells, with different kinetics (Fig. 2d,e). Also, immunoblot
of breast cancer cell lines and surgically dissected cancer samples
indicated that both A20 and Snaill are increased in aggressive basal-
like breast cancer subtypes (Fig. 2j,k). These results suggest that A20
is involved in TGF-B1-mediated EMT through regulation of Snaill.

A20 stabilizes the Snaill protein

Because Snaill transcription is induced by the TGF-f3/Smad signalling
pathway*®®, we examined whether A20 upregulates Snaill through
canonical TGF-f/Smad signalling. Although Snaill expression
was reduced in A20-knockdown NMuMG or MCF10A cells,
TGF-p1-mediated phosphorylation of Smad2/3 and expression of
plasminogen activator inhibitor (PAI)-1, a target of TGF-f/Smad
signalling, were not affected by A20 knockdown (Fig. 3a,b). In
addition, canonical TGF-f/Smad signalling was normal in A20-
knockdown NMuMG cells following TGF-f1 treatment as measured
by the CAGA-luciferase reporter and SMAD7 and PAII mRNAs
(Supplementary Fig. la-d), confirming that A20 does not regulate
canonical TGF-3/Smad signalling.

To understand how A20 regulates Snaill, we first examined SNAILI
mRNA in A20-knockdown NMuMG cells. Using qRT-PCR, similar
SNAILI expression was demonstrated following TGF-f1 treatment in
both control and shRNA- or siRNA-induced A20-depleted NMuMG
cells (Fig. 3¢ and Supplementary Fig. le). We next examined Snaill
expression in A20-knockout (A20~/~) mouse embryonic fibroblasts
(MEFs). Compared with wild-type A207/* MEFs, the Snaill level
was reduced in A20~/~ MEF cells (Fig. 3d), whereas SNAIL1 mRNA
expression and Smad2 phosphorylation following TGF-f1 treatment
were unaffected (Fig. 3d,e). Notably, A20 expression gradually
increased in A20"/* MEFs during TGF-B1 treatment (Fig. 3d).
Ectopic expression of A20 in A20~/~ MEFs restored both A20 and
Snaill expression to levels similar to that in A20"/* MEFs (Fig. 3f).
MEFs and A20-knockdown
NMuMG cells further supported our results (Fig. 3g and Supple-

Cycloheximide treatment of A207/~

mentary Fig. 1f). This decreased Snaill stability under A20 depletion
was restored by treatment with the proteasome inhibitor MG132
(Fig. 3h and Supplementary Fig. 1g). Moreover, A20 expression in
HEK293 cells augmented Snaill expression (Supplementary Fig. 1h).
The regulation of Snaill stability by A20 was also confirmed in
TGF-B1-induced EMT of pancreatic cancers. A20-knockdown Panc-1
cells showed reduction of Snaill and a decreased EMT phenotype
in the presence of TGF-f1 (Supplementary Fig. 1i). Furthermore,
ectopic expression of wild-type Snaill in A20-knockdown NMuMG
cells rescued EMT phenotypes including fibroblast-like morphology,
decreased E-cadherin expression, and increased vimentin expression
(Fig. 3i and Supplementary Fig. 1j lanes 6 and 8).

A20 facilitates lung metastasis of aggressive breast cancer cells
Our findings led us to verify the in vivo functions of A20 in the
pathological progression of breast cancer cells. We initially examined
whether A20 affects tumour growth in cell lines and xenograft
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Figure 1 Overexpression of the A20 gene in human malignant breast
cancers. (a,b) Comparison of A20 expression levels between luminal and
basal subtypes of breast cancer cells using an RNA-sequencing data
set (GSE100878, a) and immunoblot analysis (b). The data in a are
presented as the mean of n=2 independent samples per cell line analysed.
(c) Immunoblots of A20 protein using lysates of MCF10A-derived cells with
different metastatic potential. Asterisks in b,c indicate non-specific bands.
The data in b,c are representative of three independent experiments and
p-actin was used as a loading control. (d) Scatter dot plots show A20
expression levels in 52 breast cancer cells from GEO data sets (GSE41313).
P values were calculated by unpaired, two-tailed Student’s t-tests. (e-g) Box
plots show A20 expression levels in breast cancer tissues of different breast
cancer subtypes with those in normal tissues. Analysis of A20 expression by
microarray (normal n=121, luminal A n=185, luminal B n=51, HER2-
enriched n=23 and basal n=55 patients) (e), and RNA sequencing (normal
n=225, luminal A n=335, luminal B n=88, HER2-enriched n=34 and
basal n=104 patients) (f) from public TCGA data sets. Analysis of A20

expression by microarray data from GEO data sets (GSE2034, normal n=53,
luminal A n=95, luminal B n=25, HER2-enriched n=34 and basal
n=>55 patients) (g). The boxes represent the interquartile range, centre is
the median, and the minimum and maximum values are represented by
the whiskers. P values were calculated using unpaired, two-tailed Student’s
t-tests. (h—j) Correlation between A20 expression and clinical outcomes
through analysis of TMAs of breast cancer patients. A Kaplan—-Meier plot
analysis showed distant metastasis-free survival (n=236 patients) (h), overall
survival (n=236 patients) (i), and breast cancer-specific survival (n=226
patients) (j) depending on the expression level of A20. P values were
calculated using a log-rank test. (k) Immunohistochemical (IHC) staining
against the A20 protein in TMAs of breast cancer patients. After scoring A20
expression in each tissue, expression level was analysed according to breast
cancer subtypes (luminal A n=93, luminal B-HER2 n=55, HER2 n=65
and TNBC n=43 patients) defined by three IHC markers (oestrogen receptor,
progesterone receptor and HER2). Unprocessed original scans of blots in b,c
are shown in Supplementary Fig. 9.
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Figure 2 A20 is involved in TGF-p-induced EMT. (a,b) NMuMG cells (a),
depleted by infections of lentiviruses expressing two independent shRNAs
targeting A20 mRNA (shA20 no. 3 and shA20 no. 5), and MCF10A cells
(b), depleted by two independent A20 siRNAs (siA20 no. 1 and siA20
no. 3), were treated with TGF-f1 (5ngml-!) for the indicated times to
induce EMT. GFP-specific sShRNA (shGFP) or control siRNA (siCON) was
used as a negative control. Phase-contrast images of NMuMG (a) and
MCF10A (b) cells were acquired at the indicated times. Scale bars, 50 um.
Knockdown efficiency was confirmed by immunoblot analysis with anti-
A20 antibody. (c) A20-knockdown NMuMG cells were treated with TGF-p1
for 48 h. Cells were immunostained with the indicated antibodies against
EMT marker proteins. Scale bars, 50um. (d,e) A20-knockdown NMuMG
(d) or MCF10A (e) cells were treated with TGF-p1 for the indicated times.
Immunoblots were performed on cell lysates with the indicated antibodies.
(f-h) Real-time gRT-PCR was performed to analyse mRNA expression

of CDH1 (f), CDH2 (g) and VIM (h) in A20-knockdown NMuMG cells
treated with TGF-p1 for 48h. As a control, shGFP-expressing NMuMG
cells were used. (i) A20-knockdown NMuMG cells were transfected with
a CDHI-Luc reporter plasmid. After 24 h, cells were treated with TGF-f1
for 48 h and luciferase activity was measured and normalized. The data
in f-i were statistically analysed by a t-test and show the mean + s.d.
of n=3 independent experiments. **P <0.01, **P <0.001 compared with
the shGFP control treated with TGF-B1. (j,k) Expression levels of A20 and
Snaill in breast cancer cell lines (j) and surgically dissected cancer samples
of breast cancer patients (k) were observed by immunoblotting with the
indicated antibodies. In all immunoblot analysis, expression of p-actin was
used as a loading control. The data in a—e,j-k are representative of three
independent experiments. Source data for f-i are available in Supplementary
Table 3. Unprocessed original scans of blots in a,b,d,e,j,k are shown in
Supplementary Fig. 9.
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Figure 3 Stabilization of the Snaill protein by A20. (a,b) Immunoblot analysis
in A20-knockdown NMuMG (a) or MCF10A (b) cells treated with TGF-f1
(5 ngml~!) for the indicated times. The asterisk indicates non-specific bands.
(c) Real-time gRT-PCR to analyse expression of SNA/LI mRNA in A20-
knockdown and control NMuMG cells treated with TGF-p1 for the indicated
times. (d) Immunoblot analysis in A20 wild-type (A20+/*) and A20-knockout
(A20-/-) MEFs treated with TGF-B1 (5ngml-!) for the indicated times.
(e) Real-time gRT-PCR to analyse expression of SNA/LI mRNA in A20*/+ and
A20-/~ MEFs treated with TGF-B1 for the indicated times. (f) A20~/~ MEFs
were infected with retroviruses expressing Flag-A20 to ectopically express
the A20 protein and subsequently treated with TGF-B1 for 24 h. Cell lysates
were immunoblotted with the indicated antibodies. (g) The stability of the
Snaill protein was measured by immunoblots in A20*/* and A20-/~ MEFs
in the presence of cycloheximide (CHX, 50 ug ml~!) for the indicated times.
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The data were quantified using ImageJ software® (right). For normalization,
B-actin expression was used as a control. (h) A20*/* and A20~/~ MEFs were
treated with the proteasome inhibitor MG132 (10 uM) for 6 h. Cell lysates
were immunoblotted with the indicated antibodies. (i) A20-knockdown and
control NMuMG cells, transfected with a plasmid encoding Flag-Snaill, were
treated with TGF-B1 for 24 h to induce EMT. Phase-contrast images of cells
were acquired and cells were immunostained with the indicated antibodies.
Scale bars, 50um. The data in ¢ and e were statistically analysed by a
t-test and show the mean + s.d. of n=3 independent experiments. In all
immunoblot analysis, expression of p-actin was used as a loading control.
The data in a,b,d,f-h are representative of three independent experiments
with similar results. Source data for c,e are available in Supplementary
Table 3. Unprocessed original scans of blots in a,b,d,f-h are shown in
Supplementary Fig. 9.
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models. A20 depletion in aggressive human MCF10CAla (M4) cells
and murine mammary carcinoma 4T1-Luc cells did not significantly
change cell numbers and tumour sizes (Supplementary Fig. 2).
We next investigated whether A20 influences the invasion of M4
and 4T1-Luc cells with Matrigel invasion and Transwell migration
assays. A20 depletion decreases the invasiveness of M4 and 4T1-Luc
cells (Fig. 4a—c). Since A20 depletion in M4 and 4T1-Luc cells also
increased expression of E-cadherin and reduced vimentin (Supple-
mentary Fig. 2a,e), we examined the role of A20 in the malignant pro-
gression of aggressive breast cancer cells. A20 depletion significantly
reduced lung metastasis of M4 cells that had been injected into the tail
vein of SCID mice (Fig. 4d,e). A pro-metastatic effect of A20 was also
confirmed by in vivo imaging of dramatically decreased lung metas-
tases (Fig. 4f) and a reduced number of metastatic pulmonary nodules
of A20-depleted 4T1-Luc cells at 35 day post-injection (Fig. 4g,h).

A20 monoubiquitylates multiple sites of Snaill

To examine how A20 molecularly promotes metastasis of aggressive
breast cancers, we checked the interaction between A20 and Snaill.
Immunoprecipitation assay against endogenous proteins as well as co-
immunoprecipitation indicated that A20 specifically binds to Snaill
(Fig. 5a,b). The endogenous interaction between these two proteins
was notably increased following TGF-f1 treatment (Fig. 5b).

Considering the ubiquitin-editing activities of A20, we examined
the ubiquitylation pattern of Snaill. Pulldown experiments revealed
that ectopically overexpressed A20 induces Snaill bands of higher
molecular weights corresponding to Snaill with one or two ubiquitins
(Fig. 5¢). By contrast, polyubiquitylation patterns, induced by co-
expression of HA-GSK3f and HA-BTrCP1, were not detected for
Snaill in the presence of A20 (Supplementary Fig. 3a). Pulldown
assays using the 7KR ubiquitin mutant (His-Ub7KR) where all seven
lysines were mutated to arginines, revealed two shifted bands, indicat-
ing the conjugation of 7KR ubiquitin mutants to Snaill (Fig. 5d). In the
absence of A20 overexpression, a shifted band for Snaill of size cor-
responding to monoubiquitylated Snaill was still detected. To check
whether endogenous A20 is responsible for the shifted band of Snaill,
we reconstituted murine A20-depleted NMuMG cells with a plasmid
encoding human A20 (HA-A20) and conducted a pulldown assay. The
human A20 gene was not depleted by the shRNA targeting murine A20
mRNA in NMuMG cells. The shifted Snaill bands disappeared fol-
lowing A20 depletion, and reappeared following reconstitution of A20
expression (Fig. 5¢). An immunoprecipitation assay revealed a strong
interaction between Snaill and A20 at 12h after TGF-31 treatment,
suggesting that Snaill monoubiquitylation by A20 is initiated between
6hand 12 h (Supplementary Fig. 3b). In vitro ubiquitylation assay also
provided evidence that Snaill monoubiquitylation is directly mediated
by A20 (Fig. 5f). Snaill has been reported to be polyubiquitylated
only by SCF (Skpl-Cullin1-F-box) E3 ubiquitin ligases including
SCEF-B-TrCP1, and Snaill polyubiquitylation induces its proteasomal
degradation®**#*. Therefore, our finding firmly establishes Snaill
monoubiquitylation.

To confirm which domain of A20 is responsible for Snaill
monoubiquitylation, we generated A20 mutants where key residues
in the ZnF4 and ZnF7 domains were substituted with alanines™?".
Pulldown assays using these A20 mutants indicated that Snaill
monoubiquitylation is decreased in the A20(F770A/G771A) and

A20(4A;Y614A/F615A/F770A/G771A) mutants, whereas the
A20(C624A/C627A) mutant did not reduce Snaill monoubiqui-
tylation to the extent of the A20(F770A/G771A) mutant (Fig. 5g).
Because the A20(F770A/G771A) mutant (HA-A20_ZnF7*) still
bound to A20 protein (Supplementary Fig. 3c), the reduction of
Snaill monoubiquitylation by this mutant was not caused by the
loss of binding with Snaill. These results suggest that the F770 and
G771 of the ZnF7 domain are crucial for Snaill monoubiquitylation.
Consistently, the ZnF7 domain directly mediated Snaill monoubiqui-
tylation in an in vitro ubiquitylation assay. The A20(F770A/G771A)
mutant (GST-A20_ZnF7*) did not monoubiquitylate Snaill, while
wild-type A20 (GST-A20_WT) did without promoting Snaill polyu-
biquitylation (Supplementary Fig. 3d). Treatment with cycloheximide
indicated that Snaill protein stability was decreased in the presence
of the A20(F770A/G771A) mutant (Fig. 5h).

Next, we investigated whether monoubiquitylation levels affect
Snaill stabilization. Treatment of a DUB inhibitor G5 indicated
that Snaill expression and monoubiquitylation levels were increased
(Supplementary Fig. 3e). To check whether Snaill stabilization might
be due to the DUB activity of A20 targeting 3-TrCP1-mediated
Snaill polyubiquitylation, pulldown assays in NMuMG cells pre-
treated with MG132 were performed. Snaill polyubiquitylation by
GSK3p and B-TrCP1 was not affected by ectopic A20 expression
(Supplementary Fig. 3f). Expression of the HA-A20(C103A) mutant*’
with impaired DUB activity did not increase Snaill polyubiquitylation.
These results suggest that the DUB activity of A20 is not involved in
Snaill stabilization.

Three monoubiquitylated Snaill lysine residues are critical

for metastasis

Snaill contains 14 lysine residues distributed in amino (N)-terminal
serine-rich and carboxy (C)-terminal zinc-finger domains (Fig. 6a).
To determine which lysine residues are critical for A20-mediated
Snaill monoubiquitylation, we initially generated two Snaill mutants,
Snail1(N-6KR) and Snaill(C-8KR) (Fig. 6a). After these mutants were
transiently transfected into NMuMG cells in the absence or presence of
A20, pulldown assays were performed (Supplementary Fig. 4a). While
wild-type Snaill and the Snaill(N-6KR) mutant behaved similarly,
the Snaill(C-8KR) mutant did not undergo monoubiquitylation
or increase stability by A20 (Supplementary Fig. 4a). Therefore,
monoubiquitylation sites of Snaill by A20 are probably localized in
the zinc-finger domain. The Snaill(N-6KR) mutant was not stabilized
by A20 although monoubiquitylation was observed (Supplementary
Fig. 4a lane 5). This could be explained by the intrinsic instability of
the Snail1(N-6KR) mutant, evidenced by its extremely low expression
in the absence of A20 (Supplementary Fig. 4a lane 2). We subsequently
generated single lysine-to-arginine mutants of Snaill and examined
the stability of these mutants in the presence of A20 (Supplementary
Fig. 4b). Snaill(K206R) and Snaill(K234,235R) mutants showed
decreased expression in the presence of A20 (Supplementary Fig. 4b),
suggesting that Lys206, Lys234 and Lys235 of Snaill are potential
monoubiquitylation sites by A20.

Therefore, we generated a Snaill(3KR) mutant (K206R/K234R/
K235R). Pulldown assays indicated that the Snail1(3KR) mutant is not
monoubiquitylated by A20 and its expression is decreased, similar to
the Snaill(C-8KR) mutant (Fig. 6b). Cycloheximide treatment showed
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Figure 4 A20 promotes the metastasis of aggressive breast cancer cells.
(a) A20-knockdown MCF10CAla (M4) cells or shGFP-expressing control
cells were seeded for invasion assays. After 48h, invading cells across
the Matrigel were stained with haematoxylin and counted. (b,c) A20-
knockdown or shGFP-expressing control 4T1-Luc cells were seeded for
Transwell migration and invasion assays. After 24 h, migrating cells across
the chamber (b) or invading cells across the Matrigel (c) were stained with
haematoxylin and counted. The data in a—c were statistically analysed by
a t-test and show the mean + s.d. of n=3 independent experiments.
*P <0.01 compared with the shGFP-expressing control M4 or 4T1-Luc
cells. (d,e) 5x 10° of A20-knockdown MCF10CAla (M4) cells were tail-
vein injected into NOD/SCID mice (n=6 mice per group). After the mice
were euthanized 5 weeks later, lungs were removed and stained with India
ink. As a control, the same amounts of shGFP-expressing M4 cells were
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tail-vein injected into the mice (n=6 mice). Representative images of lung
metastatic nodules are shown in d and the numbers of metastatic nodules
were measured (e). (f-h) 5 x 10* of A20-knockdown 4T1-Luc cells were
orthotopically injected into the mammary fat pads of Balb/c mice (n=6 mice
per group). After injection, bioluminescence images were monitored at the
indicated time points (f). After the mice were euthanized 5 weeks later, lungs
were removed and stained with India ink. Representative images of lung
metastatic nodules are shown in g and the numbers of metastatic nodules
were measured (h). As a control, the same amounts of shGFP-expressing
4T1-Luc cells were orthotopically injected into mice (n=6). The data in
e and h were statistically analysed by a t-test and show the mean =+ s.d.
n=6 mice per group. **P <0.001 compared with the shGFP-expressing
control M4 or 4T1-Luc cells. Source data for a—c,e,h are available in
Supplementary Table 3.
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Figure 5 The ZnF7 domain of A20 induces the monoubiquitylation of Snaill.
(a) Co-immunoprecipitation assay in HEK293 cells co-transfected with Flag-
Snaill and HA-A20 plasmids. TCL, total cell lysates. (b) Immunoprecipitation
assay in NMuMG cells, treated with TGF-B1 for the indicated times,
with anti-Snaill antibody. (c,d) After a plasmid encoding wild-type (c)
or a lysine mutant (7KR) (d) of His-Ub was co-transfected with Flag-
Snaill plasmid into NMuMG cells in the absence or presence of HA-
A20, Ni-NTA-mediated pulldown assays were performed. (e) Plasmids
encoding Flag-Snaill and wild-type His-Ub were co-transfected into A20-
knockdown NMuMG cells with shRNA-resistant human HA-A20 in the
indicated combinations. Ni-NTA-mediated pulldown assays were performed.
(f) For in vitro ubiquitylation assays, Flag-Snaill proteins were eluted
from HEK293 cells transfected with Flag-Snaill plasmid, and GST-A20
proteins were purified from Escherichia coli. The reactions were performed
in the presence of the E1 and E2 enzymes as indicated and samples were

that the stability of the Snaill(3KR) mutant was decreased even in the
presence of A20 (Fig. 6¢). Lys206, Lys234 and Lys235 of Snaill are
evolutionarily conserved in other species (Fig. 6d).

immunoblotted with the indicated antibodies. (g) Plasmids encoding wild-
type A20 or A20 mutants (C624A/C627A, F770A/G771A, Y614A/F615A,
4A: Y614A/F615A/F770A/G771A) were co-transfected with Flag-Snaill and
wild-type His-Ub plasmids into NMuMG cells in the indicated combinations.
Ni-NTA-mediated pulldown assays were performed. Ubiquitylated Snaill in
the data (c-g) was observed by immunoblotting using anti-Flag antibody.
(h) Plasmids expressing wild-type A20 (HA-A20) or the ZnF7* mutant (HA-
A20_ZnF7*; F770A/G771A) were co-transfected with Flag-Snaill plasmid
into NMuMG cells in the presence of CHX (50ugmi-!) for the indicated
times. Cell lysates were immunoblotted by antibodies as indicated (left). The
data were quantified using ImageJ software (right). For normalization, p-actin
expression was used as a control. In all immunoblot analysis, expression of
f3-actin was used as a loading control except for f. The data are representative
of three independent experiments with similar results. Unprocessed original
scans of blots in Fig. 5 are shown in Supplementary Fig. 9.

We next examined whether A20-mediated monoubiquitylation
of Snaill is linked to other mechanisms stabilizing Snaill, since
Snaill is reportedly stabilized through phosphorylation at Ser82
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Figure 6 Three lysine residues of Snaill monoubiquitylated by A20 are
critical for metastasis. (a) Schematic diagram of Snaill mutants. (b) Ni-
NTA pulldown assays in NMuMG cells transfected with a plasmid expressing
wild-type Snaill or Snaill mutants (C-8KR and 3KR) together with His-
Ub and HA-A20. Ubiquitylated Snaill was observed by immunoblotting
using an anti-Flag antibody. p-actin expression was used as a loading
control. (¢) A plasmid encoding Flag-Snaill or Flag-Snaill-3KR was co-
transfected into NMuMG cells with or without HA-A20. Cells were treated with
cycloheximide (CHX, 50 ugmli-!) for the indicated times. Cell lysates were
immunoblotted with the indicated antibodies (left). The data were quantified
using Imagel software (right). For normalization, f-actin expression was
used as a control. (d) Conservation of Snaill lysine residues at amino
acids 206, 234 and 235 in diverse species. () NMuMG cells, depleted
by shRNAs (shSnaill no. 5) specific to mouse SNA/LI mRNA, were
reconstituted by infection with retroviruses expressing wild-type or the 3KR
mutant of human Snaill. shGFP-expressing NMuMG cells were used as a

and Ser104 by ERK*. A phosphorylation-incapable Snaill mutant
(Flag-Snail1(S82A/S104A)) was stabilized by A20 to levels similar to
that of wild type (Supplementary Fig. 4c). Thus, A20-mediated Snaill
stabilization is not due to ERK phosphorylation.

control. Cells were treated with TGF-B1 for 48h. Phase-contrast images
of NMuMG cells were acquired and cells were immunostained with the
indicated antibodies. Scale bars, 50 um. (f-h) 5 x 10* 4T1-Luc cells, infected
with retroviruses expressing wild-type Snaill or Snaill-3KR mutant, were
injected into Balb/c mice (n=6 mice per group). As a control, the same
amounts of 4T1-Luc cells infected with retroviruses expressing empty vector
(Mock) were used. Bioluminescence imaging was monitored at the indicated
time points (f). Lungs were removed five weeks later and stained with
India ink. Representative images of lung metastatic nodules are shown in
g and the numbers of metastatic nodules were measured (h). The data
in h were statistically analysed by a t-test and show the mean + s.d.
n=6 mice per group. *P <0.01 and **P <0.001 compared with wild-type
Snaill-expressing 4T1-Luc cells. Images in b,c,e are representative of three
independent experiments. Source data for h are available in Supplementary
Table 3. Unprocessed original scans of blots in b,c are shown in
Supplementary Fig. 9.

We also investigated whether Snaill monoubiquitylation by A20
is crucial for TGF-B-induced EMT and metastasis of aggressive
breast cancers. We established Snaill-knockdown NMuMG cells using
shRNAs (Supplementary Fig. 4d) and examined TGF-f1-induced
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EMT after re-expression of wild-type Snaill or Snaill(3KR) mutant.
In contrast to the wild-type Snaill, the 3KR mutant failed to restore
cellular changes following TGF-f1 treatment despite comparable
protein levels (Fig. 6e and Supplementary Fig. 4e,(f). Next, we
examined the metastatic potential of Snaill monoubiquitylation
in an orthotopic 4T1-Luc breast cancer model by using 4T1-Luc
cells expressing Snaill(WT) or the 3KR mutant (Supplementary
Fig. 5a). Wild-type Snaill-expressing 4T1-Luc cells metastasized
into lungs more rapidly than the control cells, whereas metastasis
of 3KR mutant-expressing cells was reduced during the same
time (Fig. 6f). Consistently, a reduction in metastatic pulmonary
nodules was observed in mice injected with 3KR mutant-expressing
cells (Fig. 6gh). The 3KR mutant-expressing cells did not affect
tumour growth in a xenograft model (Supplementary Fig. 5b,c).
In vivo reconstitution experiments in additional combinations in the
orthotopic 4T1-Luc breast cancer model further supported the crucial
role of the A20-Snaill axis in the metastasis of aggressive breast
cancers (Supplementary Fig. 5d-h).

Snaill monoubiquitylation by A20 inhibits GSK3p-mediated
Snaill phosphorylation

the of A20-mediated Snaill
monoubiquitylation in the regulation of EMT and metastasis, we

To understand importance
turned to GSK3f, which induces Snaill phosphorylation and nuclear
export, ultimately resulting in the degradation of Snaill through
the ubiquitin ligase SCF-3-TrCP1 (refs 36,41). A20 did not bind
to GSK3p (Supplementary Fig. 6a), contrary to the A20 binding to
Snaill (Fig. 5a,b). However, ectopic expression of A20 simultaneously
increased Snaill stability and decreased the interaction between
Snaill and specifically GSK3f (Fig. 7a, lanes 2 and 3), but not protein
kinase D1 (PKD1) (Fig. 7a lanes 5 and 6), which can induce Snaill
phosphorylation®. TGF-B1-induced expression of endogenous A20
reduced Snaill interaction with GSK3f3 and A20 depletion enhanced
the GSK3f-Snaill interaction (Fig. 7b). The stronger binding of
GSK3p with Snaill following A20 depletion may accelerate Snaill
degradation through increased Snaill phosphorylation.

Next, we examined the potential role of A20-mediated Snaill
monoubiquitylation in the interaction between Snaill and GSK3f.
While the binding of wild-type Snaill protein with GSK3f was
reduced in the presence of A20 (Fig. 7c, lanes 2 and 3), the
Snail1(3KR) mutant comparatively showed stronger binding with
GSK3p regardless of the presence of A20 (Fig. 7c, lanes 4 and 5). The
reduced expression of the 3KR mutant was restored in the presence of
LiCl, a GSK3p inhibitor (Fig. 7d, lanes 3 and 5).

Nuclear and cytoplasmic fractionation of wild-type Snaill- or
Snail1(3KR) mutant-expressing NMuMG cells showed that a con-
siderable amount of wild-type Snaill was localized in the nucleus
in the presence of A20 (Fig. 7e, lanes 2 and 8) whereas nuclear
localization of the 3KR mutant was reduced in the nucleus even
in the presence of A20 (Fig. 7e, lanes 8 and 11). Immunoflu-
orescence analysis confirmed the localization of the 3KR mu-
tant (Supplementary Fig. 6b). However, GSK3f inhibition restored
expression of both wild-type Snaill and the 3KR mutant (Fig. 7e),
demonstrating that A20-mediated Snaill monoubiquitylation is
critical to decrease Snaill and GSK3[ interaction, augmenting
Snaill stability.

We further assessed the relationship between GSK3(-mediated
phosphorylation and A20-mediated monoubiquitylation of Snaill
(Fig. 7f). A20 expression decreased the phosphorylation of wild-
type Snaill by GSK3[3, whereas the 3KR mutant showed increased
phosphorylation even in the presence of A20 (Fig. 7f, lanes 3 and 6).
Increased phosphorylation of the 3KR mutant caused translocation
from the nucleus into the cytoplasm for degradation by SCF-f3-
TrCP1, as confirmed by treatment with leptomycin B (Fig. 7g,
lanes 11 and 12), a nuclear export inhibitor, and 3-TrCP1 depletion
(Supplementary Fig. 6¢,d). Immunofluorescence indeed revealed that
both Snaill and A20 translocate and co-localize in the nucleus of
shGFP-expressing control NMuMG cells following TGF-f31 treatment
(Fig. 7h). However, nuclear Snaill was significantly decreased in
A20-knockdown NMuMG cells even in the presence of TGF-f1 and
this decreased expression was restored by MG132 treatment (Fig. 7h
and Supplementary Fig. 6e). Co-immunoprecipitation and chromatin
immunoprecipitation assays revealed that the Snaill(3KR) mutant
shows decreased interaction with the transcriptional co-repressors
HDACI1, HDAC2 and Sin3A without the loss of DNA binding activity
(Supplementary Fig. 6f,g).

A20 is required for cancer stemness and chemoresistance
Although EMT has been considered as a major mechanism for
cancer metastasis, recent studies demonstrate that EMT induces

051 To understand the role

cancer stemness and chemoresistance
of A20 in EMT-induced cancer stemness and chemoresistance, we
generated A20-depleted M4 and MDA-MB-231 cells. Mammosphere
and fluorescence-activated cell sorting (FACS) analyses revealed
that the mammosphere formation and CD44%/CD24~ cancer cell
population are decreased in A20-depleted M4 breast cancer cells
(Fig. 8a,b and Supplementary Fig. 7a), compared with control cells.
In addition, A20-depleted MDA-MB-231 and M4 cells significantly
reduced cell viability following treatment with anti-cancer drugs,

doxorubicin and docetaxel (Fig. 8c).

A20 is involved in TNF-a-mediated Snaill stabilization

The fact that the inflammatory cytokine TNF-a induces A20
(refs 10,11) and stabilizes Snaill (refs 52,53) raised the possibility that
A20 may contribute to inflammation-induced EMT by TNF-a. To
examine this possibility, stable cell lines expressing Snaill in A20~/~
MEFs as well as A207/* MEFs were treated with TNF-a. Whereas
Snaill expression increased following TNF-o treatment in A20%/*
MEFs, Snaill expression was decreased in A20~/~ MEFs (Fig. 8d) and
restored by MG132 pre-treatment (Fig. 8¢, lanes 2 and 4). Additionally,
considerable amounts of Snaill were translocated to the nucleus of
A20"/* MEFs (Fig. 8f), similar to TGF-B1 treatment (Fig. 7g). A20-
depleted HS578T cells, a TNBC cell line with mesenchymal features,
showed decreased levels of Snaill and N-cadherin proteins following
TNF-a or TGF-f1 treatment, but no change in SNAILI mRNA levels
(Fig. 8g,h). However, TNF-a-induced Snaill stabilization is probably
distinct from the TGF-f1-induced one. The major difference is the
kinetics of A20 induction; 24 h post-TGF-f1 treatment versus 6 h post-
TNF-o treatment in MEF and HS578T cells (Figs 3d and 8d,g). Indeed,
the analysis of the GEO data set GSE41970 (ref. 54) covering mRNA
expression of different TNBC stage patients may support different
expression kinetics of two cytokines. In this data set, TNF-a expression
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Figure 7 A20 retains Snaill protein in the nucleus through inhibition
of GSK3p-mediated Snaill phosphorylation. (a) Co-immunoprecipitation
assay in NMuMG cells co-transfected with Flag-Snaill, HA-PKD1, HA-
GSK3p and pcDNA-A20 plasmids in the indicated combinations. (b) To
analyse time-dependent interactions of endogenous A20, Snaill and GSK3p
protein, A20-knockdown and control NMuMG cells were treated with TGF-
B1 (5ngml=?) for the indicated times. Cell lysates were immunoprecipitated
with anti-Snaill antibody and immunoblotted. (c) Plasmids encoding
WT Flag-Snaill or Flag-Snaill-3KR mutant were co-transfected with
HA-GSK3p into NMuMG cells in the absence or presence of pcDNA-
A20. Cell lysates were immunoprecipitated with anti-Flag antibody and
immunoblotted. (d,e) Plasmids encoding wild-type Flag-Snaill or Flag-
Snail1-3KR were co-transfected with HA-A20 into NMuMG cells, which were
treated with LiCl (20mM) for 5h. Cell lysates were immunoblotted with
the indicated antibodies (d). Cells were fractionated into cytoplasmic and
nuclear extracts (e). Both extracts were immunoblotted by the indicated

was decreased in stage IIl TNBC patients, whereas TGF-f31 expression
was increased in stage III TNBC patients (Fig. 8i). In addition, A20
expression by TGF-f1 was later induced by a Smad-independent non-
canonical pathway (Supplementary Fig. 7b-d).

DISCUSSION

We here identified a role for A20 in the metastasis of basal-like
breast cancers and TGF-f3-induced EMT. Therefore, our present study
strongly proposes a pathway linking the immune regulator A20 to the

antibodies. (f) Plasmids encoding wild-type Flag-Snaill or Flag-Snaill-3KR
were co-transfected with HA-GSK3p into NMuMG cells in the absence
or presence of pcDNA-A20. Cell lysates were immunoprecipitated with
anti-phospho-serine and anti-Flag antibodies and immunoblotted. (g) A20-
knockdown or control NMuMG cells were treated with TGF-B1 for 24h,
respectively, and then treated with leptomycin B (5ngml-!) for 4h.
Cells were fractionated into cytoplasmic and nuclear extracts and both
extracts were immunoblotted with the indicated antibodies. (h) A20-
knockdown or control NMuMG cells were treated with TGF-pl. After
treatment for 24 h, cells were immunostained with the indicated antibodies.
Scale bars, 20um. All data are representative of three independent
experiments. Expression levels of tubulin and lamin (e,g) were used as
cytoplasmic and nuclear markers and loading controls. In all immunoblot
analysis except for e,g, expression of f-actin was used as a loading
control. Unprocessed original scans of blots in Fig. 7 are shown in
Supplementary Fig. 9.

EMT-mediated metastatic process. Besides the induction of A20 by
TNF-a treatment'®!!, our results suggest that A20 expression may be
upregulated by TGF-f1, crucial in tumour progression. Inflammation

is critical in cancer progression®>*®

, and a significant number of im-
mune cells infiltrate into neoplastic tissues, and various cytokines and
chemokines, including TNF-a and TGF-f1, are released by both these
infiltrated immune cells and cancer cells*”*®. Our studies indicated
that A20 is required for TNF-a- and TGF-f1-induced Snaill stabi-

lization. Hence, increased levels of TNF-a or TGF-f1 may augment
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Figure 8 A20 is required for cancer stemness, chemoresistance, and TNF-a-
induced Snaill stabilization. (a) Mammosphere formation of A20-depleted
M4 cells. Mammospheres with diameter above 50 um were counted. Scale
bars, 50 um. (b) FACS analysis of CD44+/CD24~ cancer cells in A20-depleted
M4 cells. The proportion of CD44+/CD24~ fraction was described with the
density plots and in a bar graph. In a and b, shGFP or control siRNA was
used as a control. (c) 2 x 10* cells of A20-depleted MDA-MB-231 and M4
were respectively treated with doxorubicin and docetaxel and their viabilities
were monitored at 24 h. Data in a—c were statistically analysed by a t-test
and show the mean + s.d. of n=3 independent experiments. *P <0.05,
*P<0.01 and **P <0.001 compared with control cells. (d) Immunoblots
of Snaill in A20%/* and A20~/~ MEFs expressing Flag-Snaill following
TNF-a (20 ngml-!) treatment for the indicated time. (e) Immunoblots of
Snaill in A20** and A20-/~ MEFs expressing Flag-Snaill with or without
MG132. (f) Cells were fractionated into cytoplasmic and nuclear extracts.

A20 induction, subsequently inducing EMT by stabilizing multi-
monoubiquitylated Snaill, eventually contributing to the metastasis of
breast cancers.

Both extracts were immunoblotted. (g,h) Expression of Snaill protein (g)
and SNA/LI mRNA (h) in A20-depleted and control HS578T cells following
TNF-a (20ngmli~!) or TGF-B1 (5ngml-!) treatment. Images in d-g are
representative of three independent experiments. Data from gRT-PCR analysis
(h) were statistically analysed by a t-test and show the mean + s.d. of n=3
independent experiments. Expression of 3-actin was used as a loading control
ind,e and g. Expression levels of tubulin and lamin were used as cytoplasmic
and nuclear markers and loading controls (f). (i) Expression levels of TNF-a
and TGF-B1 mRNAs in different stage TNBC samples (GSE41970, n=44
stage | tumours, n=83 stage Il tumours and n=20 stage Ill tumours).
Boxes represent the interquartile range and the centre is the median. The
minimum and maximum values are represented by the whiskers. P values
were calculated by a t-test. **P <0.01 compared with stage | or stage Il
TNBC samples. Source data for a—c,h are available in Supplementary Table 3.
Unprocessed scans of blots in d-g are shown in Supplementary Fig. 9.

Additionally, the different induction kinetics of A20 in several cell
types by TNF-a or TGF-31 may reflect a distinct role of each cytokine
during cancer progression. TNF-a, which is secreted from cancer cells
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or infiltrated immune cells at early stages of cancer progression, can
increase inflammation-induced EMT of breast cancers through the in-
duction of A20, and at the late stage, cancer cells or other immune cells
secrete TGF-f31, resulting in TGF-f-induced EMT. This speculation
was supported by analysis of the GSE41970 data set™ (Fig. 8i). How-
ever, not all public data sets we analysed reveal a similar correlation.
This is probably in part due to the infiltrating immune cells recruited
into the tumours of TNBC patients. Although TNF-a and TGF-f31
contribute to the malignant progression of TNBC, their amounts in
the tumour microenvironments of different stages of TNBC can be
affected by infiltrated immune cells as well as tumour cells. Because
expression profiles of mRNAs in public data sets are obtained from
tumour samples, they do not fully reflect the profiles of TNF-a and
TGF-fB1 in a tumour microenvironment. Therefore, further compre-
hensive work is needed to understand the in vivo role of these cytokines
in the tumour microenvironments of breast cancer patients.

A20 expression might act as a prognostic biomarker to predict
metastasis and survival of breast cancer patients, in addition to Snaill,
aknown biomarker in breast cancers*"*. A role for A20 as a prognostic
biomarker was observed in the analysis of relapse-free survival of
breast cancer patients of GSE public data sets (GSE9195 and GSE2603)
(Supplementary Fig. 8a). Although the increased expression of A20
is apparently related to worse outcomes in breast cancer patients, the
correlation between A20 expression and clinical outcomes seems to be
specific for breast and pancreatic cancers, which are subject to TGF-
B1-induced EMT. Considering that unidentified E3 ubiquitin ligases
may be responsible for Snaill monoubiquitylation in other cancers,
it is worth investigating E3 ligase candidates and subsequent Snaill
monoubiquitylation in other malignant tumours.

In conclusion, our results reveal a mechanism regulating the TGF-
B-mediated EMT process through Snaill multi-monoubiquitylation,
as well as a unique function of A20 in the metastasis of aggressive
basal-like breast cancers (Supplementary Fig. 8b). Modulation of the
A20-Snaill axis in TGF-f-mediated EMT may be a promising tar-
get for therapeutic intervention against the metastasis of aggressive
breast cancers. ]

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
this paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS

Cell culture and reagents. Normal murine mammary gland (NMuMG) cells were
purchased from the American Type Culture Collection (ATCC) and maintained
in DMEM (GIBCO) with 10% FBS (HyClone) and 10ugml™" insulin (Sigma).
Both wild-type and A20-knockout mouse embryonic fibroblast cells (MEFs) were
previously described®'. 4T1-Luc mouse breast cancer cells expressing luciferase®
and human embryonic kidney (HEK293) cells* were previously described. Human
pancreatic cancer Panc-1 cells were kindly provided by D.-K. Lee (Sungkyunkwan
University, Korea)®®. MEFs, 4T1-Luc, HEK293 and Panc-1 cells were maintained
in DMEM with 10% FBS. The human mammary epithelial cell line MCF10A cells
were purchased from ATCC and maintained in MEBM (Lonza) supplemented with
100 ng ml™" cholera toxin (Sigma) and MEGM SingleQuot (Lonza) except for GA-
1000 (gentamycin—amphotericin B mix). The MCF10A-derived breast cancer cell
lines MCF10AT, MCF10CA1h and MCF10CA1a® were maintained in the following
conditions: MCF10AT cells were maintained in DMEM/Ham’s F-12 nutrient
mixture (GIBCO) with 5% horse serum (GIBCO), 20 ngml™ EGF (Peprotech),
10 ugml™ insulin, 0.5 ugml™" hydrocortisone (Sigma), 100 ng ml™" cholera toxin.
The MCF10CA1lh and MCF10CA1la cells were maintained in DMEM/Ham’s F-12
nutrient mixture with 5% horse serum. Other human breast cancer cells, as
previously described®*, were grown in DMEM (MDA-MB-435, MCF7, HS578T
and MDA-MB-231) or RPMI (ZR-75B, ZR-75-1, SK-BR-3, T47D and BT549)
with 10% FBS. The cell lines in this study were not found in the database of
commonly misidentified cell lines maintained by ICLAC and NCBI Biosample and
were routinely tested for mycoplasma contamination by PCR. Human and murine
recombinant TGF-B1 and TNF-o were obtained from HumanZyme, and R&D
Systems, respectively. Cycloheximide (C4859), LiCl (213233), SB431542 (54317),
doxorubicin (D1515) and docetaxel (O1885) were purchased from Sigma. MG132
(M-1157) was obtained from A.G. Scientific, Leptomycin B (L-6100) was purchased
from LC Labs. Ubiquitin isopeptidase inhibitor G5 was purchased from Calbiochem
(662125). Company names, catalogue numbers, clone numbers, species and dilution
ratios of the antibodies used in this study are described in Supplementary Table 1.

Animal studies. All procedures for animal experiments were approved by the
CHA Laboratory Animal Research Center (Seongnam, Korea) and the Animal
Research Center of Sungkyunkwan University (Suwon, Korea) and performed in a
manner compliant with all relevant ethical regulations regarding animal research.
Animals were housed in a pathogen-free barrier facility with 12h light/dark
cycles and maintained on standard chow. Human MCF10CAla (M4) breast
cancer cells (5 x 10°), infected with lentiviruses, were injected orthotopically into
5-6-week-old NOD/SCID female mice to measure tumour growth. For metastasis
assays, lentivirus-infected MCF10CA1la cells (5 x 10°) were injected into female
NOD/SCID mice through the tail vein. For simultaneous tumorigenesis and
metastasis assays, 4T1-Luc mouse breast cancer cells (5 x 10*), initially infected
with lentiviruses or retroviruses, were orthotopically injected into 6-week-old
Balb/c female mice. Monitoring of primary tumour growth and the occurrence of
lung metastasis was performed by bioluminescence imaging after intraperitoneal
injection of D-luciferin. The intensities of bioluminescence signals were measured
using an IVS-200 (Xenogen Corp) and IVIS-Lumina XR (Caliper Life Sciences).
After five weeks, mice were euthanized and inspected to check primary tumour
growth and the presence of lung metastasis. Primary tumour volume was measured
by the formula: (length) x (width)* x 0.5. To quantify lung metastasis, lungs were
stained with India ink and metastatic nodules were counted. For tumorigenesis and
metastasis analysis, the observer was blinded to which animal of each group was
being analysed. In all animal experiments, mice were randomly allocated into each
experimental group.

Plasmids. Flag-tagged human A20 complementary DNA (cDNA) was previously
described”. Using Flag-A20 plasmid as a template for PCR with specific primers,
A20 cDNA was subcloned into the EcoRI and Xhol sites of the pcDNA3-HA,
pcDNA3.1 (Invitrogen) and pGEX-5x-1 (Addgene) vectors, resulting in HA-A20,
PcDNA-A20 and GST-A20, respectively. Human Flag-Snaill and Myc-BTrCP1
were kindly provided by C. Y. Choi (Sungkyunkwan University, Korea) and Myc-
BTrCP1 was subcloned into the EcoRV and Xhol sites of the pcDNA3-HA vector
after PCR amplification. Plasmids expressing human HA-GSK3f, wild-type His-
ubiquitin (His-Ub) and His-Ub7KR mutant were provided by J. Song (Yonsei
University, Korea). In His-Ub7KR, all seven lysine residues were mutated into
arginine. Human PKD1 and mouse A20 cDNAs were amplified by PCR from the
cDNAs of HEK293 and NMuMG cells, respectively. The amplified fragments were
cloned into the EcoRI and Xhol sites of the pcDNA3-HA and Xhol and EcoRI
sites of pMSCV-puro (Clontech) vectors, respectively. Flag-Snaill was subcloned
into the Xhol and EcoRI sites of the pMSCV-puro vector. Point mutations of A20
or Snaill were generated by the QuikChange Mutagenesis kit (Stratagene). Briefly,
the A20(C624A/C627A) mutant has two cysteine residues of ZnF4 mutated to
alanines and the A20(F770A/G771A) mutant has the phenylalanine and glycine of
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ZnF7 replaced by alanines, on the basis of the previous reports*?. Both a tyrosine
and phenylalanine of ZnF4 of A20 were mutated into alanines, resulting in the
A20(Y614A/F615A) mutant. The A20(4A; Y614A/F615A/F770A/G771A) mutant
has four critical amino acids, tyrosine (614) and phenylalanine (615) in ZnF4 as well
as phenylalanine (770) and glycine (771) in ZnF?7, substituted with alanines. The HA-
A20(C103A) mutant with impaired DUB activity was previously described”. The
Snaill(N-6KR) mutant has all six lysine residues in the Snaill SNAG and serine-
rich domain substituted with arginines, and the Snaill(C-8KR) mutant has a total
of eight lysine residues in the Snaill zinc-finger domains replaced with arginines.
The Snaill mutant (Flag-Snail1(S82A/S104A)) has two serine residues mutated into
alanines*. The mouse CDHI promoter region (—178 to +92 base pairs from the
transcription start site) was amplified by PCR from the genomic DNA of NMuMG
cells, isolated by G-spin (iNtRON). The amplified PCR fragment was cloned into the
Xhol and HindIII sites of the pGL3 basic vector (Promega). PCR-generated portions
of all constructs in this study were verified by sequencing. Primer sequences for PCR
amplification in this study are described in Supplementary Table 2. The (CAGA),,-
Luc luciferase reporter plasmid was previously described*’.

Construction of small hairpin RNAs and lentiviral, retroviral infection. The short
hairpin RNA (shRNA) sequences targeting endogenous mouse and human A20,
mouse SNAILI and mouse SMDA4 are described in Supplementary Table 2. Specific
shRNAs were purchased from Mission-shRNA (Sigma). Lentiviruses expressing
each shRNA were produced by a lentiviral packaging system from Invitrogen.
To generate retroviruses, HEK293FT cells were transfected with pMSCV-puro
retroviral vectors expressing Flag-A20, Flag-Snaill WT and Flag-Snaill-3KR in
combination with the retroviral packaging system (Invitrogen), respectively. The
culture media containing virus particles were harvested after 48 h. These culture
media were added into target cells and subsequently incubated for 24h with
Polybrene (8 ugml™"). After incubation, the medium was replaced with complete
medium. After 1 day, the target cells, infected with recombinant lentiviruses or
retroviruses, were trypsinized and subjected to puromycin selection.

In vivo and in vitro ubiquitylation assays. To perform in vivo ubiquitylation assays,
cells were harvested in PBS buffer containing 5 mM N -ethyl maleimide (NEM). Cells
were lysed in binding buffer (6 M guanidine HCI, 0.1 M Na,HPO,, 0.1 M NaH,PO,,
0.01 M Tris (pH8.0), 10 mM [-mercaptoethanol, 5mM NEM, 5mM imidazole)
and incubated with Ni-NTA agarose (Qiagen) at 4°C for 12 h. Ni-NTA-mediated
pulldown assays were performed as described previously”. To perform in vitro
ubiquitylation assays, 10 ul of purified Flag-Snaill proteins from HEK293 cells were
added to a reaction with 100 ng of E1 (UBE1, BML-UW9410, Enzo Lifesciences),
250 ng of E2 (UbcH5a, E2-616, Boston Biochem), 500 ng of bacterially produced
GST-fusion proteins (GST-A20 or GST-A20 ZnF7*) and 5 ug of ubiquitin (U6253,
Sigma) in 25 ul of reaction buffer (40 mM Tris (pH 7.6), 50 mM NaCl, 5 mM MgCl,,
1mM dithiothreitol, 2mM ATP) for 3h at 37°C. The reaction was stopped by
addition of 4x sample buffer and boiling. Immunoblotting was next performed
using anti-Flag antibody to detect ubiquitin-conjugated Snaill proteins.

Transfection and reporter assay. Plasmids were transiently transfected into HEK293
or NMuMG cells using PEI (polyethylenimine) or Lipofectamine 2000 (Invitrogen),
respectively. siRNAs (Qiagen) were reverse-transfected by using Lipofectamine
RNAIMAX (Invitrogen). The siRNA sequences targeting endogenous human and
mouse A20 or mouse -TrCP1I are described in Supplementary Table 2. To analyse
CDHI-Luc or (CAGA)y,-Luc activity, cells were treated with TGF-f1 (5 ngml™") for
the indicated time. Firefly and Renilla luciferase activities were measured by a dual-
luciferase reporter assay system (Promega). All experiments were independently
repeated at least three times with similar results.

Immunofluorescence and subcellular fractionation assays. For immunofluores-
cence assay, cells were fixed by cold methanol at —20°C for 7 min, followed
by blocking (5% BSA in PBS) at room temperature for 30 min and incubation
with primary antibodies at 4°C for 12h. Company names, catalogue numbers,
dilution ratios of anti-E-cadherin, anti-vimentin, anti-N-cadherin, anti-fibronectin,
anti-Snaill, anti-A20 and anti-Flag primary antibodies used in this assay are
described in Supplementary Table 1. After washing with PBS five times, cover-
slips were stained with the following secondary antibodies at room temperature
for 2h: Alexa Fluor-488-conjugated goat anti-mouse IgG (Invitrogen, 1:400 for
anti-E-cadherin, 1:2000 for anti-Flag), Alexa Fluor-594-conjugated donkey anti-
mouse IgG (Invitrogen, 1:200 for anti-N-cadherin, anti-fibronectin and anti-Snaill,
1:400 for anti-E-cadherin) and Alexa Fluor-488-conjugated goat anti-rabbit IgG
(Invitrogen, 1:200 for anti-A20, 1:400 for anti-vimentin). Coverslips were stained
with DAPI (Sigma) and mounted on glass slides. Cells were examined with a
laser-scanning confocal microscope (Carl-Zeiss). The Subcellular Protein Frac-
tionation Kit for Cultured Cells (Thermo Scientific, cat. no. 78840) was used for
subcellular fractionations.
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Immunoblot analysis and immunoprecipitation. For immunoblot analysis, cells
were harvested in cold PBS and lysed in lysis buffer (1% Triton X-100, 20 mM Hepes
at pH7.4, 150mM NaCl, 12.5mM f-glycerol phosphate, 1.5mM MgCl,, 10 mM
NaFE, 2 mM dithiothreitol, 1 mM NaOV, 2mM EGTA, 1 mM phenylmethylsulfonyl
fluoride, protein inhibitor cocktail). For immunoblot analysis of surgically dissect
cancer samples, tissues were homogenized and lysed in RIPA buffer (150 mM
NaCl, 50 mM Tris-HCl at pH7.5, 0.1% SDS, 1% Triton X-100, 2mM EDTA,
0.5% Na-deoxycholate) containing protein inhibitor cocktail. After elution by 4x
sample buffer, protein extracts were boiled, separated by SDS-PAGE, transferred to
polyvinylidene difluoride (PVDF) membrane filter and subjected to immunoblot
analysis. For immunoprecipitation, cell extracts were incubated with appropriate
antibodies and protein G agarose beads (Genedepot) at 4°C for 12h. Immuno-
complexes were washed twice with lysis buffer, eluted from the beads by 2x sample
buffer and boiled. Immunoblot analysis was subsequently performed using the
indicated antibodies.

RNA extraction and real-time qRT-PCR. Total RNA was isolated using the TRIzol
reagent (Invitrogen). cDNA synthesis was performed using PrimeScript Reverse
Transcriptase (TaKaRa). For real-time qRT-PCR, primer sequences used for the
A20, SNAIL1, CDHI, CDH2, VIM, PAI-1, Smad7 and Gapdh genes are described
in Supplementary Table 2. Real-time qRT-PCR was performed using an iCycler
real-time PCR machine and iQ SYBR Green Supermix (Bio-Rad) to measure the
expression of genes under the following conditions: 40 cycles of 95 °C for 30, 60 °C
for 30s, and 72 °C for 30s. All reactions were independently repeated at least three
times to ensure reproducibility.

Cell invasion, migration and proliferation assay. Cells were harvested and
resuspended into serum-free medium. The migration assay was performed with
Transwells (Corining Costar), according to the manufacturers protocol. For the
invasion assay, Matrigel invasion chambers were prepared by coating the upper
chamber surface with Matrigel (BD Biosciences) at 37°C for 12h in a 5% CO,
incubator. MCF10CAla (M4) cells (1 x 10*) and 4T1-Luc cells (2 x 10*) were
plated onto the upper chamber containing culture media with 0.1% FBS. The
bottom chamber contained culture media with 10% FBS. After 48 h for MCF10CAla
(M4) cells and 24h for 4T1-Luc cells, non-invasive cells in the upper chamber
were removed by a cotton swab. Cells that migrated through the Matrigel and
the membrane were fixed with methanol and stained with haematoxylin. Cells
were counted in three predetermined fields for quantification. For cell proliferation
analysis, cells were plated in 6-well plates on day 0. After the indicated time, cells
were trypsinized, resuspended in media and counted with a haemocytometer. All
experiments were performed at least three times to ensure reproducibility.

Human breast cancer tissue microarray and immunohistochemistry. Tumour
tissues from specimens of surgically dissected breast carcinoma were collected at
the Gangnam Severance Hospital, Yonsei University College of Medicine (Seoul,
Korea) between January 1996 and December 2004 after approval by the institutional
review board (IRB approval number 3-2013-0268) in compliance with all relevant
ethical regulations regarding research involving human participants. Among these
samples, cases presenting an invasive focus by review of archival H&E-stained slides
were used to construct tissue microarray (TMA) blocks. Two hundred and fifty-six
patients with invasive breast carcinoma were finally enrolled. All volunteers officially
gave informed consent for this study. For immunohistochemistry, each TMA slide
was stained with rabbit monoclonal anti-A20 antibody (ab92324, Abcam, 1:200)
and counterstained with haematoxylin. After staining, slides were scored under a
microscope and the correlation between A20 expression level and clinical outcomes
was analysed together with A20 expression depending on breast cancer subtypes.

RNA sequencing. Total RNAs of each cell were isolated using the TRIzol reagent for
RNA sequencing following the manufacturer’s instructions. The total RNAs were
treated with DNase I, purified with the miRNeasy Mini Kit (Qiagen) and their
qualities were checked using an Agilent 2100 Bioanalyzer (Agilent). An Illumina
platform (Illumina) was used to analyse transcriptomes with a 90bp paired-end
library. Samples were paired-end sequenced with the IlluminaHiSeq 2000 using
HiSeq Sequencing kits.

Chromatin immunoprecipitation (ChIP). Cells were crosslinked with 1%
formaldehyde and lysed with SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM
Tris at pH 8.1 and protease inhibitor cocktail). Cell lysates were sonicated on wet
ice and centrifuged to obtain the sheared DNA-protein complexes. DNA-protein
complexes were incubated for 12h at 4°C with mouse anti-Flag antibody (F1804,
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Sigma) and incubated with Protein A/G agarose beads (sc-2003, Santa Cruz) for 1h
at 4 °C. Immunoprecipitated material was washed according to standard procedures
(Upstate protocol). After washing, DNA-protein complexes were eluted with 1%
SDS, 100 mM NaHCO; and reverse-crosslinked with 200 mM NaCl at 65°C for
12h. Next, RNAs and proteins were removed by treating RNase A (iNtRON) and
Proteinase K (TaKaRa) and DNAs were purified by purification kit (iNtRON).
Purified DNAs were amplified and analysed by PCR or qPCR. Primer sequences for
ChIP assay in this study were described in Supplementary Table 2.

Mammosphere formation and FACS analysis. Mammosphere formation assay was
performed as described previously®>. MCF10CAla cells (1,000 cells per well) were
seeded in 96-well ultralow-attachment plates (Corning, 3474) and grown for 5 days
in serum-free medium with B27 (Gibco, 17504-044), 20 ngml~" hEGE 20 ng ml™
hFGF (Invitrogen). Mammospheres with diameters above 50 um were counted. For
FACS analysis, dissociated single cells were subjected to fluorescence-activated cell
sorting (FACS) analysis using cell surface markers for CD44 (eBioscience, 11-0441-
81) and CD24 (BioLegend, 101823). The proportion of CD44-positive (+) and
CD24-negative (—) population was measured by FACS analysis using FACSCanto
II (BD Biosciences) and data were analysed by FlowJo 7.6.5 software.

Cytotoxicity assay. Cells were cultured in 96-well plates. After incubation for 36 h,
cells were treated with doxorubicin (20 nM for MDA-MB-231 cells, 5nM for M4
cells) and docetaxel (10 nM for MDA-MB-231 cells, 1 nM for M4 cells) for 12 h.
At the end of the treatment, MTT reagent was added to each well and cells were
incubated for 20 min at 37 °C in the dark. After supernatants were aspirated, DMSO
was added into each well. The absorbance at a wavelength of 550 nm was finally
measured using an VersaMax ELISA microplate reader.

Statistics and reproducibility. Quantitative data in this study are presented as
means =+ s.d. and were analysed by a two-tailed unpaired Student’s ¢-test to compare
the difference between groups. P < 0.05 was considered statistically significant.
The Kaplan-Meier (KM) Plotter Tool (http://kmplot.com/analysis)®® was used to
show correlation between A20 expression and the relapse-free survival rates of
breast cancer patients. Statistical significance was calculated by a log-rank test.
For quantification of protein stability following treatment of cycloheximide, Snaill
and B-actin proteins detected by immunoblotting were quantified using Image]
software®. For normalization, -actin expression was used as a control. GraphPad
Prism 5 and SPSS version 18 software were used in this study. All experiments were
repeated at least three times. RNA sequencing using breast cancer cell lines was
performed one time. N numbers of immunohistochemical analysis and public data
set analysis are indicated in the figure legends. Animal studies were performed with
adequate n numbers to ensure statistical evaluation. No statistical method was used
to predetermine sample size. Sample size was chosen on the basis of literature in
the field.

Data availability. RNA-sequencing data that support the finding of this study have
been deposited in the Gene Expression Omnibus (GEO) under accession code
GSE100878. Previously deposited microarray data that were re-analysed here are
available under access codes GSE41313 (ref. 42), GSE2034 (ref. 43), GSE41970
(ref. 54), GSE9195 and GSE2603. The microarray data (AgilentG4502A_07) from
314 tumour (breast invasive carcinoma) and 121 normal samples (normal breast
tissue) and RNA-Seq data (IlluniniaHiSeq) from 561 tumour (breast invasive
carcinoma) and 225 normal samples (normal breast tissue) were downloaded from
the TCGA Data Portal (https://portal.gdc.cancer.gov). The source data for Figs 2f-i,
3c,e, 4a—c,e,h, 6h and 8a—c,h and Supplementary Figs 1a,c-e and 2b,d,f;h, 4f, 5¢,h,
6g and 7d have been provided as Supplementary Table 3.

61. Vereecke, L. et al. Enterocyte-specific A20 deficiency sensitizes to tumor
necrosis factor-induced toxicity and experimental colitis. J. Exp. Med. 207,
1513-1523 (2010).

62. Bae, E. et al. Definition of smad3 phosphorylation events that affect malignant and
metastatic behaviors in breast cancer cells. Cancer Res. 74, 6139-6149 (2014).

63. Dua, P. et al. Alkaline phosphatase ALPPL-2 is a novel pancreatic carcinoma-
associated protein. Cancer Res. 73, 1934-1945 (2013).

64. Yang, K. M. et al. Loss of TBK1 induces epithelial-mesenchymal transition in the
breast cancer cells by ERa downregulation. Cancer Res. 73, 6679-6689 (2013).

65. Kim, M. S. et al. Dysregulated JAK2 expression by TrkC promotes metastasis
potential, and EMT program of metastatic breast cancer. Sci. Rep. 6, 33899 (2016).

66. Gyorffy, B., Surowiak, P., Budczies, J. & Lanczky, A. Online survival analysis software
to assess the prognostic value of biomarkers using transcriptomic data in non-small-
cell lung cancer. PLoS ONE 8, e82241 (2013).

NATURE CELL BIOLOGY

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



http://kmplot.com/analysis

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE100878

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41313

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE2034

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE41970

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE9195

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE2603

https://portal.gdc.cancer.gov



SUPPLEMENTARY INFORMATION

DOI: 10.1038/ncb3609

nature

cell biology

In the format provided by the authors and unedited.

a m TGF-B1 ()
CAGA-Luc = TGF-B1 (+) b C O TGF-1 (-)
. n.s NMuMG cells . 5 = TGF-1 (+)
2 20 n.s. z . k)
2 1 e} siA20 7] ?
3 O = 8 __ 4
< 45 ‘Ir S #2 #3 #4 #5 0 %
o =y
2 T 75 S - 0-A20 ©23 T
2 10 4- 1B S5
. Z 0
S —— (- [}-2Ctin s o
a (kD) €35 i__'
@ 5 R e &= T
< ave et - s
® 7 ShGFP shA20#3 shA20#5 o
siCON siA20 siA20 siA20
#2 #4 #5
d O TGF-p1 (-) e
401 O TGF-p1(-)
151 = TGF-p1 (+) - W TGF-p1 (+) f ShGFP shA20 #3
5 g TGF-B1 + + + + + + + + + +
2 T 8~ 301 CHX 0 15 30 45 60 O 15 30 45 60 (min)
£80] & =8 ;L T s R BEE e o
20 4 .
g% %% [ ———.Y, )| 1B
nECE 51 EE 10 - a-B-actin
Ec s (kD)
< <
I = — 12
Y S " S S a  olem =, __a= s N = ShGFP (T1/2=45.95 min)
SICON siA20 siA20  siA20 SiCON S'ng S'ﬁo S'Qéo - = shA20 #3 (T1/2=17.90 min)
# #4 #5 7 08
v 06
g h '% 0.4
@
NI Q*?ye Q*?y Flag-Snaill + + + + g 02
F.E PO -
EE U P\ 2XCFP + 4 + + 00816 20 30 40 80
81 - HA-A20 - el
TMGF Bl -+ 4 4+ 4 0 ) Time (min) after CHX treatment
G132 - - - + + 35 - e c-Flag (Snail1)
35- = -G -Snaill 75- - o-HA (A20)
T e - a-A20 1B 4y ——— ao-GFP
48- -
TRERERERES -(-ac 489 -p-acti
(kD) o-p-actin (kD) —  0-(-actin
| siCON siA20 #1 siA20 #3 J
TGF-B1 0 24 48 0 24 48 0 24 48 (h) shGFP shA20 #3
Flag-Snailt - - + + - - + +
75 - v o — a-A20 TGF-|3'I -+ -+ -+ - o+
135-
100 -— — —— . —— o -E-cadherin —— — e —— = (-E-cadherin
135 - . 63_1— - - - e o-Vimentin
——— o —— « a-N-cadherin
63 o B 35— — - = = o-Flag (Snail1) B
S R e = s o-Vimentin 35- M o-Snail1 (endogenous)
%1 -_—a - . - Snailt 75= — e — - -~ a-A20
48 - _ 48— a-B-actin
a-B-actin S .
(kD) kD) 1 2 3 4 56 7 8

Supplementary Figure 1 A20 does not affect the canonical TGF-f/Smad
signaling, but stabilizes the Snaill protein. a, A20-knockdown and shGFP-
expressing NMuMG cells were transfected with a Smad- specific CAGA-Luc
reporter. Cells were treated with TGF-B1 (5 ng/ml) for 24 h, and luciferase
activities were measured and normalized. n.s., not significant. b, NMuMG
cells were reverse-transfected with 20 nM of control siRNA (siCON) or four
different siRNAs targeting mouse A20 mRNA. Knockdown efficiency was
confirmed by immunoblot analysis with anti-A20 antibody. c-e, Quantitative
real-time RT-PCR analysis of indicated target genes, induced by the TGF-p/
Smad-dependent signaling pathway, in A20-knockdown NMuMG cells treated
with TGF-B1 for 24 h. The data in (a, c, d, and e) were statistically analyzed by
a t-test and show the mean = s.d. of n=3 independent experiments. f, Stability
of the Snaill protein was measured in A20-knockdown and shGFP-expressing
control NMuMG cells in the presence of TGF-f1, followed by treatment of
protein translation inhibitor, cycloheximide (CHX, 50 ug/ml) for the indicated
times. Cell lysates were immunoblotted by the indicated antibodies (upper).

Data were quantified using ImageJ software (lower). For normalization,
expression of B-actin was used as a control. g, A20-knockdown NMuMG

cells were treated with TGF-B1 for 24 h, followed by exposure to proteasomal
inhibitor MG132 (10 uM) for 6 h. Cell lysates were immunoblotted with the
indicated antibodies. h, A plasmid encoding Flag-Snaill was co-transfected
with increasing amounts of HA-A20 plasmid into HEK293 cells. Cell lysates
were immunoblotted. i, Panc-1 cells were reverse-transfected with 20 nM

of control siRNA or two independent A20 siRNAs (siA20 #1 and siA20

#3) and treated with TGF-B1 for the indicated times. Cell lysates were
immunoblotted. j, A20-knockdown and shGFP-expressing control NMuMG
cells were transfected with Flag-Snaill and then treated with TGF-B1 for 24 h.
Cell lysates were immunoblotted. Expression of B-actin was used as a loading
control for all immunoblot analysis shown in this figure. Immunoblot images
are representative of n=3 independent experiments. Statistics source data for
(a) and (c)-(e) are available in Supplementary Table 3. Unprocessed original
scans of blots in (b) and (f)-(j) are in Supplementary Fig. 9.
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Supplementary Figure 2 A20 depletion does not affect tumor growth. a, e,
MCF10CAla (M4) (a) and 4T1-Luc (e) cells were infected with the indicated
lentiviruses expressing shRNAs targeting AZ0 mRNA. Cell lysates were
immunoblotted with the indicated antibodies. Expression of -actin was
used as a loading control. The data are representative of n=3 independent
experiments. b, f, A20-knockdown MCF10CA1la (M4) (b) or A20-knockdown
AT1-Luc (f) cells were cultured in 6-well plates and harvested at the
indicated time points. Cell proliferation was analyzed by counting cell
numbers in each well, compared to shGFP-expressing control cells. The
data were statistically analyzed by a f-test and show the mean + s.d. of n=3
independent experiments. *P < 0.05 compared to the shGFP control cells.
n.s., not significant. ¢, d, 5 x 10° of A20-knockdown and shGFP-expressing

shA20 #5

! e el - S il 5

MCF10CA1la (M4) cells were orthotopically injected into NOD/SCID

mice (n=6 mice per group). After the mice were sacrificed 5 weeks later,
representative primary tumor images were shown in (c) and tumor volumes
were measured (d). g, h, 5 x 104 of A20-knockdown and shGFP-expressing
control 4T1-Luc cells were orthotopically injected into Balb/c mice (n=6 mice
per group) and the mice were sacrificed 5 weeks later. Representative images
of primary tumors were shown in (g) and tumor volumes were measured (h).
The data in (d and h) were statistically analyzed by a t-test and show the
mean + s.d. n=6 mice per group per experiment. * P < 0.05 compared to the
shGFP control cells. n.s., not significant. Statistics source data for (b), (d), (f)
and (h) are available in Supplementary Table 3. Unprocessed original scans of
blots in (a) and (e) are in Supplementary Fig. 9.
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Supplementary Figure 3 A20 induces monoubiquitination of the Snaill
protein through ZnF7 domain. a, Plasmids encoding Flag-Snaill and wild
type His-Ub were co-transfected with HA-A20, HA-GSK3p and HA-BTrCP1
into NMuMG cells in the indicated combinations. Ni-NTA-mediated pull-
down assays were performed and ubiquitinated Snaill was observed by
immunoblotting using anti-Flag antibody. Total cell lysates (TCL) were
immunoblotted with the indicated antibodies. b, Dynamics of the interaction
between endogenous A20 and Snaill in NMuMG cells. Cells were treated
with TGF-B1 (5 ng/ml) for the indicated times, immunoprecitated with
anti-Snaill antibody and immunoblotted with the indicated antibodies.

¢, Plasmid encoding wild-type HA-A20 or A20 ZnF7 mutant (HA-A20_
ZnF7%*) was co-transfected into HEK293 cells together with Flag-Snaill
plasmid. Cell lysates were immunoprecipitated with anti-HA antibody and
subsequently immunoblotted with the indicated antibodies. d, For in vitro
ubiquitination assays, Flag-Snaill proteins were eluted from HEK293 cells

transfected with Flag-Snaill plasmid, and wild-type GST-A20 and mutant
GST-A20_ZnF7* proteins were purified from E.coli. The reactions were
performed in the indicated combinations and samples were immunoblotted
with the indicated antibodies. e, Plasmids encoding Flag-Snaill and wild
type His-Ub were co-transfected into NMuMG cells with HA-A20. After
cells were treated with the ubiquitin isopeptidase inhibitor G5 for 6 h, Ni-
NTA pull-down assays were performed, followed by immunoblotting with
the indicated antibodies. f, Plasmid encoding HA-A20 or HA-A20(C103A)
mutant was co-transfected into NMuMG cells with HA-GSK3p and HA-
BTrCP1 in the presence of His-Ub and Flag-Snaill. After cells were pre-
treated with MG132, Ni-NTA pull-down and immunoblot assays were
performed. Expression of B-actin was used as a loading control in all
immunoblot assays except for (d). Immunoblot images in this figure are
representative of n=3 independent experiments. Unprocessed original scans
of blots in Supplementary Fig. 3 are in Supplementary Fig. 9.
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Supplementary Figure 4 A20 monoubiquitinates three Snaill lysine
residues, which are crucial for Snaill stability and TGF-B1-induced EMT.
a, Plasmids encoding wild type Snaill(Flag-Snail1-WT) or Snaill mutants
(Flag-Snail1-N-6KR and Flag-Snail1-C-8KR) were co-transfected into
NMuMG cells with wild-type His-Ub and HA-A20 plasmids in the indicated
combinations. Ni-NTA-mediated pull-down assays were performed and
ubiquitinated Snaill was observed by immunoblot analysis using anti-Flag
antibody. Total cell lysates (TCL) were immunoblotted with the indicated
antibodies. b, A plasmid encoding wild-type Snaill (Flag-Snaill) or

single K-to-R mutants of Snaill was co-transfected into NMuMG cells

in the absence or presence of HA-A20. Cell lysates were immunoblotted
with the indicated antibodies. ¢, To examine whether A20-mediated
monoubiquitination of Snaill is linked to the phosphorylation of Snaill

by ERK, a plasmid encoding a Snaill mutant [Flag-Snail1(S82A/S104A)]
or wild-type Snaill, was co-transfected into NMuMG cells with or without
HA-A20. Cell lysates were immunoblotted with the indicated antibodies.
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d, Snaill depletion in NMuMG cells by lentiviruses expressing different
shRNAs was confirmed by immunoblot analysis with anti-Snaill antibody.
e, Snaill-depleted NMuMG cells were infected with retroviruses expressing
wild-type Snaill (Flag-Snail1-WT) or the Snail1(3KR) mutant (Flag-
Snail1-3KR). After treatment with TGF-1 (5 ng/ml) for 48 h to induce
EMT, cell lysates were immunoblotted with the indicated antibodies. f,

The CDH1-Luc reporter plasmid was co-transfected into Snaill-depleted
NMuMG cells with an indicated plasmid. After treatment with TGF-p1

for 48 h, luciferase activities were measured and normalized. The data
were statistically analyzed by a t-test and show the mean + s.d. of n=3
independent experiments. **P < 0.01 compared to cells not treated with
TGF-pB1 in the case of shGFP and compared to cells treated with TGF-p1

in others. Immunoblot images in this figure are representative of n=3
independent experiments and expression of f-actin was used as a loading
control. Statistics source data for (f) are available in Supplementary Table 3.
Unprocessed original scans of blots in (a)-(e) are in Supplementary Fig. 9.
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Supplementary Figure 5 Three lysine residues of Snaill are essential for
breast cancer metastasis. a, 4T1-Luc cells stably expressing wild-type
Snaill (Flag-Snail1-WT) or the Snail1(3KR) mutant (Flag-Snail1-3KR)
were generated by infection with recombinant retroviruses. Expression of
Flag-Snail1-WT or Flag-Snail1-3KR in 4T1-Luc cells were confirmed by
immunoblot analysis with anti-Flag antibody. b, ¢, 5 x 104 of 4T1-Luc cells
stably expressing Flag-Snail1-WT or Flag-Snail1-3KR were orthotopically
injected into Balb/c mice (n=6 mice per group). As a control, the same
amounts of 4T1-Luc cells infected with retroviruses expressing empty
vector (Mock) were used. After the mice were sacrificed 5 weeks later,
representative images of primary tumors (b) were shown and tumor volumes
(c) were measured. The data in (c) were statistically analyzed by a t-test
and show the mean + s.d., compared to control 4T1-Luc cells (Mock).

n=6 mice per group per experiment. n.s., not significant. d, Generation of
recombinant 4T1-Luc cell lines expressing Flag-Snail1-WT or Flag-Snaill-

3KR in A20-depleted and shGFP background by consecutive retroviral and
lentiviral infections. A20 depletion and Snaill expression were confirmed

by immunoblot analysis. e-h, Each recombinant 4T1-Luc cell line (5 x 104
cells) was orthotopically injected into Balb/c mice (n=6 mice per group).
Bioluminescence imaging was monitored at the indicated time points

(e). After the mice were sacrificed 35 days later, lungs were removed and
stained with India ink. Representative images and the numbers of metastatic
nodules (f), images of primary tumors (g) and tumor volumes (h) were shown.
The data in (f and h) were statistically analyzed by a t-test and show the
mean + s.d. n=6 mice per group per experiment. **P < 0.01 and ***P <
0.001 compared to the indicated groups. n.s.; not significnat. Immunoblot
images in (a and d) are representative of n=3 independent experiments and
expression of B-actin was used as a loading control. Statistics source data for
(c), (f), and (h) are available in Supplementary Table 3. Unprocessed original
scans of blots in (a), and (d) are in Supplementary Fig. 9.
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Supplementary Figure 6 A20-mediated Snaill monoubiquitination is
required for nuclear retention of Snaill and interaction with transcriptional
co-repressors. a, A plasmid encoding HA-GSK3p was transfected into
HEK293 cells with or without A20 expression plasmid. Cell lysates

were immunoprecipitated with anti-A20 antibody and subsequently
immunoblotted. b, NMuMG cells were infected with retroviruses expressing
wild-type Snaill (Flag-Snail1-WT) or the Snail1(3KR) mutant (Flag-
Snail1-3KR). After cells were stained with anti-Flag antibody and DAPI,

the localization of Snaill protein was observed by confocal microscopy.
Scale bars, 20 um. ¢, B-TrCP1 depletion in NMuMG cells by different
siRNAs targeting p-TrCP1 mRNA or control siRNA (siCON) was confirmed
by immunoblot analysis with anti-B-TrCP1 antibody. d, p-TrCP1-depleted
(sipTrCP1 #2) NMuMG cells were transfected with a plasmid encoding Flag-
Snail1-WT or Flag-Snail1-3KR in the absence or presence of HA-A20. Cell
lysates were immunoblotted. e, A20-depleted and control shGFP-expressing
NMuMG cells were treated with TGF-B1 (5 ng/ml) for 24 h, followed by
exposure to MG132 (10 uM) for 4 h and fractionated into cytoplasmic and
nuclear extracts. Both extracts were immunoblotted with the indicated

antibodies. Expressions of tubulin and lamin were used as cytoplamic and
nuclear markers, respectively, and loading controls. f, A plasmid encoding
Flag-Snail1-WT or Flag-Snail1-3KR was co-transfected into NMuMG cells
with or without HA-A20 plasmid. Cell lysates were immunoprecipitated
with anti-Flag antibody and subsequently immunoblotted. g, Chromatin
immunoprecipitation analysis (ChIP) on NMuMG cells transfected with

a plasmid encoding Flag-Snail1-WT or Flag-Snail1-3KR. Chromatin
fragments were immunoprecipitated with anti-Flag antibody. PCR primers
for E-cadherin promoter region were used to amplify the DNA isolated
from the immunoprecipated chromatins and input samples. The data in
quantitative real-time PCR (lower panel) were statistically analyzed by a
t-test and show the mean + s.d. of n=3 independent experiments. ***P <
0.01 compared to 1gG control. n.s.; not significant. Images shown in this
figure are representative of n=3 independent experiments. Expression of
B-actin was used as a loading control for the immunoblot analysis except
for (e). Statistics source data for (g) are available in Supplementary Table 3.
Unprocessed original scans of blots in (a) and (c)-(f) are in Supplementary
Fig. 9.
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Supplementary Figure 7 A20 expression is induced by the Smad-
independent noncanonical pathway upon TGF-f1 treatment. a, Gating
strategy of CD44(+)/CD24(-) cancer cell populations in A20-depleted and
control M4 (MCF10CA1a) cells. M4 cells were initially gated by FSC-A vs
FSC-H for single cells and these separated cells were further gated by FSC-A
vs SSC-A for the exclusion of debris. Live cells were finally gated by using
fixable dye, APC-Cy7. b, After NMuMG cells were pre-treated with the TGF-$
type | receptor inhibitor SB431542 (10 uM) for 1 h, they were treated

with TGF-B1 (5 ng/ml) for the indicated times. A20 expression and Smad2
phosphorylation were monitored by immunoblot analysis. ¢, d, NMuMG cells

expressing Smad4-specific shRNAs or GFP-specific control shRNA were
treated with TGF-B1 for the indicated times. A20 expression was analyzed
by immunoblot (c) and quantitative real-time RT-PCR (d) analysis. In gRT-
PCR analysis, expression of Gapdh mRNA was used for normalization. The
data in (d) were statistically analyzed by a t-test and show the mean + s.d.
of n=3 independent experiments. All data of immunoblot analysis shown in
this figure are representative of n=3 independent experiments. Expression of
B-actin was used as a loading control for the immunoblot analysis. Statistics
source data for (d) are available in Supplementary Table 3. Unprocessed
original scans of blots in (b) and (c) are in Supplementary Fig. 9.
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Supplementary Figure 8 A20 expression is correlated with relapse-free
survival of human breast cancer patients. a, Using Kaplan-Meier (KM)
Plotter Tool (http://kmplot.com/analysis)®®, the correlation between A20
expression and the relapse-free survival rates of breast cancer patients was
analyzed in two independent public GEO datasets (left; GSE9195, right;
GSE2603). Pvalues were calculated using a log-rank test. HR = hazard ratio
b, Proposed model demonstrating Snaill stabilization by A20-mediated
multi-monoubiquitination. In the absence of A20, Snaill is phosphorylated
by GSK3p at one of serine 107, 111, 115 and 119 residues and exported
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from the nucleus to the cytoplasm. Additional phosphorylation occurs at

one of the serine 96 and 100 residues by GSK3p in the cytoplasm. g-TrCP1
subsequently recognizes these Snaill phosphorylations and builds a K48-
linked polyubiquitin chain on Snaill, resulting in proteasomal degradation.

In the presence of A20, Snaill is monoubiquitinated by A20 at multiple

sites of lysine 206, 234 and 235 residues in the nucleus. This multi-
monoubiquitination inhibits the interaction between Snaill and GSK3p. Thus,
GSK3B-mediated Snaill phosphorylation is decreased and Snaill stability in
the nucleus is increased, eventually promoting EMT and metastasis.
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Life Sciences Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

» Experimental design

1. Sample size

Describe how sample size was determined. No sample-size calculation was performed. Based on the literature, we chose the
sample size routinely used in the field of molecular cell biology regarding reporter
assays, quantitative real-time RT-PCR, cell invasion, migration, and proliferation
assays (at least three independent experiments). All animal experiments to
statistically analyze the results were performed with 6 mice per group.
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For the analysis of A20 expression in tissue microarray (TMA), we prospectively
collected tumor tissues from specimens of surgically dissected breast carcinoma at
the Gangnam Severance Hospital, Yonsei University College of Medicine, Seoul,
Korea, between January 1996 and December 2004. Among these samples, cases
presenting an invasive focus by review of archival H&E-stained slides were used to
construct tissue microarray (TMA) blocks. Two hundred fifty-six patients with
invasive breast carcinoma were finally enrolled. To test a prognostic effect of A20
expression, sample size more than 200 cases is adequate to discriminate clinical
outcome according to A20 expression.

2. Data exclusions

Describe any data exclusions. No data were excluded from the analysis.

3. Replication

Describe whether the experimental findings were For each experiment, all attempts at replication were successful.
reliably reproduced.

4. Randomization

Describe how samples/organisms/participants were In animal experiments, mice were randomly allocated into each experimental
allocated into experimental groups. group.
However, a randomized sample selection in the experiment that explore A20
expression in human mammary carcinoma using TMA was not conducted due to its
nature of retrospective study.

5. Blinding
Describe whether the investigators were blinded to For animal data analysis, the observer was blinded to which animal of each group
group allocation during data collection and/or analysis. was being analyzed.

The interpretation of immunohistochemical (IHC) stain was carried out blindly,
without any information regarding clinical parameters or outcome.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.






6. Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

|X| A statement indicating how many times each experiment was replicated

|X| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

|X| A description of any assumptions or corrections, such as an adjustment for multiple comparisons
& The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

OOodg o oo

|X| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

» Software

Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this GraphPad Prism 5 Software and SPSS version 18
study.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability

Indicate whether there are restrictions on availability of  All materials such as antibodies and reagents are available from for-profit

unique materials or if these materials are only available companies. A20+/+ and A20-/- MEFs were provided by Geert van Loo, based on

for distribution by a for-profit company. MTA.
Our TMA slides of invasive breast cancer are available for further research such as
exploring biomarkers and testing prognostic impact in breast cancer patients. They
are not distributed by a for-profit company.

9. Antibodies

Describe the antibodies used and how they were validated = Antibodies and their validation, including species and dilution ratio, were described
for use in the system under study (i.e. assay and species).  in Supplementary Table 2 and the Online Methods (p2, p6).

10. Eukaryotic cell lines

a. State the source of each eukaryotic cell line used. NMuMG, MCF10A and HEK293 cell lines were purchased from ATCC. A20+/+ and
A20-/- MEFs were provided by Dr. Geert van Loo (Ghent University, Belgium). 4T1-
Luc, MCF10AT, MCF10CA1h and MCF10CA1a cells were obtained from Dr. Seong-
Jin Kim (Seoul National Univeristy, Korea). MCF7, T47D, MDA-MB-435, HS578T, SK-
BR-3, BT-549 MDA-MB-231, ZR-75B and ZR-75-1 cells were provided by Dr. Seong-
Jin Kim (Seoul National University, Korea). Human pancreatic cancer Panc-1 cells
were kindly provided by Dr. Dong-Ki Lee (Sungkyunkwan University, Korea).

b. Describe the method of cell line authentication used.  The cell lines have not been authenticated in the present study.

c. Report whether the cell lines were tested for All cell lines tested were negative for mycoplasma contamination.
mycoplasma contamination.

d. If any of the cell lines used are listed in the database No commonly misidentified cell lines were used.
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.
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» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived For tumorigenesis and metastasis analysis, 5-6 week old NOD/SCID female mice
materials used in the study. and 6 week old Balb/c female mice were used.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population For retrospective transplantation studies with TMA slides, the need for informed

characteristics of the human research participants. consent was waived by the institutional review board of Gangnam Severance
Hospital, Yonsei University, Seoul, Korea, in accordance with good clinical practice
guidelines and the Declaration of Helsinki (3-2014-0239).
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Flow Cytometry Reporting Summary

Form fields will expand as needed. Please do not leave fields blank.

» Data presentation

For all flow cytometry data, confirm that:
[X] 1. The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

< 2. The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of
identical markers).

[X]3. All plots are contour plots with outliers or pseudocolor plots.

[X] 4. Anumerical value for number of cells or percentage (with statistics) is provided.

» Methodological details

5. Describe the sample preparation. We trypsinized the control or A20 depleted MCF10CAla human breast
cancer cells to dissociate single cell and thus we stained cell surface
marker protein using fluorescence conjugated antibodies (FITC-anti-CD44,
PerCP/Cy5.5-anti-CD24).

6. ldentify the instrument used for data collection. We used FACSCanto Il (BD Biosciences) for data collection.

7. Describe the software used to collect and analyze ~ We collected and analyzed the data using FlowJo 7.6.5 software.
the flow cytometry data.

8. Describe the abundance of the relevant cell After gating, live cells were 98.7 %. CD24(-)/CD44(+) cells were 54.5 % in
populations within post-sort fractions. control M4 cells and 16.2 % in A20-depleted M4 cells when FACS analysis
was completed.

9. Describe the gating strategy used. To gate samples for FACS analysis, cells were initially gated by FSC-A vs
FSC-H for single cells and these separated cells were further gated by FSC-
A vs SSC-A for the exclusion of debris. Live cells were finally gated by using
fixable dye, APC-Cy7.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information. [X

=
Q
=3
(-
=
@)
=
(D
w
D
QL
=
(@)
o
=3
®)
=
0
=
—F
©)
3
)
==
=
S
=
D
o
©)
=
2
(@]
wn
=
3
3
Q
=
S






		A20 promotes metastasis of aggressive basal-like breast cancers through multi-monoubiquitylation of Snail1

		RESULTS

		A20 is overexpressed in aggressive basal-like breast cancers

		A20 is required for TGF–induced EMT

		A20 stabilizes the Snail1 protein

		A20 facilitates lung metastasis of aggressive breast cancer cells

		A20 monoubiquitylates multiple sites of Snail1

		Three monoubiquitylated Snail1 lysine residues are critical for metastasis

		Snail1 monoubiquitylation by A20 inhibits GSK3-mediated Snail1 phosphorylation

		A20 is required for cancer stemness and chemoresistance

		A20 is involved in TNF–mediated Snail1 stabilization



		DISCUSSION

		METHODS

		ACKNOWLEDGEMENTS

		AUTHOR CONTRIBUTIONS

		COMPETING FINANCIAL INTERESTS

		Figure 1 Overexpression of the A20 gene in human malignant breast cancers.

		Figure 2 A20 is involved in TGF–induced EMT.

		Figure 3 Stabilization of the Snail1 protein by A20.

		Figure 4 A20 promotes the metastasis of aggressive breast cancer cells.

		Figure 5 The ZnF7 domain of A20 induces the monoubiquitylation of Snail1.

		Figure 6 Three lysine residues of Snail1 monoubiquitylated by A20 are critical for metastasis.

		Figure 7 A20 retains Snail1 protein in the nucleus through inhibition of GSK3-mediated Snail1 phosphorylation.

		Figure 8 A20 is required for cancer stemness, chemoresistance, and TNF–induced Snail1 stabilization.

		METHODS

		Cell culture and reagents.

		Animal studies.

		Plasmids.

		Construction of small hairpin RNAs and lentiviral, retroviral infection.

		In vivo and in vitro ubiquitylation assays.

		Transfection and reporter assay.

		Immunofluorescence and subcellular fractionation assays.

		Immunoblot analysis and immunoprecipitation.

		RNA extraction and real-time qRT-PCR.

		Cell invasion, migration and proliferation assay.

		Human breast cancer tissue microarray and immunohistochemistry.

		RNA sequencing.

		Chromatin immunoprecipitation (ChIP).

		Mammosphere formation and FACS analysis.

		Cytotoxicity assay.

		Statistics and reproducibility.

		Data availability.



		ncb3609-s1.pdf

		ncb3609-s2.pdf

		Reporting summary flat

		Flow cyt flat

		Ed pol flat












image1.emf
multipartite  enhancer at IHH locus.pdf


multipartite enhancer at IHH locus.pdf
© 2017 Nature America, Inc., part of Springer Nature. All rights reserved.

nature
genetICS

LETTERS

Composition and dosage of a multipartite enhancer
cluster control developmental expression of Ihh (Indian

hedgehog)

Anja ] Willl2, Giulia Coval-2, Marco Osterwalder>®, Wing-Lee Chan!-24, Lars Wittler®, Norbert Brieskel,
Verena Heinrich®, Jean-Pierre de Villartay’, Martin Vingron®®, Eva Klopocki®, Axel Visel>%10

Dario G Lupiafiez!>2411® & Stefan Mundlos!>2411

Copy number variations (CNVs) often include noncoding
sequences and putative enhancers, but how these
rearrangements induce disease is poorly understood. Here
we investigate CNVs involving the regulatory landscape of
IHH (encoding Indian hedgehog), which cause multiple,
highly localized phenotypes including craniosynostosis and
synpolydactyly'-2. We show through transgenic reporter

and genome-editing studies in mice that Ihh is regulated by

a constellation of at least nine enhancers with individual
tissue specificities in the digit anlagen, growth plates, skull
sutures and fingertips. Consecutive deletions, resulting in
growth defects of the skull and long bones, showed that these
enhancers function in an additive manner. Duplications, in
contrast, caused not only dose-dependent upregulation but
also misexpression of /hh, leading to abnormal phalanges,
fusion of sutures and syndactyly. Thus, precise spatiotemporal
control of developmental gene expression is achieved by
complex multipartite enhancer ensembles. Alterations in the
composition of such clusters can result in gene misexpression
and disease.

Work by the Encyclopedia of DNA Elements (ENCODE) Consortium
and others has helped to characterize a wide catalog of regulatory
elements, also referred to as enhancers, that control developmental gene
expression in many species®=>. One of the most intriguing characteristics
of these elements is their tendency to arrange in clusters, displaying
redundancy in reporter assays and similarities in transcription factor
occupancy®’. Previous studies in Drosophila melanogaster showed that
the observed redundancy may provide the system with robustness and
spatiotemporal precision®-10, However, how the complex patterns of
gene expression during development are achieved and why this involves

elements with apparently redundant or overlapping functions remain
elusive. CNVs generally include noncoding regions of the genome
and can thus interfere with the composition and dosage of regulatory
elements, but the effects of such alterations are poorly understood.

We investigated the effects of deletions and duplications upstream
of IHH, a master gene of skeletal development involved in chondro-
cyte differentiation, joint formation and osteoblast differentiation.
Accordingly, Ihh inactivation in mice results in extreme shortening of
bones, joint fusions and almost absent ossification, ultimately causing
early lethality!l. Interestingly, patients carrying duplications at this
locus display completely different phenotypes, including craniosyn-
ostosis, syndactyly and polydactyly!?, indicating alternative patho-
mechanisms. To define the regulatory landscape of Ihh, we performed
circular chromosome conformation capture and sequencing (4C-seq)
in embryonic day (E) 14.5 developing limbs and compared our find-
ings to published data sets!?. Our data show that the Ihh promoter
interacts preferentially with the third intron of the upstream neigh-
boring gene Nhej!1 (Fig. 1 and Supplementary Fig. 1), in a genomic
region affected in all reported disease-associated duplications. The
region contains multiple sites positive for H3K4mel and H3K27ac
(indicative of active enhancers) and binding sites for CTCF, an archi-
tectural protein involved in facilitating enhancer—-promoter contact
by looping. The convergent CTCF motif orientation observed across
the locus might facilitate the interactions measured in the 4C-seq
experiments (Fig. 1 and Supplementary Fig. 2)13-1°,

In mice in which a lacZ reporter cassette (Sleeping Beauty)” was
inserted to capture the regulatory capacity of the region, a pattern con-
sistent with Ihh expression was observed, that is, activity in condensing
digits, growth plates, fingertips and skull sutures. Using a combina-
tion of H3K27ac and H3K4mel ChIP-seq signal in E14.5 limbs!8,
evolutionary conservation'® and our 4C-seq interaction profiles, we
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defined nine regions with enhancer potential and validated them in  and bone growth (skull sutures and growth plates), respectively. Five
mouse transgenic enhancer activity assays?® (Fig. 1). Embryos were  of the tested elements showed activity at both stages (Fig. 1), whereas
analyzed at two time points, E14.5 and E17.5, to capture Ihh expression  additional elements were active only at E17.5 (Supplementary Fig. 3).
domains during digit development (fingertips and cartilage anlagen) ~ We scored the activity of each element in the previously identified
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Figure 1 A cluster of enhancers interacts with the /hh promoter during mouse development. Top, close-up view of the /hh genomic region. Genes and
their transcription start sites are indicated: black boxes, exons; gray boxes, introns. The position of the /acZ reporter insertion is shown (SB). Black bars
indicate the size and position of previously described human duplications!:2 converted to mouse genome coordinates. Findings from 4C-seq performed
in E14.5 limbs using the /hh promoter as the viewpoint are shown below. Note increased interactions with intron 3 of the adjacent NhejI gene (see
also Supplementary Fig. 1). The results of CTCF ChIP-seq performed in E14.5 limbs are shown (ENCODE)3, where blue and red arrows indicate motif
orientation. Additional tracks below show H3K4mel and H3K27ac, as well as sequence conservation. This information was used to predict enhancers
i1-i9, indicated by light blue and gray bars. Bottom, transgenic reporter assay (LacZ) of elements positive at E14.5 and E17.5 (marked in light blue;
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of each element for tissue specificity. Elements negative at E14.5 but with positive staining at E17.5 are marked in gray and shown in Supplementary
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regions (Fig. 1, Supplementary Fig. 3 and Supplementary Table 1).
This analysis highlighted the inherent complexity of the cluster,
where almost every individual element displayed a unique pattern of
activity. All elements gave a positive signal in growth plates, whereas
other domains, like fingertips, were covered only by a small subset of
enhancers (i5 and i7). This suggests that the enhancers in this cluster
act in a modular fashion and that the degree of overlapping activity
varies between tissues and developmental time points.

To evaluate the functionality of these elements, we deleted intron 3
of Nhejl (Fig. 2), which contains eight of the nine enhancers identi-
fied, using CRISVar?!. NhejI encodes a DNA repair protein essential
for the non-homologous end-joining pathway, required for double-
strand break repair. In humans, homozygous mutations in NHE]I
result in severe combined immunodeficiency (SCID) with micro-
cephaly, growth retardation and sensitivity to ionizing radiation,
reflecting a deficiency in DNA repair (MIM 611291)?2. In contrast,
Nhejl-knockout mice are viable and do not display any morpho-
logical phenotype?>24, LCT scans of NhejI~/~ skulls did not iden-
tify any abnormalities, indicating that Nhejl does not have a major
role in skull and suture development (Supplementary Fig. 4). Mice
homozygous for the Nhej1 intronic deletion (Del(2-9)) displayed very
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short limbs, absent cortical bone and fused joints, as well as reduced
skull ossification, very similar to the phenotypes observed upon Ihh
inactivation!'!. Whereas NhejI transcription levels remained basically
unchanged (Supplementary Fig. 5), we observed a drastic reduction
in Thh mRNA levels in E13.5 limbs and E17.5 skulls (98% and 99%
reduction, respectively), consistent with the observed phenotypes.
Therefore, this genomic region contains most of the regulatory ele-
ments required for Ihh skeletal expression.

Next, we generated a series of specific deletions to assess the func-
tional redundancy within this enhancer cluster (Fig. 2). Homozygous
deletion of the enhancers located in the telomeric part of the intron
(Del(4-9)) resulted in a lethal growth defect almost as severe as that
observed with deletion of the entire intron, confirming that the most
relevant enhancers are located in this telomeric region. Deletion of
only the three central enhancers (Del(4-6)) reduced Ihh expression by
approximately 70% in all tissues tested, whereas deletion of the three
more telomeric enhancers (Del(7-9)) resulted in a 60% reduction
in expression (Fig. 2). Both mutants were viable and phenotypically
normal, but they showed a delay in skull ossification (Fig. 2) and a
10% reduction in bone length (Supplementary Fig. 6). All deletions
except Del(7-9) resulted in loss of Ihh fingertip expression, indicating

Ihh mRNA
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Figure 2 Deletions of regulatory elements highlight additive control of /hh expression. (a) Deletions generated by CRISVar2! at the /hh locus. hh
knockout (KO) is shown for comparison (stop sign). Findings from CTCF ChIP-seq performed in E14.5 limbs are shown (ENCODE)3, where blue and red
arrows indicate motif orientation. Each deleted chromosomal region is represented as a dashed line. Note that Del(4-9) and Del(7-9) delete only one
intronic CTCF-binding site, maintaining another intact. (b) /n situ hybridization shows /hh expression in handplates (E13.5). Note expression in digit
tips and condensing digits in wild-type embryo and loss of expression in all deletions encompassing enhancer i5. FL, forelimb. Scale bars, 200 um
(handplates). (c) Skeletal staining of forelimbs, autopods and skulls (E17.5). Mutants displaying abnormal phenotypes are indicated by asterisks. Both
Del(2-9) and Del(4-9) result in massive reduction of limb size and reduced ossification similar to /hh knockout, whereas Del(4-6) and Del(7-9) mice
did not show noticeable limb abnormalities. All mutants studied displayed skull defects (delayed ossification), an effect that was less prominent in
Del(7-9) mutants (arrowhead). Scale bars: 2,000 um (forelimbs), 500 um (autopods) and 1,000 um (skulls). (d) /hh gPCR analysis in E13.5 forelimb,
E17.5 growth plate (elbow) and skull. Deletion of intron 3 of Nhej1 encompassing enhancers i2-i9 results in almost complete loss of /hh expression in
all tissues, whereas smaller deletions partially reduce expression. Bars represent the mean of n> 3 different individuals (circles). Two-sided Student’s

ttest, **P< 0.01; ***P < 0.001; ****P < 0.0001.
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that element i5 acts as a major regulator for this region. These results
demonstrate that Ihh expression is controlled by a cluster of redun-
dant enhancers, which appear to act in an additive manner.

To understand the mechanisms underlying pathogenic duplications
in the IHH locus, we duplicated the entire Nhej! intron (Dup(int)),
equivalent to the sequence deleted in Del(2-9). In addition, we reengi-
neered two of the previously described human duplications: Dup(csp),
encompassing the region between enhancers il and i5 (reengineered
human duplication causing craniosynostosis Philadelphia type!-2),
and Dup(syn), which includes Ihh and the upstream region up to
enhancer i5 (reengineered human duplication causing syndactyly
Lueken type?) (Fig. 3a). Dup(int) and Dup(csp) mutants did not show
gross morphological alterations in the heterozygous or homozygous
state. In contrast, Dup(syn)/+ mice showed complete cutaneous syn-
dactyly of digits 2/5 in fore- and hindlimbs (Fig. 3b), thus recapitulat-
ing the human phenotype.

Skeletal staining showed that the syndactyly of Dup(syn) mutants
did not involve bony fusions. Digits and joints developed normally,
but terminal phalanges were broad and short. In situ hybridization
experiments in E13.5 limbs identified major changes in fingertips,
where Ihh expression was not only increased but also broadened.
These effects were weak in Dup(csp) mice, more pronounced in
Dup(int) mice and most prominent in Dup(syn)/+ mice, in which
Ihh expression extended into the distal interdigital space (Fig. 3c).
Accordingly, the expression domains of the hedgehog downstream tar-
gets Glil and Ptchl were broadened, and fusion of the normally sepa-
rate domains was observed that was most pronounced in Dup(syn)/+
mutants. Except for Bmp4 and Nog, we did not observe abnormali-
ties in other genes or pathways involved in syndactyly and interdig-
ital cell death (Supplementary Fig. 7), suggesting that hedgehog
signaling alone is sufficient to induce this type of syndactyly. Next,
we quantified interdigital apoptosis, which is required for digit
separation?”. Consistent with the observed phenotypes, we detected
strong signal in the interdigital space in wild-type, Dup(csp) and
Dup(int) embryos, but an absence of signal in the distal region in
Dup(syn)/+ embryos (Fig. 3d). Thus, upregulation and misexpression
of Ihh in fingertips beyond a certain threshold resulted in abnor-
malities of the distal phalanges, most likely by interfering with the
phalanx-forming region?%, and syndactyly due to suppression of inter-
digital apoptosis.

In addition, Dup(syn) mutants displayed preaxial polydactyly on
hindlimbs (50% penetrance; Fig. 3e). One major cause of polydactyly
is ectopic activation of hedgehog signaling at the anterior developing
limb bud?”-28. Interestingly, Dup(syn)/+ embryos showed a prominent
increase in Ihh expression in the distal zeugopod during hindlimb
development starting at E12.5 (expression was absent at E10.5 and
E11.5). AsTHH is a potent diffusible morphogen, we hypothesize that
the increased expression might interfere with the anterior-posterior
hedgehog gradient. Thus, the observed phenotype seems to be the
result of a loss of precision in spatiotemporal expression, indicating
that, similar to the syndactyly, an increase in enhancer dosage can
have site-specific effects.

Expression profiling by quantitative RT-PCR (qPCR) was used to
quantify the effect of the duplications on gene expression (Fig. 3f).
Whereas Nhejl and other nearby genes showed no alteration in expres-
sion (Supplementary Fig. 5), all mutants analyzed displayed increased
Ihh expression in the skull and limbs, with the highest expression levels
observed in Dup(int) mutants (up to fivefold upregulation).
In situ hybridization of Dup(int) forelimb autopods (Fig. 3c) showed
increased expression mainly in digits, whereas in Dup(syn) mutants
the expression increase was most prominent in fingertips, consistent
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with the syndactyly observed. To investigate the effect of increased Ihh
expression on skull development and suture formation, a detailed uCT
analysis was performed (Fig. 3g). This analysis identified fusion of the
metopic suture (craniosynostosis) in all mutants, but this phenotype
was most pronounced in Dup(int) mice. The phenotypes observed
in our mouse mutants (syndactyly, polydactyly and craniosynostosis)
accurately recapitulate previous observations in human patients!
(Supplementary Fig. 8). Thus, the induced changes in enhancer
composition and dosage resulted in a disturbance of the levels and
precision of gene expression, thereby causing abnormal development
and disease. Interestingly, the observed phenotypes did not always
correlate with the number of duplicated elements but appeared to be
influenced by other factors such as the position of the duplication and
the arrangement of individual elements relative to the cluster.

To investigate a possible effect of spatial configuration on the dupli-
cated alleles, we performed 4C-seq experiments in E14.5 limbs (view-
point at Ihh; Fig. 4a). In Dup(int)/+ mutants (with duplication of
enhancers i2-19), we observed increased interactions across the entire
duplicated region. In contrast, Dup(syn)/+ mutants (with duplica-
tion of Ihh and enhancers i1-i5) only showed increased contact with
the centromeric region of the enhancer cluster, suggesting that the
centromeric Ihh copy created its own regulatory domain containing
only the duplicated regulatory elements i1-i5 (Fig. 4b). The presence
of two divergently oriented CTCF-binding sites near the promoter
of the telomeric Ihh copy might explain this domain separation by
limiting chromatin interaction beyond these elements. Moreover, the
larger contact areas in Dup(int)/+ mutants correlate with the observed
levels of Ihh upregulation as compared to Dup(syn)/+ mutants. As
illustrated in Figure 4c, the syndactyly in Dup(syn)/+ mice is likely
due to two types of interactions between the major fingertip enhancer
i5 and the two copies of Ihh: one type involves long-range interactions
and the other the presence of the i5 enhancer in direct proximity to
Ihh. Together, these interactions result in localized upregulation of
Ihh expression in the fingertips. Increased expression mediated by
disconnection from a repressor element is unlikely, as none of the
deletions studied resulted in any observable upregulation of Ihh. To
further evaluate whether the observed limb phenotypes in the Ihh-
containing duplication (Dup(syn)) merely corresponded to a gene-
dosage effect, we crossed Dup(syn)/+ mice with Ihh*/~ mice or with
mice lacking the enhancer cluster (Del(2-9) mice). In both cases,
double-heterozygous mice displayed the same syndactyly and poly-
dactyly as was observed in Dup(syn)/+ mice (Supplementary Fig. 9),
indicating that misexpression was due to the specific, partially dupli-
cated regulatory landscape.

Our study shows that a multipartite enhancer ensemble regulates
Ihh expression in fingertips, digit condensations, growth plates and
skull sutures. The described functional redundancy appears to be a
common phenomenon of these types of enhancers, as was recently
shown for the o-globin and Wap super-enhancers?%30. At the Ihh
locus, we observed a complex scenario, as not all enhancers dis-
played the same combination of expression domains, a phenome-
non also described for the HoxD cluster and Fgf8 (refs. 31,32). This
modular nature and, in particular, correct dosage appear critical in
conferring the required precision of gene expression. This is sup-
ported by our finding that an increase in enhancer number resulted
in an increase in gene expression. However, this effect was site
specific and dependent not only on enhancer number but also on
enhancer position. CNVs, and in particular duplications, may affect
this delicate balance, thereby causing over- and/or misexpression
resulting in disease. The reported duplications do not interfere with
topologically associating domain (TAD) boundaries, as reported at
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the Epha4 and Sox9 loci3*34, thus highlighting alternative mech-
anisms that should be considered when interpreting genomic
duplications. Our study demonstrates the importance of analyzing
regulatory elements in the complex setting of their native genomic
environment, as reductionist approaches relying on reporter assays
and deletions of individual enhancers insufficiently capture the
multifaceted redundant and complementary functions of enhancer
clusters.

URLs. FIMO, http://meme-suite.org/tools/fimo; JASPAR database,
http://jaspar.binf.ku.dk/; Gene Expression Omnibus, https://www.
ncbi.nlm.nih.gov/geo/.

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Experimental design. No statistical methods were used to predetermine sam-
ple size. All experiments and analyses were performed using samples from at
least three different animals and were repeated at least two times in the labo-
ratory. Samples/animals were included or excluded according to genotype by
PCR. Experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

ES cell targeting and transgenic mouse strains. Mouse embryonic stem (ES)
cell culture was performed as described previously?!. ES and feeder cells were
tested for mycoplasma contamination using a Mycoalert detection kit (Lonza)
and the Mycoalert assay control set (Lonza).

Duplications and deletions were generated in G4 ES cells (129/Sv x C57BL/6
Fy hybrid) using CRISVar as described previously?!. Target regions, sizes and
guide sequences are listed in Supplementary Table 2. Embryos and live ani-
mals derived from ES cells were generated by diploid or tetraploid comple-
mentation®®. Genotyping was performed by PCR analysis.

A Sleeping Beauty (SB) cassette!” was inserted in G4 ES cells at the center
of the third intron of the NhejI gene (chr. 1: 75,060,87; mm9), by homologous
recombination using standard protocols3°. The Sleeping Beauty transgene car-
ries a single lacZ reporter gene with a minimal human B-globin promoter and
aneomycin-resistance cassette, flanked by transposable elements. Coordinates
and primer sequences for amplifying homology sequences are provided in
Supplementary Table 3. Positive ES cell clones were injected into donor blas-
tocysts to generate chimeras. The neomycin-resistance cassette was removed
by crossing chimaeric animals with a Flpe-deleter line. Genotyping was per-
formed by PCR analysis.

Mouse strains were maintained by crossing the strains with C57BL/6] mice.
All animal procedures were conducted as approved by the local authorities
(LAGeSo Berlin) under license numbers G0368/08 and G0247/13.

In vivo enhancer validation. Putative enhancer regions were amplified by PCR
from mouse genomic DNA and cloned into a Hsp68 promoter-lacZ reporter
vector as previously described?’ (Supplementary Table 4). Transgenic embryos
were generated and tested for LacZ reporter activity at E14.5 and E17.5. All
animal work performed at the Lawrence Berkeley National Laboratory was
reviewed and approved by the institutional Animal Welfare and Research
Committee (AWRC). Sample sizes were selected empirically on the basis of
our previous experience of performing transgenic mouse assays for >2,000
total putative enhancers. A summary of all transgenic mice can be found in
Supplementary Table 1. As all transgenic mice were treated with identical
experimental conditions, and as there were no groups of animals directly com-
pared in this section of the study, randomization and experimenter blinding
were unnecessary and were not performed.

Quantitative real-time PCR. Handplates (E13.5), forelimb and hindlimb
growth plates (E17.5) and cranium (E17.5) were dissected from wild-
type and mutant embryos (n > 3) in ice-cold PBS/DEPC and immediately
frozen in liquid nitrogen. RNA isolation was performed using the RNeasy kit
(Qiagen), and cDNA was transcribed using the TagMan Reverse Transcription
kit (Roche) according to the specifications of the manufacturer. gPCR
was performed using SYBR Green (Qiagen) on an ABI Prism HT 7900
Real-Time Cycler. GAPDH was used as an internal control, and fold changes
were calculated by relative quantification (2-AACY). Primers are summarized
in Supplementary Table 5.

4C-seq. 4C-seq libraries were generated from microdissected E14.5 mouse
forelimb tissue (digits 2-5) as described previously?”. The starting material for
all 4C-seq libraries was 5 x 106 to 1 x 107 cells. All 4C-seq experiments were
carried out in heterozygous animals, and results were compared to those in
wild-type controls. 4-bp cutters were used as primary (Csp6I) and secondary
(Bfal) restriction enzymes. A total of 1 to 1.6 ug of DNA was amplified by PCR
(primer sequences in Supplementary Table 6). All samples were sequenced
with Illumina HiSeq technology according to standard protocols. 4C-seq
experiments were carried out in two biological replicates in wild-type, Dup(int)
and Dup(syn)/+ mutants. A representative result is shown in Figure 4.

For 4C-seq data analysis, reads were preprocessed and mapped to a cor-
responding reference (mm?9) using BWA-MEM?3$; coverage was normalized as
reported previously®%. The viewpoint and adjacent fragments 1.5 kb up- and
downstream were removed, and a window of two fragments was chosen to nor-
malize the data per million mapped reads (RPM). To compare the interaction
profiles of different samples, we obtained the log,-transformed fold change for
each window of normalized reads. To obtain ratios, duplicated regions were
excluded for calculation of the scaling parameter used in RPM normalization.
Code is available upon request.

CTCF motif orientation analysis. Orientation of the motifs within conserved
CTCEF peaks was obtained using FIMO (see URLs) with standard parameters3°.
The CTCF motif*® was obtained from the JASPAR database (see URLSs).

Phenotypic analysis. Phenotypic analysis for mutant mouse lines was carried
out for at least three animals per analysis and developmental stage (E17.5, P7
and P70), in homo- and heterozygous animals. The penetrance of phenotypes
was determined by analyzing n > 20 animals, and a genotype was considered
fully penetrant if all mutants were similarly affected.

Microcomputer tomography. Skulls and autopods of control and mutant mice
(n > 3) were scanned using a Skyscan 1172 X-ray microtomography system
(Brucker microCT, Belgium) at 10 pm resolution. 3D model reconstruction
and length measurements were performed with the Skyscan image analysis
software CT-Analyser and CT-volume (Brucker microCT, Belgium). Cross-
sections were performed at 10 um resolution. Relative length was determined
relative to wild-type controls.

‘Whole-mount in situ hybridization and skeletal preparations. Whole-mount
in situ hybridization was performed in wild-type and mutant E13.5 embryos
(n = 4) according to standard procedures. All probes were generated by PCR
amplification using mouse limb bud ¢cDNA. For skeletal preparations, wild-
type and mutant E17.5 embryos (n = 4) were stained with Alcian blue/Alizarin
red according to standard protocols.

LacZ staining. E14.5 and E17.5 mouse embryos (1 > 5) were dissected in cold
PBS, fixed in 4% paraformaldehyde (PFA)/PBS on ice for 30 min, washed
twice with ice-cold PBS, washed once at room temperature (19-24 °C) and
then stained overnight for B-galactosidase activity in a humid chamber at
37 °C as previously described!”. After staining, embryos were washed in PBS
and stored at 4 °C in 4% PFA/PBS.

Statistical analyses. Results are presented as the mean = s.d. of at least three
independent biological replicates (n > 3). Statistical differences between the
means were examined by two-sided Student’s ¢ test. P < 0.05 was considered
statistically significant. A prespecified effect size was not defined.

Code availability. Custom computer codes used to generate results reported
in the manuscript will be made available upon request.

Data availability. Sequencing data are available from the Gene Expression
Omnibus under accession GSE95062.
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