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The regulation of gene expression catalyzed by RNA polymerase II (Pol II) requires a host of accessory factors to
ensure cell growth, differentiation, and survival under environmental stress. Here, using the auxin-inducible deg-
radation (AID) system to study transcriptional activities of the bromodomain and extraterminal domain (BET) and
super elongation complex (SEC) families, we found that the CDK9-containing BRD4 complex is required for the
release of Pol II from promoter-proximal pausing for most genes, while the CDK9-containing SEC is required for
activated transcription in the heat shock response. By using both the proteolysis targeting chimera (PROTAC)
dBET6 and the AID system, we found that dBET6 treatment results in two major effects: increased pausing due to
BRD4 loss, and reduced enhancer activity attributable to BRD2 loss. In the heat shock response, while auxin-me-
diated depletion of the AFF4 subunit of the SEC has a more severe defect than AFF1 depletion, simultaneous
depletion of AFF1 and AFF4 leads to a stronger attenuation of the heat shock response, similar to treatment with the
SEC inhibitor KL-1, suggesting a possible redundancy among SEC family members. This study highlights the use-
fulness of orthogonal acute depletion/inhibition strategies to identify distinct and redundant biological functions
among Pol II elongation factor paralogs.
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Induction of heat shock gene expression was one of the
first examples of genes exhibiting promoter-proximal
pausing, which was later shown to be a property shared
among most Pol II transcribed genes in metazoans (Smith
et al. 2011; Adelman and Lis 2012; Chen et al. 2018). For a
cohort of heat shock-induced genes, upon heat shock, Pol
II is rapidly released into the gene body for productive
elongation (Mahat et al. 2016). The release of Pol II from
promoter-proximal pausing requires the kinase activity
of CDK9, which with its cyclin partner Cyclin T, forms
a complex known as positive transcription elongation fac-
tor b (P-TEFb) (Lis et al. 2000; Price 2000;Ni et al. 2008). In
cells, P-TEFb further interacts with other proteins to form
multiple distinct complexes (Peterlin and Price 2006;
Zhou and Yik 2006; Smith et al. 2011; Chen et al. 2018).
Among them, the 7SK-Hexim complex is a ribonucleopro-
tein complex that is generally considered to be a reservoir

for P-TEFb, while BRD4-P-TEFb and the super elongation
complex (SEC) that contains P-TEFb are catalytically ac-
tive (Nguyen et al. 2001; Yik et al. 2003; Jang et al. 2005;
Lin et al. 2010; Luo et al. 2012b).
Bromodomain-containing protein BRD4 is part of the

bromodomain and extraterminal domain family along
with BRD2 and BRD3, which are ubiquitously expressed,
and BRDT, which is testis-specific and most similar to
BRD4 (Hsu and Blobel 2017). The BET proteins bind to
acetylated lysines of histones through the bromodomain.
BET inhibitors that competitively bind the bromodo-
mains of the BET family proteins have been developed
(Filippakopoulos et al. 2010; Dawson et al. 2011). These
inhibitors prevent BET proteins from binding to acetylat-
ed histones and therefore prevent BET proteins from
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efficient recruitment to chromatin. Myc is widely consid-
ered to be a downstream target of BRD4, through binding
of BRD4 to the promoter and enhancers of the MYC gene
(Zuber et al. 2011; Lovén et al. 2013). PROTAC versions of
BET inhibitors have also been developed, which fuse a
chemical ligand for an E3 ligase to a BET inhibitor that re-
sulted in a rapid degradation of the BET proteins (Lu et al.
2015b; Winter et al. 2015). BRD4 and its testis-specific
paralog BRDT are the only BET proteins that bind to P-
TEFb due to a C-terminal sequence not present in the oth-
er BETproteins (Bisgrove et al. 2007). Depletion of the BET
family proteins with the proteolysis targeting chimera
(PROTAC) dBET6 results in global promoter-proximal
pausing of Pol II, which was assumed to be due to the
loss of BRD4, since it interacts with P-TEFb (Winter
et al. 2017). However, BET proteins also maintain an ac-
tive chromatin state at enhancers, and enhancers are im-
portant regulators of the release of Pol II from pausing
(Hsu and Blobel 2017; Chen et al. 2018). Enhancers are dis-
tal regulatory elements that are located upstream of or
downstream from their target genes (Schoenfelder and
Fraser 2019). Features of enhancers include the binding
of transcription factors, histone modifications such as
monomethylation of H3 lysine 4 (H3K4me1), and acetyla-
tion of H3 lysine 27 (H3K27ac) (Li et al. 2016). It has been
proposed that enhancers carry out cis- and trans-regula-
tions either through chromatin looping and/or enhancer
transcription (eRNA) (Andersson and Sandelin 2020).
The importance of BET protein binding at enhancers
was first suggested from the use of BET inhibitors, which
led to reduced enhancer activity that was attributed to
BRD4 function (Kanno et al. 2014). However, BRD2 has
been reported to have roles at gene distal regulatory
elements, with BRD2 contributing to the formation of
transcriptional boundaries with CTCF in murine erythro-
blast cells (Hsu et al. 2017).

The super elongation complex is built upon the scaf-
folding proteins AFF1 or AFF4, which interact with the
Cyclin T subunit of P-TEFb, along with ELL2 or ELL3,
EAF1 or EAF2, and AF9 or ENL (He et al. 2010; Lin et al.
2010; Schulze-Gahmen et al. 2013; Chen et al. 2018).
Many of the SEC subunits are translocation partners of
MLL in MLL-rearranged leukemias, and these chimeric
proteins are thought to function through aberrant recruit-
ment of the SEC to MLL target genes (Lin et al. 2010;
Smith et al. 2011). The SEC is also co-opted by the HIV
transactivator Tat to promote viral replication (He et al.
2010; Sobhian et al. 2010). Endogenous genes regulated
by the SEC include the induction of HOX gene transcrip-
tion in response to retinoic acid and HSP70 expression
upon heat shock (Lin et al. 2011). Disruption of the
AFF4-Cyclin T interaction using a small molecule inhib-
itor resulted in a reduced rate of transcription elongation
and an impaired heat shock response (Liang et al. 2018).

Here, we sought to compare the functions of the SEC
and BET transcription factor families by using the aux-
in-inducible degron system (AID) to rapidly deplete cells
of targeted proteins (Nishimura et al. 2009; Natsume
et al. 2016). We found that CDK9-containing BRD4 is
required for genome-wide release of Pol II from promot-

er-proximal pausing under normal conditions but is
dispensable for Pol II release from pausing during the
heat shock response. While we saw a handful of genes that
show increased Pol II occupancy at the gene body upon
depletion of BRD2, overall, the loss of BRD2 and BRD3
has relativelymild effects on either steady state transcrip-
tion or the heat shock response. In contrast, depletion of
BRD2 leads to global loss of Pol II at enhancers, which is
also reflected by dBET6 treatment. While depletion of
CDK9-containing SEChas little effect on genome-wide re-
lease of Pol II from promoter-proximal pausing, we found
that the release of Pol II from pausing is dramatically im-
paired during the heat shock response.Although depletion
of the AFF4 subunit of the SEC affects the heat shock re-
sponse more than AFF1 depletion, depletion of both pro-
teins more severely attenuates the heat shock response,
demonstrating some level of redundancy in these SEC
scaffolding proteins.

Results

Depletion of the CDK9-containing BRD4 complex leads
to genome-wide promoter-proximal pausing of RNA
polymerase II

To investigate the direct effects of BRD4 and its homologs
(BRD2 and BRD3) on steady-state transcription by RNA
polymerase II, we knocked in a C-terminal mini-AID tag
(mAID) for each of these genes using CRISPR. Neomycin
and hygromycin selection were used to facilitate the iden-
tification of homozygous knock-in clones (Fig. 1A). Auxin
treatment in these cell lines triggers rapid degradation of
each BET protein with substantial depletion by 2 h, with-
out disturbing the stability of the other family members
(Fig. 1B; Supplemental Fig. S1A). As expected, treatment
with the PROTAC dBET6 in parental DLD-1 cells leads
to degradation of all BET proteins (Fig. 1B). Since BRD2
levels were higher after 24-h auxin treatment than the 2-
h auxin treatment of BRD2-AID cells, and dBET6 treat-
ment of wild-type cells for 24 h also had higher BRD2 lev-
els than 2-h dBET6 treatment, we chose the 2-h time point
of auxin and dBET6 treatments for further experiments.

We raised an antibody against the mAID tag, which al-
lowed us to compare the relative protein levels of the three
BET proteins in cell extracts and their relative occupancy
on chromatin (Supplemental Fig. S1B,C). BRD2 is at least
five times more abundant than BRD3 and BRD4 as as-
sessed by both Western and ChIP-seq analysis (Fig. 1C,
D; Supplemental Fig. S1B,C). Occupancy levels of each
BET protein largely follow H3K27ac levels (Fig. 1C). Ac-
cordingly, all three BET proteins have similar binding pat-
terns in the genome (Fig. 1D). However, BRD4 has the
highest percentage of peaks at promoter regions, while
BRD2 has the highest percentage of peaks at intronic
and inter-genic regions. BRD2, as the most abundant
BET protein, binds to almost every region where BRD3
and BRD4 are found. BRD3 and BRD4 have >40%–60%
peak overlap with each other (Fig. 1D). The lower percent
overlap between BRD3 and BRD4 peaks compared with
either of them with BRD2 peaks could be the result of
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Figure 1. BET bromodomain protein BRD4 is required for global basal transcription by RNA polymerase II. (A) Design of BET protein
degrons. CRISPR-mediated introduction of the mAID tag into BET proteins BRD2, BRD3, and BRD4. Cotransfection of donor plasmids
bearing neomycin and hygromycin are used to ensure the selection of homozygous knock-in clones. (B) Western blot analysis showing
the degradation of each BET protein in each of the degron cell lines at 2-h and 24-h auxin treatment showing the specific knockdown
of the tagged protein, while treatment with dBET6 (250 nM) for 2 h and 24 h leads to degradation of BRD2, BRD3, and BRD4. (C ) Heat
map of mAID and H3K27ac occupancy around the TSS of 6244 Pol II transcribed genes ranked by the H3K27ac signal. Note that
BRD3 and BRD4 havemuch lower occupancy on chromatin than BRD2, consistent with what is seenwith themAID antibody inWestern
analysis (see Supplemental Fig. S1B). (D) Peak annotations of mAID ChIP-seq for the BET proteins at different locations in the genome.
Venn diagram showing the overlap of the three BET proteins, with most of the peaks for the less abundant BRD3 and BRD4 overlapping
with the peaks called for themuchmore abundant BRD2. (E) ChIP-seq analysis of Pol II occupancy ±auxin or dBET6-mediated BET protein
degradation (heat maps ranked by Pol II occupancy in parental cells). ECDF plots (bottom panels) show that BRD4 degradation, either
through dBET6 treatment or auxin-inducible degradation, leads to a widespread increase in promoter-proximal pausing of Pol II, while
BRD2 depletion leads to the release of Pol II into gene bodies for a subset of genes.
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BRD3 and BRD4 beingmuch less abundant, and therefore,
there is a lower probability of meeting the significance
threshold for peak calling. However, we cannot rule out
some biological explanation for preferential occupancy
of BRD3 or BRD4 at particular locations of the genome.

We performed Pol II ChIP-seq for the three BET degron
cell lines after 2 h auxin treatment along with dBET6
treatment in parental DLD-1 cells. BRD4 depletion leads
to thousands of genes exhibiting increased paused Pol II
at promoter-proximal regions and less Pol II in gene bodies,
which can be seen by the leftward shift of the empirical cu-
mulative distribution function (ECDF) plots of the pause
release ratio in auxin-treated BRD4 mAID cells and with
dBET6 treatment (Fig. 1E; Supplemental Fig. S1D).
CDK9 protein levels on chromatin remain unchanged af-
ter depletion of BET proteins (Supplemental Fig. S1A), in
line with the recent studies showing that BRD4 depletion
causes genome-wide down-regulation of gene expression
and that the recruitment of CDK9 is independent of
BRD4 (Winter et al. 2017; Muhar et al. 2018). While
BRD3 depletion has minimal effect on the profile of Pol
II, BRD2 depletion results in increased Pol II occupancy
for hundreds of genes (Fig. 1C; Supplemental Fig. S1D).

BRD2 depletion results in loss of Pol II at BET-bound
enhancers

BET family proteins are known for their high affinity for
acetylated histones found both at promoters and enhanc-
ers. We therefore evaluated BET protein occupancy at en-
hancer regions. To isolate putative enhancer regions
bound by BET proteins, we first overlapped the peaks
from mAID ChIP-seq in BET degron cells with annotated
genes to obtain inter-genic BET-bound peaks. We then
merged inter-genic peaks to obtain 8421 inter-genic re-
gions bound by one ormore BET proteins (Fig. 2A). To sep-
arate potential unannotated promoters from enhancers,
we clustered H3K27ac, H3K4me1, and H3K4me3, with
clusters 2 and 3, comprising 8149 regions, showing a chro-
matin signature of enhancers (Fig. 2B). We validated the
specificity of mAID ChIP-seq at these enhancers and
found broad reduction of mAID signal in all three BET-
AID cells upon auxin treatment (Fig. 2C). Looking at Pol
II occupancy changes upon auxin treatment, we found
that BRD2-AID cells showed a broad reduction of Pol II
at enhancers, a property that was also seen with dBET6
treatment in parental cells, while BRD3 and BRD4 deple-
tion showed no significant difference (Fig. 2D–F). This is
in contrast to what we observe at promoter regions, where
Pol II pausing upon dBET6 treatment is mainly due to
BRD4 loss (Fig. 1E; Supplemental Fig. S1D). Thus,
dBET6 treatment phenocopies Pol II changes at enhanc-
ers, seen by auxin-mediated depletion of BRD2 and Pol
II changes at promoters upon auxin-mediated BRD4
depletion.

To confirm a role of BRD2 in enhancer activity in an-
other cell type, we also used an HCT-116 BRD2-AID
cell line, which we had previously made but had sidelined
for further investigation due to more severe predegrada-
tion in the absence of auxin (Supplemental Fig. S2A), an

issue that has since been described and for which strate-
gies to prevent this drawback have been published (Li
et al. 2019; Sathyan et al. 2019). Nonetheless, despite
some predegradation, the same phenomenon was ob-
served in the BRD2-AID HCT-116 cell line with a time-
course of auxin treatment (Supplemental Fig. S2B–D).
Notably, the 24-h treatment of auxin in BRD2-AID brings
back the Pol II occupancy slightly, probably due to the
coming back of the BRD2 protein, a feature shared in
DLD-1 cells (Supplemental Fig. S1B).

Depletion of the CDK9-containing BRD4 complex does
not alter rapid transcriptional induction by heat shock

To determine whether BET protein depletion also affects
transcription upon cellular stress, we performed Pol II
ChIP-seq for BET degron cells before and after heat shock
for 1 h at 42°C. Cells were pretreated with or without aux-
in for 2 h at 37°C before instant heat shock with 42°C pre-
conditioned media (Fig. 3A; Mahat and Lis 2017). Heat
shock for 1 h successfully induced the heat shock re-
sponse inDLD-l cells (Fig. 3B). Knownheat shock-induced
genes such as the heat shock protein cochaperone BAG3,
HSPA8, and SERPINH1 (HSP47) can be seen to be induced
to wild-type levels in BRD2-, BRD3-, and BRD4-depleted
cells (Fig. 3C), indicating the dispensable role of BRD4 or
other BET proteins in the rapid transcriptional induction
of these genes in response to heat shock. A robust heat
shock responsewas also observed inRNA-seq after deplet-
ing cells of BRD4 by RNAi (Hussong et al. 2017) as well as
in our own BRD4-AID cells after 4-h heat shock upon
BRD4 depletion (Supplemental Fig. S3D).

To confirm that the heat shock response is not impaired
by BET protein depletion, we first identified heat shock-
inducible genes by k-means clustering of the log2 fold
change of Pol II occupancy in 42°C versus 37°C in wild-
typeDLD-1 cells, which identified a group of 227 genes in-
duced by heat shock (Supplemental Fig. S3A,B). We used
this HS gene list to examine the effects of BET depletion
on the heat shock response by metagene analysis and
ECDF analysis of the log2 FC of the pause-release ratio
(PRR), which measures the proportion of Pol II in gene
bodies relative to promoter-proximal Pol II. A similarly ro-
bust heat shock response is seen in BRD2-, BRD3-, or
BRD4-depleted or control cells (Fig. 3D; Supplemental
Fig. S3C). We also checked the HSP70 protein level in
BRD4-AID cells upon heat shock for 6 h. A stable
HSP70 protein induction was observed in all three inde-
pendent replicates regardless of the fact that the induction
level varies (Fig. 3E,F).

The SEC is required for rapid transcriptional induction
by heat shock

AFF1 and AFF4 are scaffolding proteins for the SEC (Lin
et al. 2010; He et al. 2011) that result in one of the most
active forms of CDK9 (Luo et al. 2012a). Previous studies
had shown that components of the SEC are recruited to
genes upon rapid induction by retinoic acid, and serum
stimulation, as well as heat shock, and that AFF4
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Figure 2. BRD2 depletion results in loss of Pol II at BET-bound enhancers. (A) Venn diagram showing the overlap between each BET pro-
tein and the UCSC annotated hg19 coding gene regions. Note that BRD4 has the lowest percentage of inter-genic peaks, while BRD2 has
the highest percentage of inter-genic peaks (Fig. 1D). (B) Clustering ofH3K27ac,H3K4me1, andH3K4me3ChIP-seq at the 8421 inter-genic
peaks called for one ormore of the BRDs using themAID antibody. (C ) Heatmap ofmAIDChIP-seq ± auxin for BET proteins and sorted by
H3K27ac occupancy at the enhancer regions defined by clusters 2 and 3. (D) Genome browser views of Pol II ChIP-seq at two different
enhancer regions upon auxin treatment in BET degron cells and dBET6 treatment in parental DLD-1 cells for 2 h. H3K27ac ChIP-seq
is shown for comparison. (E) Heat map of Pol II ChIP-seq at enhancer regions before and after auxin treatment in BET degron cells or
dBET6 treatment in parental DLD-1 cells for 2 h. (F ) Box plot showing the log2RPKM of Pol II ChIP-seq corresponding to the conditions
in E. Auxin treatment in BRD2-AID cells and dBET6 treatment in parental cells exhibit significant reductions in Pol II occupancy at en-
hancer regions. (∗∗∗∗) P <2.210× −16, (ns) not significant. Mann–Whitney U-test.
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Figure 3. BETproteins are not required for rapid transcriptional induction by the heat shock response. (A) Schematic showing thatDLD-1
cells were treated with or without auxin for 2 h followed by heat shock for 1 h at 42°C before processing cells for ChIP-seq of Pol II.
(B) Genome browser overlays of Pol II occupancy at representative non-heat shock (YTHDF2) and heat shock-induced (BAG3) genes in
the 42°C condition in parental DLD-1 cells before (dark color) and after (light color) heat shock. (C ) Genome browser overlays of Pol II
occupancy at the representative heat shock genes in BET degron cells ±auxin for 2 h, followed by non-heat shock (dark color) and heat
shock for 1 h (light color). (D) ECDF plots of the log2 pause release ratio (PRR) of the 227 HS-induced genes in BET degron cells ±auxin
for 2 h, followed by heat shock for 1 h. A decreased heat shock response due to BET protein depletionwould be expected to show a leftward
shift of the ECDF curves after auxin treatment. (E) Western blots showing normal HSP70 induction after 6-h heat shock in the absence of
BRD4. Cells were treated with H2O or auxin for 2 h at 37°C before 42°C heat shock for 6 h. (F ) Quantification of HSP70 protein levels ±
auxin for three independent replicates as in E. Western signal intensity of HSP70 was first converted to fold change of actin within groups
and then normalized to the condition of H2O treatment without heat shock. Circled dots represent the median. While each replicate
showed a different level of HSP70 induction, the overall level of induction for each replicate was the same for H2O and auxin treatments.
Replicate 1 is shown in E.
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knockdown impaired the expression of the heat shock-in-
duced gene HSP70 by qPCR (Lin et al. 2011; Luo et al.
2012a). Since the CDK9-containing BDR4 complex is not
required for rapid transcriptional induction in response
to heat shock, we examined the role of CDK9-containing
SEC in mediating the heat shock response. We used the
same strategy of mAID-mediated depletion of AFF1 and
AFF4 (Fig. 4A). Due to the lower abundance of AFF1 and

AFF4, we assayed protein levels of AFF1 and AFF4 using
nuclear extracts. AFF1 and AFF4 were rapidly and effi-
ciently degraded as seen by Western blotting using com-
mercially available antibodies (Fig. 4B). We also
confirmed their efficient degradationusing ourhomemade
mAID antibody, which also revealed that AFF4 is ex-
pressed at higher levels than AFF1 in DLD-1 cells (Supple-
mental Fig. S4A).
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D

Figure 4. The AFF4 form of the super elongation complex is preferentially required for rapid transcriptional induction upon heat shock.
(A) Design of auxin degron tagging of the super elongation complex (SEC) scaffolding proteins, AFF1 and AFF4. AFF1-AID and AFF4-AID
single degron cells were generated independently using the double selection strategy shown for the BET degron cells. (B) Western blotting
with the indicated antibodies shows the degradation of nuclear AFF1 or AFF4 in the corresponding degron cells within 2 and 24 h of auxin
treatment. (C ) Genome browser overlay of Pol II occupancy at the representative heat shock-induced genes before (dark color) or after 1h
heat shock (light colors) in AFF1 or AFF4 degron cells ±auxin for 2 h. (D) ECDF plots of the log2 fold change of PRR for the 227 HS-induced
genes after 1 h heat shock. AFF4 depletion by auxin treatment leads to reduced heat shock induction as indicated by the leftward shift in
the PRR, while AFF1 depletion by auxin treatment does not affect heat shock induction. (E) Metagene analysis of the log2 fold change (FC)
of Pol II occupancy of 42°C over 37°C for the 227 HS-induced genes ±auxin for 2 h in AFF1-AID and AFF4-AID cells or ±6-h KL-1 (20 µM)
treatment in AFF4-AID cells.
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We performed Pol II ChIP-seq in the AFF1 and AFF4
degron cells before and after heat shock. AFF1 depletion
does not affect the heat shock response, as seen at repre-
sentative HS genes, while defects at these same genes
can be seen after AFF4 depletion, with more promoter-
proximal paused Pol II and less Pol II traveling in gene bod-
ies (Fig. 4C). Genome-wide HS analysis by ECDF shows a
leftward shift of the curve upon heat shock for AFF4 but
not for AFF1, indicating a broad role of SEC/AFF4 in regu-
lating Pol II release in the context of heat shock (Fig. 4D).
Both AFF1 and AFF4 are recruited along with Pol II to pro-
moters and gene bodies of HS-induced genes (Supplemen-
tal Fig. S4B–D). Despite AFF1 being recruited to HS genes
along with AFF4, depleting cells of AFF1 did not impair
the release of Pol II into gene bodies upon heat shock
(Fig. 4C–E).

The effect of depleting AFF4 in DLD-1 cells was as
strong an inhibition of the heat shock response as we pre-
viously observed with the SEC inhibitor KL-1 in 293T
cells (Liang et al. 2018). We therefore treated DLD-1 cells
with the SEC inhibitor for 6 h before performing 1-h heat
shock and Pol II ChIP-seq. We found greater inhibition of
the heat shock response using KL-1 than depleting AFF4
using themAID system (Fig. 4E). Therefore,we considered
that both AFF1 and AFF4 function in the heat shock re-
sponse, but since AFF4 is more abundant than AFF1 (Sup-
plemental Fig. S4A), AFF4 can compensate for AFF1 loss
better than AFF1 can compensate for AFF4 loss; however,
a proper heat shock response cannot occur in the absence
of both AFF1 and AFF4.

To address potential redundancy in AFF1 and AFF4
function, we generated a dual homozygous AFF1-AFF4
mAID knock-in cell line (Fig. 5A). As with the single
mAID knock-in cells, AFF1 and AFF4were depleted with-
in 2 h of auxin treatment (Fig. 5B). Bymetagene analysis of
the 227HS-induced genes (Fig. 5C; Supplemental Fig. S5A)
or by examining known heat shock genes (Fig. 5D; Supple-
mental Fig. S5B), dual depletion of AFF1 and AFF4 with
auxin severely attenuates the heat shock response similar-
ly to KL-1 treatment, as can be seen at known heat shock-
induced genes (Fig. 5D). Heat map analysis shows similar
impairment by either simultaneousAFF1 andAFF4 deple-
tion or with KL-1 treatment for the 227HS-induced genes.
(Fig. 5E). Heat shock-induced genes affected by auxin or
KL-1 treatment showconsiderableoverlap (Fig. 5F).Conse-
quently, the mRNA level of representative heat shock
genes was severely reduced upon dual depletion of AFF1
and AFF4 after 4-h heat shock (Supplemental Fig. S5C),
and HSP70 protein level in AFF1/4-AID cells upon heat
shock for 6 h was dramatically reduced regardless of the
various induction levels among replicates (Fig. 5G,H).

Discussion

In this study, we used the auxin-inducible degron (AID)
system and applied acute perturbation strategies to study
the transcription factor family function with a focus on
SEC and BET protein complexes. We found that depletion
of the CDK9-containing BRD4 complex leads to a ge-

nome-wide increase in pausing of Pol II, while BRD2
depletion results in broad loss of Pol II at enhancers, and
each of these activities is also seen with the BET PRO-
TAC, dBET6. We also found that the CDK9-containing
BRD4 complex, BRD2, and BRD3 are dispensable for the
heat shock response in DLD-1 cells. However, the
CDK9-containing SEC is essential for a proper heat shock
response in these cells.

It is important to point out that, in the absence of the
SEC, there is still a significant induction of heat shock
genes, just not the full heat shock response seen in wild-
type cells that presumably is optimal for cell survival un-
der stress. This residual induction of heat shock gene ex-
pression could be due to the remaining SEC observed by
Western analysis after auxin treatment, or it is possible
that, in the absence of the SEC, BRD4-P-TEFb partially
compensates in the release of paused Pol II upon heat
shock. We did observe that, in the non-heat shock condi-
tion, BRD4 depletion led to more pausing at heat shock-
inducible genes just like other non-heat shock genes, indi-
cating that BRD4-P-TEFb is the predominant form of P-
TEFb until the recruitment of the SEC upon heat shock.
The preferential recruitment of the SEC form of P-TEFb
and not BRD4-P-TEFb to heat shock genes could be due
to the ability of the SEC to contribute to a more robust
heat shock response. The SEC has been shown to be a
more active form of P-TEFb in vitro using fractionated nu-
clear extracts (Luo et al. 2012a). In addition, the SEC con-
tains ELL2, which is an RNA processivity factor that can
also facilitate full levels of heat shock gene induction (Shi-
latifard et al. 1996, 1997; Smith et al. 2008).

In addition to answering the question of why the SEC is
recruited to heat shock genes, it will also be important to
answer how the SEC is preferentially recruited to heat
shock genes upon heat shock. The SEC could conceivably
be recruited to heat shock genes through a direct interac-
tion with the master transcription factor for heat shock
genes, HSF1, analogously to the direct recruitment of
the SEC to theHIV LTR by theHIV transactivator Tat pro-
tein (Lu et al. 2015a). However, the SEC has also been
shown to interact with the metazoan-specific Mediator
protein MED26, which can facilitate SEC recruitment to
heat shock genes (Takahashi et al. 2011).

StabilizingmutationsofAFF4 inaSIAHE3 ligase-depen-
dent degron motif are responsible for the developmental
syndromeCHOPS (Izumi et al. 2015), and a similar sponta-
neousstabilizingmutation inmouseAFF1 (AF4)hadsever-
al developmental defects (Bitoun and Davies 2005), thus
highlighting the importance of controlling the protein lev-
els of SEC scaffolding proteins during development. AFF2
and AFF3 are also SEC scaffolding proteins with more re-
stricted expression (Luo et al. 2012a). Indeed, since AFF2
and AFF3 are not expressed in DLD-1 cells, we have not
yet looked at their roles in rapid transcriptional induction.
It will be interesting to determine which forms of the SEC
are needed for the timely response to developmental cues,
analogously to the requirement for AFF1 and AFF4 in the
response to heat shock as examined in this study.

In addition to finding a role for the BRD4 formof P-TEFb
in basal transcription and the SEC in activated
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Figure 5. The SEC is essential for rapid transcriptional induction by heat shock. (A) Design of AFF1-AFF4 double degron DLD-1 cells.
Neomycin was used for selection of AFF1-AID homozygous knock-in clones, which were subsequently used for a homozygous knock-
in of the mAID tag for AFF4 using hygromycin selection. (B) Western blot analysis demonstrating the degradation of both AFF1 and
AFF4 after auxin treatment for 2 h, comparedwith the parental DLD-1 cells. (C ) Metagene analysis showing the log2FC of Pol II occupancy
of 42°C over 37°C for the 227 HS-induced genes before and after simultaneous depletion of AFF1 and AFF4. Decreased induction of Pol II
occupancy in the gene bodies during heat shock is observed. (D) Genome browser overlay of Pol II occupancy at representative heat shock
genes before (dark color) and after (light color) heat shock for 1 h, ±auxin depletion ofAFF1 andAFF4 for 2 h, or KL-1 treatment (20 µM) for 6
h. (E) Heat map showing the log2 fold change of Pol II coverage around the TSS for the 227 HS-induced genes for auxin treatment of the
AFF1–AFF4 double degron cells and KL-1 treatment of AFF4 degron cells. (F ) Venn diagram showing the overlap of the 227 HS-induced
genes whose induction is impaired by auxin depletion of AFF1 and AFF4 or by KL-1 treatment or both treatments. (G) Western blotting
with the indicated antibodies showing attenuatedHSP70 induction after 6-h heat shock after dual depletion of AFF1 and AFF4. Cells were
treated with H2O or auxin for 2 h at 37°C before 42°C heat shock for 6 h. (H) Quantification of HSP70 protein levels ±auxin for three in-
dependent replicates as in G. Western signal intensity of HSP70 was first converted to fold change of actin within groups and then nor-
malized to the condition of H2O treatment without heat shock. Circled dots represent the median. Replicate 2 is shown in G.
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transcription, we uncovered a role for BRD2, but not
BRD3 or BRD4, at enhancers. One limitation of this study
is that BRD4 mRNA undergoes alternative processing
leading to long and short forms of the BRD4 protein. Im-
portantly, the long form includes the C-terminal P-TEFb
interaction domain that is required for the global release
of Pol II under normal cellular conditions. In order to en-
sure the production of the essential long form of BRD4,
we used CRISPR to target the C terminus of the long
form of BRD4, which allows for continued production of
the short form of BRD4, which more closely resembles
BRD2 and BRD3. It is possible that, if the short form of
BRD4 could be similarly targeted without disrupting the
production of the long form, additional enhancer roles
for BRD4 similar to BRD2’s activity could be uncovered.
Since clinical trials with BET inhibitors are ongoing for
multiple cancer types, understanding the consequences
of BET inhibition on the entire family in different cancer
types expressing different levels of the various BET pro-
teins is an important area for future investigation, as these
findings could be important for stratifying BET inhibition
to particular cancers relying on different BET proteins for
their oncogenic programs.

Materials and methods

Antibodies

BRD2 (5848), BRD4 (13440), RPB1 (14958), HSP70 (4872), Actin
(3700), and CDK9 (2316) were obtained fromCell Signaling Tech-
nology. BRD3 (#A302-368A) and AFF1 (#A302-345A) antibodies
were obtained from Bethyl Laboratories. AFF4 (#14662-1-AP) an-
tibody was obtained from Proteintech. Tubulin (#E7) was ob-
tained from Developmental Studies Hybridoma Bank. HSP90
(#sc-7947) was obtained from Santa Cruz Biotechnology. H3
was generated in-house. Pol II Ser-2P (#04-1571) was obtained
fromMillipore Sigma. The rabbit anti-mAID antibodywas gener-
ated at the Pocono Rabbit Farms and Laboratory. Rabbits were
immunized with four synthetic peptides spanning the mAID se-
quence CPKDPAKPPAKAQVVGWP, PVRSYRKNVMVSC,
CQKSSGGPEAAAFVKVS, and SMDGAPYLRKIDLRMYKC and
conjugated to KLH using the cysteine. Three of the peptides
thatwere immunogenicwere used for affinity purification on Sul-
foLink resin (Thermo Fisher).

Cell culture

DLD-1 cells expressing OsTIR1 (Holland et al. 2012) were a gift
from Dr. Dan Foltz. Cells were grown in DMEM media supple-
mented with 10% fetal bovine serum, 1% PenStrep, and 1% glut-
max, as well as puromycin selection for the OsTIR1 transgene.
Cells in normal condition were cultured in a 37°C incubator
with 5% CO2. For heat shock experiments, cells were treated
with H2O or 500 µM auxin for 2 h at 37°C before instantaneous
heat shock (Mahat and Lis 2017) using conditioned prewarmed
42°Cmedia and placed in a 42°C incubator for 1 h. HCT116 cells
expressingOsTIR1were a gift fromDr.Masato T. Kanemaki (Nat-
sume et al. 2016).

AID cell line generation

DLD-1 or HCT116 cells were transfected with a Cas9-expressing
plasmid, PX330 (Addgene 42230) (Cong et al. 2013), carrying a

guide RNA targeting 50 bp directly upstream of or downstream
from the stop codon, and two donor plasmids. The donor plas-
mids were constructed using pBlueScript SK (II) as a backbone,
and a left and right homology arm, ∼300–500 bp each, flanking
the mAID tag, and a selective antibiotic resistance gene cassette,
either neomycin or hygromycin B. pMK286 (Addgene 72824) and
pMK287 (Addgene 72825) were used to derive the mAID tag and
antibiotic resistance gene cassette (Natsume et al. 2016). After
2 wk of drug selection using geneticin and hygromycin B, sin-
gle-cell colonies were picked and validated by PCR and Western
blot to select homozygous clones.

Western blotting

For whole-cell lysates, cells were washed with PBS once before
lysing with 2× sample buffer added directly to plates. Nuclear ex-
tracts were made with the nuclear extract kit (Active Motif
40010) and thenmixed with an equal volume of 4× sample buffer.
Quantification of Western blotting was carried out with the
ImageLab from Bio-Rad.

ChIP-seq

Cells were cross-linked with 1% PFA in PBS for 10 min at room
temperature and were collected by scraping. Fixed mouse embry-
onic fibroblast cells were added as a spike-in at a 1:5 ratio. Sonica-
tion of the chromatin was performed using the Covaris E220
sonicator for 4 min, with 10% duty factor, 200 cycles per burst,
and 140 peak intensity power. Immunoprecipitation was com-
pleted using 5 µL of Pol II antibody or 10 µL of the other antibod-
ies, and immune complexes were collected with A/G-agarose
beads (Santa Cruz Biotechnology) or Dynabeads Protein G (Invi-
trogen). DNA libraries were prepared using a KAPA HTP library
prep kit and sequenced on the Illumina NextSeq 500 or NovaSeq
6000.

mRNA-seq

Cells were treatedwith or without auxin for 2 h in a 37°C incuba-
tor and were directly placed into a 42°C incubator for heat shock.
Total RNAs were isolated using the RNeasy mini kit from Qia-
gen.mRNAswere isolated using aNEBNext poly(A)mRNAmag-
netic isolation module. RNA libraries were prepared using
NEBNext Ultra II Directional RNA library preparation kit and se-
quenced on the Illumina NovaSeq 6000. Reads were aligned to
the human genome (hg19) using Bowtie version 2.2.6.0 and a
TopHat run (v2.1.0) (Langmead et al. 2009; Trapnell et al. 2009).

ChIP-seq analysis

Reads were aligned to the human genome (hg19) using Bowtie
version 1.1.2. Peaks of mAID ChIP-seq were called using
MACS2/2.1.0 with a threshold of q value= 0.01 (Zhang et al.
2008) and annotated with HOMER 4.10 (Heinz et al. 2010). Inter-
vene 0.6.4 was used to generate the Venn diagrams (Khan and
Mathelier 2017). Custom R scripts were used to select genes for
further analysis that are transcribed by Pol II, have a minimum
length of 2 kb, and arewithin at least 1 kb fromother genes. Tran-
script coverage by Pol II for the promoter-proximal (100 bases up-
stream of and 300 bases downstream from the TSS), gene body,
and full gene regions was calculated using bedtools/2.29.1 (Quin-
lan and Hall 2010). To find genes with the highest heat shock re-
sponse, the full gene regions inwild-type cellswere ordered by the
log2 FC coverage ratio between 42°C and 37°C using deepTools
3.1.1 (Ramírez et al. 2016). k-means clustering (k= 4) was applied,
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and the top induced cluster (227 genes) was selected for further
analysis under different treatment protocols. The pause release
ratio (PRR) was defined as the Pol II coverage in the gene body
over the promoter-proximal region, modified from the traveling
ratio (RT) (Reppas et al. 2006). Log2PRR ECDF plots were gener-
ated using custom R scripts. Log2RPKM in box plots were gener-
ated by counting the mapped reads at designated regions by
featureCounts 2.0.1 (Liao et al. 2014). To compare affected genes
in AFF1 and AFF4 double degron cells and KL-1 treated cells,
genes from the two most heat shock-induced clusters (C1 and
C2 in Supplemental Fig. S3A) were used for subtracting the
42°C versus 37°C log2FC coverages of treated (KL-1 and auxin
depletion of AFF1 and AFF4) and respective control samples
and k-means clustered (k=3) into “affected” and “nonaffected”
groups for each treatment. Genes from each “affected” group
were cross-referenced with the 227 HS-induced genes, resulting
in 195 genes that are heat shock-induced and responsive to treat-
ment with KL-1, while 181 heat shock-induced genes were re-
sponsive to the AFF1/4-AID treatment.

Data availability

ChIP-seq data has been deposited at GEO under accession num-
ber GSE145525 and will be available upon publication.
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