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SUMMARY 

Precise control of the RNA polymerase II (Pol II) cycle, including pausing and pause release, 

maintains transcriptional homeostasis and organismal functions. Despite previous work to 

understand individual transcription steps, we reveal a mechanism that integrates Pol II cycle 

transitions. Surprisingly, KAP1/TRIM28 uses a previously uncharacterized chromatin reader 

cassette to bind hypo-acetylated histone 4 tails at promoters thereby guaranteeing a continuous 

progression of Pol II entry to, and exit from, the pause state. Upon chromatin docking, KAP1 

first associates with Pol II and then recruits a pathway-specific transcription factor (SMAD2) in 

response to cognate ligands thereby enabling gene-selective CDK9-dependent pause release. 

This coupling mechanism is exploited by tumor cells to aberrantly sustain transcriptional 

programs commonly dysregulated in cancer patients. The discovery of a factor integrating 

transcription steps expands the functional repertoire by which chromatin readers operate and 

provides mechanistic understanding of transcription regulation, offering alternative therapeutic 

opportunities to target transcriptional dysregulation. 
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INTRODUCTION 

Precise regulation of transcriptional responses maintains cellular homeostasis and prevents 

the development and progression of diseases (Miller et al., 2017; Smith et al., 2011). 

Transcription is initiated by chromatin-remodeling, promoter accessibility, and pre-initiation 

complex (PIC)-mediated Pol II promoter recruitment (Grunberg and Hahn, 2013; Thomas and 

Chiang, 2006). Shortly after initiation Pol II transiently pauses downstream of the transcription 

start site (TSS) (Muse et al., 2007; Nechaev et al., 2010; Zeitlinger et al., 2007) through the 

action of Negative Elongation Factor (NELF) and DRB-sensitivity Inducing Factor (DSIF) 

(Gilchrist et al., 2008; Wada et al., 1998a; Wu et al., 2003; Yamaguchi et al., 1999). The release 

of promoter-proximal paused Pol II into productive elongation is partially dependent on the 

recruitment of Positive Transcription Elongation Factor (P-TEFb) (Gomes et al., 2006; Wada et 

al., 1998a; Yamada et al., 2006), which is composed of CDK9 (kinase subunit) and CycT1/T2 

(regulatory subunit) (Peng et al., 1998). P-TEFb facilitates Pol II pause release and entry into 

productive elongation through phosphorylation of NELF, DSIF (Wada et al., 1998b; Yamaguchi 

et al., 1999), and the Pol II C-terminal domain (CTD) (Ahn et al., 2004; Cho et al., 2001; Eick 

and Geyer, 2013; Marshall et al., 1996; Suh et al., 2016; Yamada et al., 2006). This transient 

cycle of Pol II pausing and pause release has emerged as a key regulatory process for timing 

the activation of transcriptional programs required for signal-dependent biological processes 

including development, differentiation, and stress responses (Barboric et al., 2001; Gaertner et 

al., 2012; Lis et al., 2000; Liu et al., 2014; Rasmussen and Lis, 1993). 

To maintain transcriptional homeostasis, P-TEFb is inactivated through incorporation into 

the 7SK small nuclear ribonucleoprotein (snRNP) (Nguyen et al., 2001; Yang et al., 2001), 

which is tethered to promoters to prime genes for activation (D'Orso and Frankel, 2010; Liu et 

al., 2013b; McNamara et al., 2016). Recent work has identified KRAB-associated protein 

1/Tripartite Motif-containing 28/Transcription Intermediary Factor 1β (KAP1/TRIM28/TIF1β, 

hereafter referred to as KAP1) as a factor critical for the delivery of 7SK-bound P-TEFb to 

signal-regulated gene promoters thereby enabling on-site kinase activation (Gudipaty et al., 

2015; McNamara et al., 2016). 

Notably, KAP1 participates in several physiologic processes, including embryonic stem cell 

maintenance and restricting the production of induced pluripotent stem cells (Cheng et al., 2014; 

Miles et al., 2017; Seki et al., 2010). Given its importance in regulating a broad range of 

physiologic processes, it is not surprising that KAP1 has been co-opted in pathologic conditions. 

Indeed, KAP1 haplo-insufficiency facilitates obesity (Dalgaard et al., 2016), is amplified in 

cancer (Hector et al., 2012; Ho et al., 2009; Liu et al., 2013a; Wang et al., 2016; Wang et al., 
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2013), is a potential biomarker for colorectal cancer (CRC) (Gawel et al., 2019; Shiromizu et al., 

2017), its expression negatively correlates with cancer patient survival (Cui et al., 2014; Liu et 

al., 2013a), is required for xenograft proliferation in nude mice (Chen et al., 2014; Wu et al., 

2018), and increases TGF-β-induced epithelial-to-mesenchymal transition (Xu et al., 2009). 

Despite this compelling in vivo relevance, the molecular mechanisms underlying KAP1 

transcriptional regulation in both physiologic and pathologic states remain poorly understood. 

Remarkably, here we report that KAP1 sustains cell-intrinsic, oncogenic signaling programs 

commonly dysregulated in cancer patients. Mechanistically, we define an unprecedented 

function for the KAP1 chromatin reader domain in binding hypo-acetylated histone 4 (H4) tails. 

This binding activity positions KAP1 on chromatin where it can directly associate with the Pol II 

complex to maintain a continuous delivery of Pol II molecules to target gene promoters. KAP1 

then tethers the sequence- and pathway-specific TGF-β effector (SMAD2) and CDK9 to induce 

a transcription factor (TF)-mediated, CDK9-dependent switch from Pol II pausing to pause 

release. Unlike factors that either regulate Pol II promoter levels or pause release, KAP1 

couples both steps to promote efficient yet selective gene activation. The identification of a 

chromatin reader directly involved in the coupling of Pol II transcription steps provides a revised 

mechanistic understanding of transcriptional regulation critical for cancer maintenance and 

progression. 

 

RESULTS 

KAP1 Regulates the Growth and Transcriptional Output of Cancer Cells 

Previous studies demonstrated that KAP1 is necessary for signal-regulated transcription of 

select CDK9-dependent target genes (McNamara et al., 2016). Given the lack of genome-wide 

studies interrogating KAP1 function in transcriptional activation, we asked whether KAP1 is a 

global or pathway-specific regulator and whether this transcription function may be required for 

critical functions such as cell proliferation. To address this, we utilized CRISPR-Cas9 and 

distinct gRNAs to generate two KAP1 knockout (KO) HCT116 CRC cell clones, and one non-

targeting control (Ctrl) clone (Figure 1A). Targeting of either gRNA to KAP1 created a deletion 

(KO1) or insertion (KO2) in the first exon, thus generating premature stop codons (Figures S1A 

and S1B). Expectedly, we observed an almost identical growth defect in both clones (Figure 

1B). Furthermore, a colony formation assay revealed a consistent, almost identical decrease of 

the clonogenic capability of both clones compared to the Ctrl (Figure 1C). Notably, the growth 

defect was further cross-validated by cell growth assays in HCT116 cells treated with two 

distinct siRNA’s to acutely silence KAP1 expression (Figures 1D and 1E). 
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Because of the virtually identical growth defects in both KAP1 KO clones, for the rest of the 

study we primarily focused on the KO1 clone and cross-validated key genomic experiments in 

the KO2 clone and with acute KAP1 silencing. Using Ctrl and KO1 cells we first defined KAP1-

regulated transcriptional programs by performing a combination of 4sU-seq (to measure 

nascent RNA synthesis (Rabani et al., 2011)) and RNA-seq (to measure steady-state RNA 

levels) (Figures 1F and 1G) to identify key pathways promoting KAP1-dependent cell 

proliferation. In order to rigorously identify genes directly regulated by KAP1, we overlaid the 

highly similar replicate 4sU-seq and RNA-seq datasets in KO1 (Figures S1C and S1D) with our 

previously generated KAP1 chromatin immunoprecipitation (ChIP)-seq dataset (McNamara et 

al., 2016). This analysis identified upregulated (n=519) and downregulated (n=699) genes 

bound by KAP1 at their promoters and differentially expressed in both 4sU-seq and RNA-seq 

(Figure 1H, top; Tables S1 and S2). Importantly, the majority of the direct KAP1 target genes 

in the KO1 clone are also differentially expressed in KO2, as determined by 4sU-seq (70%) and 

RNA-seq (73%) (Figures S1E–S1G; Table S1) and after acute depletion of KAP1 by siRNA 

(Figure 1D, siKAP1_1), as determined by RNA-seq (~70%) (Figures S1H and S1I). These 

data suggest that the most critical transcriptional changes upon KAP1 loss, potentially 

contributing to the observed cell growth defects, are not a consequence of long-term clone-

specific changes. 

Importantly, heatmap analysis of upregulated and downregulated genes centered on the 

TSS and ranked based on KAP1 levels illustrated KAP1 occupies the promoter-proximal region 

just downstream of the TSS (Figure 1H, bottom). Furthermore, ChIP-qPCR revealed the 

expected enrichment of KAP1 at target gene promoters in Ctrl but not in KO1 (Figure 1I). 

Finally, inspection of genome browser tracks further illustrated the strong gene expression 

changes observed upon KAP1 loss and KAP1 target gene enrichment (Figure 1J). 

Together, these data indicate that KAP1 is required for CRC cell growth, localizes to target 

gene promoters, and regulates the transcription of a subset of genes. The observed gene 

upregulation and downregulation upon KAP1 depletion is consistent with its dual role as 

repressor and activator, respectively (Bunch et al., 2014; Cheng et al., 2014; Fong et al., 2018; 

Li et al., 2017). In this study, we focus on KAP1’s activating function because its repressive role 

has been described elsewhere (Friedman et al., 1996; Ivanov et al., 2007; Nielsen et al., 1999; 

Schultz et al., 2001; Sripathy et al., 2006). 

 

KAP1 Directly Associates with Pol II and Facilitates Pol II Target Gene Promoter 

Occupancy 
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Given the transcriptional changes upon KAP1 loss and its previously defined role in 

regulating Pol II elongation, we asked how loss of KAP1 selectively impacts Pol II occupancy at 

target genes. To this end, we examined the log2 ratio of total Pol II signal in KO1 over Ctrl (Pol 

II KO1/Ctrl) for downregulated genes that contain a significant Pol II promoter-proximal peak in 

Ctrl cells, and used k-means clustering based on Pol II density loss to classify KAP1 target 

genes yielding three gene clusters (C1, C2, C3). Surprisingly, we found decreased promoter-

proximal Pol II levels in all three clusters (Figures 2A and S2A), extending previous studies 

suggesting KAP1 only regulates Pol II pause-release. 

Intriguingly, we found gene-specific differences in both the levels and distribution of Pol II 

promoter-proximal signal reduction upon KAP1 loss. Particularly, C1 and C2 genes displayed 

more severe decreases in Pol II promoter levels compared to C3, and C1 and C3 genes 

showed “dispersed” Pol II losses compared to the more “focused” decreases observed at C2 

genes (Figure 2A). Expectedly, metagene plots for all three clusters demonstrated that the 

observed reductions in promoter-proximal Pol II lead to reduced gene body levels (Figure 2B), 

consistent with reductions in nascent transcript levels seen by log2 fold changes in 4sU-seq 

(4sU KO1/Ctrl) (Figure 2A). Importantly, we observed nearly identical Pol II and 4sU-seq 

phenotypes for all three gene clusters in KO2 (Figures S2B-S2D), again illustrating the 

phenotypes observed in KO1 are not clonal artifacts.  

Interestingly, KAP1 has previously been found to activate a subset of genes in MCF7 breast 

cancer cells (Li et al., 2017). Upon KAP1 silencing in MCF7 cells, we also observed ≥ 1 log2 fold 

decreases in Pol II promoter levels and associated expression decreases at genes enriched for 

processes regulating cancer cell growth, including cell cycle and DNA replication (Figures S2E–

S2H and Table S3). Together, these data suggest KAP1 plays an activating role in breast 

cancer cells by controlling Pol II promoter levels, potentially similar to CRC cells. 

The Pol II promoter defects in the absence of KAP1 in various cancer cell types prompted 

us to examine if KAP1 maintains Pol II promoter levels through direct interaction. Supporting 

this idea, we observed that the RPB1 subunit of Pol II co-purifies with both ectopically 

expressed and endogenous KAP1 from MNase-digested nuclear extracts (Figures 2C and 2D). 

Strikingly, we observed an in vitro interaction between purified components (Figures 2E and 

S2I), demonstrating KAP1 directly recognizes core Pol II. Collectively, the biochemical and 

genetic evidence signifies an undescribed role for KAP1 in mediating transcriptional activation 

by directly associating with Pol II. 

 

KAP1 Regulates CDK9-dependent Pol II Pause Release  
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Given that Pol II promoter-proximal levels are not completely diminished in KAP1 depleted 

cells and because KAP1 regulates pause release, we reasoned that the Pol II that still occupies 

promoters without KAP1 may display pause-release defects. To test this, we first determined if 

KAP1 target genes contain paused Pol II by calculating the ratio of promoter to gene body Pol II 

signal, known as “Pausing Index (PI)”, for each gene cluster in Ctrl cells. This analysis revealed 

that C2 genes displayed higher levels of pausing (median PI ≈ 4) compared to C1 and C3 

(median PI < 2) (Figure S2J), consistent with the more “focused” Pol II promoter-proximal 

profile in C2 genes. 

Since genes in all three clusters displayed varying decreases in promoter and gene body 

Pol II, we compared the PI in both Ctrl and KO1 cells and observed an increase in PI for ~70% 

of C1 genes (mean log2(fold change) = 1.23) and ~50% of C3 genes (mean log2(fold change) = 

0.957) (Figure 2F), indicating that a large fraction of the residually bound promoter-proximal Pol 

II in KO1 cannot efficiently escape into elongation. In contrast, we observed a PI decrease for 

~70% of C2 genes (mean log2(fold change) = 3.04), suggesting C2 genes predominantly display 

Pol II promoter-proximal level defects. Interestingly, decreased paused Pol II at promoter-

proximal regions of all three gene clusters mirrors the loss of negative transcription elongation 

factors involved in the establishment of Pol II pausing (NELFE) (Figures 2A and S2A), 

consistent with the idea that proper establishment of pausing is critical to maintain Pol II 

promoter stability (Henriques et al., 2013). 

To start defining the mechanisms by which KAP1 selectively controls levels of promoter-

proximal and -distal Pol II, we focused on the role of Pol II site-specific phosphorylation. 

Specifically, phosphorylation of Ser5 (S5P) in the RPB1 subunit occurs shortly after initiation but 

prior to pause-release, while phosphorylation of Ser2 (S2P) marks elongating Pol II (Eick and 

Geyer, 2013). Using previously validated phospho-specific antibodies (Chapman et al., 2007) 

we observed decreases in both S5P and S2P Pol II at promoter-proximal and -distal regions 

across all three gene clusters upon KAP1 loss (Figures 2A and 2B and S2A). Interestingly, we 

observed large decreases in the ratio of S2P to total Pol II signals in the C1 and C3 genes 

(mean log2(fold change) = 1 and 0.5, respectively) and a ~2-fold increase for the C2 genes in 

KO1 compared to Ctrl cells (Figure 2G). Additionally, cumulative distribution plots illustrate that 

the decrease in the S2P/total Pol II promoter-proximal ratio occurs at 80%, 40%, and ~90% of 

C1, C2, and C3 genes, respectively (Figure 2H). Together, these data suggest that losses in 

total Pol II do not account for all S2P losses and further demonstrates that, in addition to Pol II 

promoter level reductions, loss of KAP1 yields pause-release defects, at least at C1 and C3 

genes. Of note, the Pol II changes in the gene body of C2 genes may not be readily apparent 
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due to the low Pol II levels relative to other clusters (Figure 2B), thereby limiting our 

measurements. Importantly, the described Pol II phenotypes are also evident from genome 

browser signal tracks (Figure 2I). 

Given the observed decreases in S2P Pol II at KAP1 target gene promoters upon KAP1 

loss, the previously reported functional interplay between KAP1 and 7SK-bound P-TEFb, and P-

TEFb’s role in depositing S2P, we explored if CDK9 recruitment to KAP1 target gene promoters 

is also defective upon KAP1 loss. Indeed, CDK9 promoter occupancy at downregulated genes 

decreased in KO1 compared to Ctrl cells (average of ~8-fold) (Figures 2A and S2A), thus 

demonstrating that S2P Pol II is dependent on KAP1’s ability to facilitate CDK9 promoter 

recruitment for gene activation. Furthermore, KAP1 target gene promoters are occupied by 7SK 

snRNP (Figures S2K and S2L), supporting previously proposed models that KAP1 “pre-loads” 

target genes with 7SK-bound P-TEFb (McNamara et al., 2016). 

The dual decrease of CDK9 and S2P Pol II at gene promoters upon KAP1 loss prompted us 

to examine if KAP1 target genes are CDK9-dependent as originally predicted. Indeed, inducible 

CDK9 silencing and short-term inhibition with flavopiridol dampened expression of KAP1 target 

genes (Figures 2J–2M). Overall, these data support a model in which KAP1 contributes to 

CDK9-dependent activation of a select gene class by directly engaging Pol II to regulate both 

Pol II promoter levels and pause release. 

 

KAP1 Stimulates Pol II Elongation of a Select Subset of Genes Through Recruitment of a 

Pathway-Specific Pause-release Factor 

Given the various degrees of Pol II promoter loss observed across the three gene clusters 

upon KAP1 loss in both KO clones (Figures 2A and S2B), we performed KEGG pathway 

analysis for each gene cluster separately to test if they enriched for different functional 

processes. Interestingly, we found enrichment of several distinct pathways such as RAS, TGF-

β, and WNT (C1), mTOR (C2), and metabolic processes (C3) in the KO1 (Figures 3A–C), KO2 

(data not shown), and after acute KAP1 silencing (Figures S3A–C), indicating that the mode of 

KAP1 regulation of Pol II promoter occupancy and activity may differ at groups of genes 

controlling different functional processes. 

Notably, aberrant, chronic signaling of several of the pathways found in C1 genes for both 

the KAP1 KO and KD systems (RAS, TGF-β, WNT) are known to promote CRC cell growth, 

dictate poor patient prognosis (Calon et al., 2012; Cancer Genome Atlas, 2012; Massague, 

2008; Saxton and Sabatini, 2017), and is in agreement with sustained TGF-β signaling in 

several CRC cell lines, including HCT116 (Berg et al., 2017). Additionally, the observations that 
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KAP1 sustains the transcription of gene programs conferring a cell growth advantage are 

consistent with the growth defects in cells lacking KAP1 (Figures 1B–E), highlighting KAP1’s 

oncogenic transcriptional potential. 

To determine if the KAP1 target gene signature was clinically relevant, we mined datasets 

from The Cancer Genome Atlas (TCGA) which revealed KAP1 is upregulated in tumor relative 

to matched non-tumor tissue samples in most cancer types, including CRC (Figures S3D and 

S3E; Tables S4 and S5). Furthermore, higher expression of 49 of the 177 C1 genes correlates 

with poor prognosis among patients with CRC (either shorter overall or disease-free, survival), 

39 of 177 C1 genes upregulated in CRC patients positively correlate with KAP1 expression and 

enrich for processes similar to those in Figure 3A, and less than 5% of C1 genes are deleted in 

more than 2% of CRC patient tumors, signifying they are regulated transcriptionally, and 

potentially in a KAP1-dependent fashion (Figures S3F–S3I; Tables S4 and S5).  

Since KAP1 target genes are enriched for signal-regulated responses, we reasoned that 

KAP1 might regulate these programs through a coactivator function with pathway-/sequence-

specific TFs. Therefore, we performed motif analysis (±100 bp relative to the TSS) and found 

that ~70% of C1 genes (but not C2 or C3) contain binding motifs for two TFs at their promoters: 

SMAD2 (Figure 3D) and KLF12. Additionally, this search did not retrieve any enriched motifs for 

C2 genes and a lower enrichment (~6.5%) for ZNF331 in C3 genes. Since KLF12 is a known 

transcriptional repressor (Imhof et al., 1999), we instead focused our attention on SMAD2 

because it is known to activate many of the signal-regulated transcriptional programs enriched 

in C1 genes (Figure 3A) (Massague, 2012). Based on these findings, we refer to C1 genes as 

“C1 (SMAD2+)” and C2/C3 genes as “C2/C3 (SMAD2-)”. 

In order to determine if SMAD2 co-activates C1 (SMAD2+) genes, we silenced SMAD2, and 

KAP1 as positive control, from HCT116 using RNAi, which did not affect their reciprocal protein 

levels (Figure 3E), and observed that while genes from all three clusters were sensitive to 

KAP1 loss, only C1 (SMAD2+) genes were co-dependent on SMAD2 and KAP1 (Figure 3F), 

demonstrating that SMAD2 acts as a specific activator for KAP1 target genes containing 

SMAD2 motifs at their promoters. 

Interestingly, we found KAP1 is necessary for basal expression and induction of TGF-

β/SMAD2 regulated target genes in non-cancerous, Human Colonic Epithelial Cells (HCEC) 

after TGF-β1 stimulation (Figures S3J and S3K). Importantly, KAP1 is not necessary for 

SMAD2 S456/467 phosphorylation (P-SMAD2), which is critical for SMAD2 cytoplasmic-nuclear 

translocation and promoter binding in response to cognate signaling for activation of the TGF-

/SMAD axis (Massague, 2012) (Figure S3J), suggesting KAP1 is required for activation of 
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SMAD2-regulated genes in response to physiologic ligands. Consistent with a potential KAP1-

SMAD2 regulatory axis, we observed interactions between ectopically expressed and 

endogenous proteins (Figures 3G–3I). 

In agreement with the interaction data, loss of KAP1 partially (TGFB1I1, PDGFC, ID3) or 

completely (BMP4) reduced (~1.5-3–fold) SMAD2 occupancy at C1 (SMAD2+) gene promoters 

(Figure 3J), while loss of SMAD2 did not affect KAP1 recruitment (Figure 3L), demonstrating a 

key role for KAP1 in facilitating SMAD2 recruitment to activate signal-regulated transcriptional 

programs. Importantly, C1 (SMAD2+), but not C2/C3 (SMAD2-), genes are occupied by SMAD2 

in HCT116 Ctrl, KO1, and parental cells (Figures S3L and S3M) confirming the SMAD2 ChIP 

data is specific. Additionally, loss of KAP1 in CRC cells does not decrease the cell-intrinsic 

TGF-β signaling that activates SMAD2 (Figure 3K), suggesting KAP1 regulates SMAD2 

function(s) on chromatin in both normal and cancer cells. 

Since SMAD2 depletion does not dampen KAP1 levels at C1 (SMAD2+) gene promoters, 

and because KAP1 is found in complex with Pol II and required for its promoter occupancy 

(Figures 2A–E), we predicted that SMAD2 would promote Pol II pause release rather than 

promoter recruitment. Supporting this model, while Pol II promoter-proximal levels remain 

constant at 3 of the 4 genes tested upon SMAD2 depletion, promoter-distal levels decrease (~2-

fold) at all 4 genes (Figure 3M), indicating SMAD2 mainly functions through a pause-release 

mechanism. 

Collectively, these data not only demonstrate that KAP1 interacts with, and assists in, 

SMAD2 recruitment to target gene promoters but also identify a previously uncharacterized role 

for SMAD2 in facilitating Pol II pause release in response to oncogenic signaling. 

 

The KAP1 Chromatin Reader Cassette Directly Recognizes Hypo-acetylated H4 Tails 

Since KAP1 occupies target gene promoters independently of SMAD2, we aimed at defining 

the mechanism of KAP1 promoter recruitment to coordinate establishment of promoter-bound 

Pol II and the SMAD2-mediated, CDK9-dependent switch to pause release. Intriguingly, the role 

of KAP1’s tandem plant homeodomain (PHD)-bromodomain (BD) cassette in chromatin binding 

and transcription activation has not been previously elucidated. Because PHD and BD domains 

in chromatin readers typically interact with histone tails, we asked whether the KAP1 PHD-BD 

does so directly to mediate gene activation (Allis and Jenuwein, 2016; Taverna et al., 2007). To 

test this idea, we performed in vitro pull-down assays with mono-nucleosomes and found that 

GST-tagged KAP1PHD-BD (Figure S4A), but not GST, indeed binds mono-nucleosomes (Figure 
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4A) and contacts the H4 tail with high specificity (Figure 4B). Furthermore, the PHD alone is 

sufficient for H4 recognition (Figures 4B and S4A). 

Histone tails are post-translationally modified to establish regulatory codes that facilitate or 

prevent factor-chromatin interactions (Allis and Jenuwein, 2016). Therefore, we next asked 

whether H4 tail residues that can be modified (Figure 4C) could function as a histone code to 

enhance and/or regulate KAP1 binding strength. Unexpectedly, we observed similar PHD-BD 

binding levels to H4 and hypo-acetylated H4 peptides containing a single acetylated Lys (K5, 

K8, K12, or K16), although binding to H4K5ac was ~30% lower, indicating KAP1 tolerates the 

presence of a single acetylated Lys (Figure 4D). However, H4 hyper-acetylation virtually 

abolished PHD-BD binding, consistent with the idea that the BD does not contain the required 

pocket typically involved in binding acetylated Lys in histone tails (e.g., in BRD4) (Jung et al., 

2014; Zeng et al., 2008), potentially indicating that it may not contribute to H4 binding. However, 

because the recombinant BD was unstable in solution, we were unable to assess if the BD 

alone bound hypo- or hyper-acetylated H4 peptides. 

H4 acetylation is strongly associated with gene activation (Allis and Jenuwein, 2016). Given 

the unexpected KAP1-binding mode to both unmodified and hypo-acetylated H4 tails, and 

because H4 may not be found unmodified at KAP1 target genes, we predicted that these 

promoters should contain some level of acetylation. Indeed, we found that H4K16ac, which is 

known to promote chromatin decompaction and transcriptional activation (Shogren-Knaak et al., 

2006), is present at KAP1 target gene promoters, while a non-expressed gene in HCT116 

(CD69) contains ~2-8–fold less (Figure 4E). These data further illustrate that even though H4 

hypo-acetylation alone does not increase KAP1’s binding affinity, KAP1 is still able to occupy 

gene promoters containing some level of H4 acetylation. 

PHDs often show increased affinity towards methylated Lys or Arg (Musselman et al., 2012). 

Surprisingly, we observed an ~70-100% decrease in PHD-BD binding to all methylated H4 

peptides including R3 mono- and di-methylation (symmetric and asymmetric) and K20 mono-, 

di-, tri-methylation (Figure 4F), indicating that KAP1 cannot accommodate any methyl marks on 

the H4 tail. These results are consistent with data suggesting that the KAP1 PHD is atypical 

given it lacks the aromatic cage required for methylated Lys recognition (Li et al., 2006; Pena et 

al., 2006). 

KAP1 belongs to the TIF1 protein family, which contains two additional members whose 

tandem PHD-BD domains recognize modified H3 peptides (TIF1 binds H3K4me0/K23ac and 

TIF1 binds H3K4me0/K9me3/K18ac (Agricola et al., 2011; Tsai et al., 2010; Xi et al., 2011)), 

and thus we asked whether KAP1 interacts with these marks. Consistent with the H4 tail binding 
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data, KAP1 did not interact with the marks recognized by TIF1 and TIF1 (Figures S4B-S4D); 

however, despite several attempts we could not reproduce the previously reported interaction 

between TIF1 and its H3 substrate. Consistent with these findings, residues required for 

TIF1’s (F979 and N980) and TIF1’s (W889 and E981) interaction with histone tails are either 

shifted or substituted with other residues in KAP1 PHD-BD (Figure S4E). These observations 

support the model that the KAP1 PHD-BD cassette interacts with histone tails in a unique way 

that is divergent from the binding mode of other TIF1 family members. 

 

Direct H4 Tail Binding is Necessary for KAP1 Promoter Occupancy and Target Gene 

Activation 

To further delineate the KAP1-H4 interaction, we titrated the H4 peptide to 15N-uniformly 

labeled KAP1PHD-BD and monitored chemical shift perturbations in the protein by NMR 

spectroscopy. Notably, we observed changes in backbone amides of several PHD residues 

(e.g., G661 and W664) (Figures 5A and 5B). Interestingly, using the previously determined 

KAP1PHD-BD structure (Zeng et al., 2008) and our NMR chemical shifts as restraints, we 

performed molecular dynamics (MD) simulations which predicted strong interactions between 

negatively charged residues (E662 and E663) in the PHD and several basic residues in the H4 

tail basic patch (R17-K20) (Figures 5C and S5A). Furthermore, after mapping the NMR 

chemical shift perturbations onto the predicted KAP1-H4 model, we found that the residues 

most perturbed in the NMR titration experiment (G661, W664, and S665) surround the residues 

(E662/E663) predicted to interact with H4 (Figure 5C), highlighting the importance of this region 

in the PHD for H4 tail recognition. Remarkably, the PHD predicted residues (N641, D658, E662, 

E663) are evolutionarily conserved among mammals, and one of them (E662) is identical to an 

evolutionary distant ortholog in Drosophila (Figure S5B), suggesting that the KAP1-chromatin 

interaction may be critical for KAP1 function across species. 

In light of the predicted KAP1-H4 binding model, we mutated E662/E663 to perform binding 

assays, and observed that the E662/3A mutation virtually abolished H4 peptide binding and 

largely (~80%) reduced KAP1’s ability to interact with mono-nucleosomes (Figures 5D, 5E, and 

S5C). Importantly, mutation of a control residue (L637) located in the flexible loop between the 

PHD and BD, which does not disrupt PHD folding (Capili et al., 2001), is not perturbed in the 

NMR titrations and is not predicted to interact with H4 (Figures 5B and 5C), retains H4 and 

mono-nucleosome binding activity (Figures 5D and 5E). Interestingly, the fact that E662/3A did 

not completely abolish mono-nucleosome binding suggests that there may be additional 
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contacts between KAP1 and other parts of the nucleosome (e.g., DNA) that contribute to 

KAP1’s binding specificity and/or affinity. 

To test whether the KAP1-H4 interaction is functionally linked to KAP1 target gene 

activation, we reconstituted KAP1-depleted cells with FLAG-tagged wild-type (WT) KAP1 and 

point mutants. Because the KO1 cells were highly resistant to plasmid DNA transfection 

compared to Ctrl cells (data not shown), we performed the reconstitution assays in HCT116 

cells stably expressing a short-hairpin RNA targeting the 3’-UTR of KAP1 (shKAP1) or a non-

targeting shRNA (shNT) as control (Figure 5F). Importantly, shKAP1 cells displayed both the 

expected growth defect (Figure 5G) and decreases in target gene expression (Figure 5H) 

consistent with phenotypic and genetic data upon KAP1 KO and acute KD (Figure 1), thus 

strongly indicating the shRNA system can be used for KAP1 reconstitution purposes to study 

KAP1 chromatin interactions and gene activation. 

Remarkably, and in agreement with the in vitro H4 peptide-binding assay, WT KAP1 and 

L637A, but not E662/3A, restored KAP1 target gene expression in shKAP1 cells (Figure 5H) 

signifying that KAP1 binding to histones is required for KAP1’s transcription activation function. 

Additionally, ChIP-qPCR assays revealed that WT KAP1 and L637A, but not E662/3A, localized 

to all tested gene promoters (Figure 5I), highlighting the importance of the KAP1-H4 interaction 

for KAP1 promoter occupancy and subsequent gene activation. 

Given the H4 interaction was required for both KAP1 promoter occupancy and gene 

activation, one possible model for KAP1-mediated maintenance of Pol II promoter levels 

(Figure 2A) would be that KAP1 binds chromatin to maintain the nucleosome-free region (NFR) 

around the gene TSS. To test this idea, we performed MNase-seq in Ctrl and KO1 cells and 

found that the NFR width (distance between nuc-1 to nuc+1) and nucleosome array spacing 

(nucleosome repeat length) at all downregulated genes did not apparently change upon KAP1 

loss, suggesting that promoter nucleosome positions remain virtually identical (Figures S5D-

S5I). The slight decrease (median ~20%) in nucleosome density at most downregulated genes 

in all three gene clusters (Figures S5G and S5I) does not explain decreased transcription given 

that this is a phenomenon also observed in most upregulated genes (data not shown). Thus, 

while the chromatin-binding activity tethers KAP1 to target promoters to stimulate gene 

transcription, this function does not appear to be required to maintain nucleosome positioning 

and promoter accessibility at target genes. These observations, along with the physical 

association between KAP1 and Pol II, and the decreased Pol II loading at target genes upon 

KAP1 loss, strongly suggest that KAP1’s chromatin reader activity regulates Pol II function. 
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Collectively, we have identified a previously uncharacterized function for the KAP1 

chromatin reader cassette, which tethers KAP1 to promoters through a direct interaction 

between its PHD and hypo-acetylated H4 tails, thereby facilitating KAP1-mediated 

transcriptional activation. While this data does not fully address how KAP1 promoter specificity 

is achieved, it does reveal an undescribed chromatin interaction that is critical for KAP1 to 

activate gene transcription through coordination of Pol II early and late steps in the transcription 

cycle. 

 

Upon Chromatin Binding KAP1 Scaffolds Pol II and Pause-release Factors at Select Gene 

Promoters Through Different Protein Domains 

In addition to the chromatin binding and target gene activation role of the C-terminal PHD-

BD cassette, KAP1 contains several domains that could engage in multivalent interactions 

including a RING E3 ubiquitin ligase domain (Doyle et al., 2010), two B-boxes and a coiled-coil 

(CC) required for protein-protein interactions and dimerization (Fonti et al., 2019; Peng et al., 

2000), a linker involved in heterochromatin protein (HP1) binding (Ryan et al., 1999) and the 

PHD-BD (Figure 6A). 

To test if KAP1 uses its modular organization to first bind chromatin and then engage in 

multivalent interactions with Pol II, SMAD2, and CDK9, we built FLAG-tagged KAP1 deletion 

constructs and performed co-IPs to identify the necessary binding surfaces. While WT KAP1 

associates with all three factors (Figure 6B), RB displays an ~80% and ~30% decrease in 

SMAD2 and Pol II binding, respectively, suggesting the RING–B-box domain is most critical for 

SMAD2 association and contributes to Pol II association. Intriguingly, ∆BD showed increased 

(~2-3–fold) SMAD2 interaction, indicating a possible regulatory role of the BD in preventing 

SMAD2 recognition or timing its recruitment to chromatin. Additionally, ∆RBCC could not 

interact with any of the three factors, suggesting the linker is the binding surface for Pol II and 

CDK9. Finally, in vitro Pol II binding assays with purified WT KAP1 and mutants further 

confirmed the inability of ∆RB and ∆RBCC to directly engage Pol II (Figures 6C, S6, and S2I). 

While the above data provided evidence of a domain-specific requirement for co-factor 

interaction, it did not inform about domain-specific function in gene activation. Reconstitution of 

KAP1 and deletions in shKAP1 cells (Figure 6D), revealed that KAP1 restored expression of all 

tested genes (~2-fold over GFP-expressing cells), while ∆PHD-BD and ∆PHD either completely 

(TGFB1I1 and PAM) or partially (PDGFC and AGPAT1) failed to restore target gene expression 

(Figure 6E), consistent with the newly identified role for the PHD in H4 tail binding. However, 

the ΔBD restored expression of 2 out of the 4 genes tested (PDGFC and AGPAT1), suggesting 
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that in some circumstances the BD is dispensable for KAP1 activation. Additionally, the ∆CC, 

∆RB, and ∆RBCC constructs failed to fully restore both C1 (SMAD2+) and C2/C3 (SMAD2-) 

gene expression (Figure 6E), consistent with the ∆RB and ∆RBCC’s inability to interact with Pol 

II and SMAD2 (Figure 6B). While ΔRB and ΔRBCC express ~35% less compared to KAP1 this 

does not appear to affect their promoter-bound levels at the tested target genes (Figure 6F).  

Consistent with the above data, ChIP-qPCR assays revealed that reconstituted KAP1 was 

able to localize to both C1 (SMAD2+) and C2/C3 (SMAD2-) gene promoters to facilitate 

recruitment of Pol II and CDK9 (Figure 6F). However, KAP1 only facilitated SMAD2 recruitment 

to C1 (SMAD2+) gene promoters, confirming C2/C3 (SMAD2-) genes are regulated in a 

SMAD2-independent manner. In contrast to KAP1, ∆PHD-BD displayed compromised promoter 

interaction at all genes tested (except for AGPAT1), thereby virtually abolishing promoter 

recruitment of Pol II, SMAD2, and CDK9, consistent with decreased gene activation and the 

PHD’s role in binding H4. Intriguingly, ∆RB was able to interact with gene promoters, due to the 

intact PHD-BD cassette, but at levels even higher (~2-10–fold) than KAP1, suggesting that the 

N-terminal domains (RING and/or B-boxes) could regulate KAP1 promoter occupancy; however, 

it did not facilitate Pol II nor SMAD2 promoter recruitment, consistent with compromised Pol II 

and SMAD2 binding as well as its decreased ability to activate gene expression. Finally, like 

∆RB, ∆RBCC was able to localize to all tested KAP1 target gene promoters above KAP1 levels; 

however, it failed to facilitate Pol II and CDK9 promoter recruitment, consistent with its inability 

to bind these factors and to activate gene expression. 

Collectively, KAP1 requires its direct chromatin binding activity to occupy target gene 

promoters and its multidomain organization to engage in multivalent factor interactions thereby 

coordinating the assembly of a pathway-specific TF complex to couple the establishment of 

promoter-bound Pol II and pause release. 

 

DISCUSSION 

Current models of transcriptional regulation posit that there are separate factors controlling 

Pol II promoter recruitment, establishment of pausing, and pause release (Bacon and D'Orso, 

2018; Buratowski, 2012; Chen et al., 2018; Rahl et al., 2010). Here we provide evidence that 

KAP1 links the establishment of Pol II promoter occupancy with pause release, a mechanism 

reminiscent of the extensive coupling of steps in the eukaryotic gene expression cycle (Maniatis 

and Reed, 2002). These results lead to an “integrated model” of transcriptional control. First, 

establishment of the nucleosome promoter landscape occurs in a KAP1-independent manner 

(Figure 7A). Second, KAP1 occupies target promoters through direct interactions between its 
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PHD and hypo-acetylated H4 tails (Figure 7B), then directly engages with, and facilitates, Pol II 

promoter recruitment and/or stabilizes promoter-engaged Pol II thereby establishing pausing 

(Figure 7C). KAP1 also tethers CDK9, presumably as part of the 7SK snRNP, suggesting Pol II 

and CDK9 recruitment to gene promoters may be temporally linked, consistent with previous 

findings (D'Orso and Frankel, 2010). Finally, KAP1 recruits SMAD2 in the presence of 

constitutive TGF-β signaling to induce selective CDK9-dependent pause release at SMAD2-

regulated genes (Figure 7D). 

Previous observations are consistent with the proposed “integrated model” including: (i) the 

block of new initiation by paused Pol II (Gressel et al., 2017; Shao and Zeitlinger, 2017), 

suggesting that pause release may augment initiation frequency to allow for the coordinated 

recruitment of additional Pol II molecules; (ii) the dynamic behavior of Pol II pausing, indicating 

that Pol II molecules recruited to a large proportion of promoters undergo abortive termination 

within minutes (Chen et al., 2015; Erickson et al., 2018; Shao and Zeitlinger, 2017); and (iii) the 

idea that Pol II promoter stability is decreased when pausing is not properly established 

(Henriques et al., 2013). Together, we envision KAP1 regulates a switch from Pol II promoter 

recruitment and/or establishment of transiently paused Pol II to pause release, thereby 

preventing premature termination, consistent with previous ideas (Core et al., 2012; Gilchrist et 

al., 2010; Gilchrist et al., 2008; Williams et al., 2015). 

In our “integrated model”, KAP1 pathway selectivity is initiated by cell-intrinsic events that 

culminate with the activity of the cognate, sequence-specific TF complex becoming activated in 

response to the signaling cascade. Consistent with our model, KAP1 maintains the tolerogenic 

potential of CD4+ T regulatory cells through interactions with the master regulator FOXP3 in 

response to unknown ligands (Tanaka et al., 2018), and helps translate a diverse range of 

physiologic inputs, such as pro-inflammatory cytokines (McNamara et al., 2016) and androgen 

receptor agonists (Fong et al., 2018), into select transcriptional outputs. 

Surprisingly, SMAD2 is dispensable for the early phases of the Pol II cycle (namely promoter 

recruitment and/or establishment of pausing) at least at the genes interrogated. These results 

were unanticipated given that SMAD2 was proposed to be required for Pol II promoter 

recruitment after nucleosome displacement and chromatin remodeling (Hill, 2016; Ross et al., 

2006). The indication that SMAD2 activates transcription combinatorially through lineage-

specific TFs to elicit select biological responses (David and Massague, 2018; Hill, 2016), 

suggests that these factors, in addition to KAP1, could be required to poise the promoter 

landscape for subsequent SMAD2 gene activation. 
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Strikingly, like KAP1, TIF1 interacts with and recruits SMAD2 to enhancers of key ES cell 

differentiation genes in response to nodal TGF-β signals (Xi et al., 2011). Given the discoveries 

that KAP1-SMAD2 and TIF1-SMAD2/3 cooperate for gene activation in different cell types (this 

study and Xi et al., 2011), and that KAP1-TIF1 associate (Herquel et al., 2011), it is likely that 

TIF1 family members cooperate in the normal regulation of SMAD2 target gene expression for 

controlling unknown physiologic responses and/or to favor tumor progression. The intrinsic 

dimerization property of TIF1 family members through their coiled-coil domain could thus 

represent a built-in mode to potentially assemble homo- or hetero-dimers (Peng et al., 2002) 

thereby expanding the functional repertoire by which these chromatin readers modulate target 

gene selectivity and/or to enable promoter-enhancer communication in response to physiologic 

and oncogenic signaling. 

The unique histone tail binding activity facilitates KAP1 occupancy at genomic loci thereby 

enabling target gene activation. While PHDs typically bind modified (e.g., methylated) H3 and 

H4 tails through aromatic cages and BDs recognize acetylated Lys pockets (Musselman et al., 

2012) to regulate unique functions, an acidic patch in KAP1’s PHD engages H4 with no 

apparent BD contributions, indicating that KAP1 is the first example of a PHD-containing 

chromatin reader stimulating transcription through the coupling of Pol II regulatory steps. 

Given that the interrogated H4 PTMs do not increase KAP1’s binding ability, we propose 

KAP1 may rely on other critical interactions to increase target gene specificity, such as 

recognition of unknown histone PTMs, additional heterotypic interactions within the same or 

different nucleosomes (Ruthenburg et al., 2011), with PIC components, sequence-specific TFs, 

and/or nucleic acids. The KAP1 chromatin reader domain tolerates hypo-acetylated H4 tails and 

co-occupies target gene promoters with H4K16ac, suggesting that the KAP1-H4 complex can 

potentially accommodate unknown H4 interactions to increase the combinatorial potential of 

much larger chromatin reader complexes that remain to be defined. Moreover, given the inability 

of KAP1 to bind hyper-acetylated H4, extensive acetylation may function as a switch from KAP1 

promoter binding to eviction, which may allow the recruitment of factors required for 

downstream functions. 

Besides directly interacting with chromatin, the KAP1PHD appears to function as an 

intramolecular E3 sumo ligase of the adjacent BD to enable gene repression (Ivanov et al., 

2007). However, given that the only known mutation that abolishes the sumo-ligase activity 

(C651A) also disrupts metal coordination, PHD folding, and obliterates H4 recognition (Figure 

S4F), further studies are required to uncouple these two functions to study their contribution to 

gene activation. 
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In addition to the future work proposed above, this study opens exciting avenues for other 

forthcoming investigations. It will be interesting: (i) to interrogate whether the atypical BD 

establishes additional heterotypic interactions; (ii) to determine the role(s) of the KAP1-HP1 

interaction for the various Pol II steps; and (iii) to investigate if KAP1 communicates with 

specialized PIC components as a way to control pathway-restrained program activation. 

Finally, it is possible that several other proteins/complexes use similar mechanisms to 

control the switch between Pol II initiation, stabilization at the pause site, and pause release. For 

example, the Mediator complex interacts with transcription initiation and elongation complexes 

to stimulate gene activation (Takahashi et al., 2011). Notably, our studies provide generalizable 

principles by which scaffolding factors orchestrate selective transcriptional programs through the 

coupling of Pol II regulatory steps to ensure the appropriate cellular responses. 
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FIGURE LEGENDS 

Figure 1. KAP1 Regulates the Growth and Transcriptional Output of Cancer Cells 

(A) Western blot verifying KAP1 KO. 

(B) Cell growth assay (cell counts ± SEM; n=3). 

(C) Colony formation assay (colonies ± SEM; n=3). 

(D) Western blot verifying KAP1 KD of cells of panel (E). 

(E) Cell growth assay (cell counts ± SEM; n=3). 

(F-G) Scatter plot of the differentially expressed genes (n=3, FDR<0.05). 

(H) Top: Differentially expressed genes identified in 4sU-seq/RNA-seq (FDR<0.05) overlaid with 

KAP1 promoter ChIP-seq peaks. Bottom: Heatmaps of KAP1 ChIP-seq signal over input. 

(I) Validation of KAP1 ChIP-seq promoter peaks by ChIP-qPCR (mean % Input ± SEM; n=3). 

(J) Genome browser tracks for select genes. 

 

Figure 2. Pol II Promoter Levels and Pause-release are Dependent on KAP1 

(A) Left: K-means clustered log2(KO1/Ctrl) heatmap of Pol II. Middle: Heatmaps of factor 

promoter occupancy. Right: Heatmap of 4sU-seq. ChIP-seq signal was normalized to 

Drosophila spike-ins. Individual clusters (C1 n=177, C2 n=98, C3 n=382) are sorted by 

decreasing Pol II occupancy. 

(B) Metagene plots (± 2 kb flanking regions) of Pol II at downregulated KAP1 target gene 

clusters. 

(C) STREP AP of ectopically expressed STREP-tagged KAP1 from HCT116 nuclear extracts.  

(D) Endogenous IP of KAP1 from HCT116 nuclear extracts.  

(E) In vitro binding assay between purified KAP1 and Pol II. 

(F) Empirical cumulative density function plots of Pol II PI at genes from each cluster. 

(G) Metagene plots (± 2 kb flanking regions) representing the log2(S2P/total) signal at genes 

from each cluster. 

(H) Empirical cumulative density function plots of log2(S2P/total) signal at genes from each 

cluster. 

(I) Genome browser tracks of ChIP-seq and 4sU-seq for genes from each cluster. 

(J) Western blot of CDK9 KD in HCT116. 

(K) RT-qPCR analysis after CDK9 KD (mean ± SEM; normalized to RPL19; n=3).  

(L) Western blots at different time points after Flavopiridol (FP) treatment. Pol II (RPB3). 
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(M) RT-qPCR analysis after FP treatment (mean expression relative to DMSO ± SEM; 

normalized to U6; n=3).  

 

Figure 3. KAP1 Recruits a Pathway Specific Factor to Stimulate Pol II Pause-release  

(A–C) KEGG pathway analysis for the three gene clusters. Pathways with P<0.01 are shown. 

(D) Enriched SMAD2 DNA motifs in promoter regions for C1 genes. 

(E) Western blot validating KD efficiency in HCT116. 

(F) Expression levels of genes after RNAi in HCT116 (mean expression relative to siNT ± SEM; 

normalized to RPL19; n=3). 

(G) STREP AP of ectopically expressed STREP-tagged KAP1 (same AP from Figure 2C) 

(H) FLAG IP of ectopically expressed FLAG-tagged SMAD2 from HCT116 nuclear extract. 

(I) Endogenous IP of SMAD2 from HCT116 nuclear extracts. *IgG. 

(J) ChIP-qPCR of SMAD2 at the indicated gene promoters (mean ± SEM; n=3). 

(K) Western blots of the indicated factors. 

(L) ChIP-qPCR of KAP1 at the indicated gene promoters (mean ± SEM; n=2). 

(M) ChIP-qPCR of Pol II at the indicated gene regions (mean ± SEM; n=2). 

 

Figure 4. The KAP1 Chromatin Reader Cassette Directly Recognizes Hypo-acetylated H4 

Tails 

(A-B) In vitro binding assay between recombinant proteins and (A) biotinylated mono-

nucleosomes or (B) biotinylated histone peptides. 

(C) H4 tail sequence with commonly modified residues highlighted. 

(D) In vitro binding assay between recombinant proteins and acetylated H4 peptides.  

(E) ChIP-qPCR of H4K16ac in HCT116 (mean ± SEM; n=3). 

(F) In vitro binding assay between recombinant proteins and methylated H4 histone peptides. 

For panels (D) and (F) quantifications relative to unmodified H4 are shown. All western blots 

were probed with anti-GST. 

 

Figure 5. Direct H4 Tail Binding is Necessary for KAP1 Promoter Occupancy and Target 

Gene Activation 

(A) The 1H, 15N HSQC spectra of KAP1PHD-BD collected upon titration with H4 peptide. Inset 

shows residues displaying chemical shifts. Spectra are color-coded according to the PHD-

BD:H4 molar ratio. 
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(B) Histogram showing chemical shift perturbations. Vertical grey bars indicate Pro and 

unmapped residues. The dash line indicates a threshold value of average + 3×SD. Chemical 

shift assignments of the apo-PHD-BD state were from BMRB (ID 11036). 

(C) Left: Predicted model depicting the frequency of residue specific contacts between KAP1PHD 

and H4 in the production run of the MD simulations using backbone amide resonances in panel 

(A) as restraints. Middle: Residues exhibiting H4-induced resonance perturbations above 

threshold are mapped in orange onto the structure of the predicted complex. Right: The 

electrostatic surface potential of the predicted complex is colored blue and red for positive and 

negative charges, respectively. 

(D-E) In vitro binding assay between recombinant proteins and (D) H4 peptide or (E) 

biotinylated mono-nucleosomes. Western blots probed with anti-GST. Quantitation relative to 

WT KAP1 of (E) are shown. 

(F) Western blot of KAP1 proteins in the indicated HCT116 cell lines. 

(G) Cell growth assay (cell counts ± SEM; n=3). 

(H) RT-qPCR of KAP1 target genes after reconstitution of the indicated proteins in shKAP1 

HCT116 (mean expression relative to shNT+GFP ± SEM; normalized to RPL19; n=3). 

(I) FLAG ChIP-qPCR of the indicated proteins at KAP1 target gene promoters (mean % Input 

DNA ± SEM; n=3). 

 

Figure 6. The KAP1 Chromatin Reader Function is Necessary to Scaffold Pol II and 

Pause-release Factors at Promoters Through Different Protein Domains 

(A) FLAG-tagged KAP1 constructs. 

(B) Co-IP of FLAG-tagged KAP1 constructs from HCT116 nuclear extracts. 

(C) In vitro binding assay between core Pol II and KAP1 constructs. Pol II (RPB1). 

(D) Expression of FLAG-tagged KAP1 constructs in shKAP1 HCT116. Note that N-terminal 

deletion constructs are not recognized by the KAP1 antibody. 

(E) Expression levels of KAP1 target genes after reconstitution of HCT116 shKAP1 cells with 

KAP1 constructs (mean expression relative to shNT+GFP ± SEM; normalized to RPL19; n=3). 

(F) ChIP-qPCR of the indicated factors at KAP1 target gene promoters after reconstitution of 

shKAP1 HCT116 with the indicated constructs (mean % Input DNA ± SEM; n=3). 

 

Figure 7. KAP1 Couples Establishment of Pol II Promoter Levels with Pause-release to 

Sustain Oncogenic Transcriptional Programs 

(A) Establishment of the NFR around promoters. 
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(B) KAP1 is tethered to gene promoters through direct interactions with the hypo-acetylated H4 

tail. Specific promoter recognition may occur through yet unknown interactions with other TFs 

such as PIC subunits. See Discussion for complete details. 

(C) Upon promoter binding, KAP1 directly stimulates Pol II recruitment and/or pausing and 

tethers 7SK-bound CDK9. 

(D) In response to cognate signals (TGF-β), KAP1 recruits a pathway-specific TF (SMAD2) to 

select gene promoters thereby promoting CDK9 activation and Pol II pause-release. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Cell Culture 

HCT116 parental (male colorectal carcinoma), HEK 293T (embryonic kidney cells, gender 

unknown), and MCF7 (female breast adenocarcinoma) cell lines were obtained from the 

American Type Culture Collection. HCT116 and 293T cells were cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (HyClone, SH30022.FS) supplemented with 10% Fetal Bovine Serum 

(FBS) (Millipore Sigma, H9268) and 1% Penicillin/Streptomycin (MP Biomedicals, 091670049). 

MCF7 cells were cultured in Minimum Essential Medium (MEM) supplemented with 10% FBS, 

1% Penicillin/Streptomycin, and 0.01 mg/mL of insulin from bovine pancreas (Sigma-Aldrich, 

I6634). HCT116, HEK293T, and MCF7 cells were grown at 37°C with 5% CO2 at an optimal 

density of 1 x 106 cells/mL. Cells were cultured for 20 passages and then discarded. HCEC 1CT 

cells were cultured in Primaria flasks (Fisher Scientific, #08-772-45) in basal X media (4 parts of 

DMEM to 1 part of Medium 199, (HyClone, SH30253.01)) supplemented with 25 ng/mL EGF 

(PeproTech, AF-100-15), 1 µg/mL hydrocortisone (Sigma, H4001), 10 µg/mL insulin (Sigma, 

I6634), 2 µg/mL Apo-transferrin (Sigma, T1147), 5 nM sodium selenite (Sigma, S5261), 2% 

cosmic calf serum (HyClone, SH3008703), and 50 µg/mL gentamicin sulfate (Gemini Bio-

Products, 400-108), as previously described (Roig et al., 2010). HCEC cells were incubated in 

2% oxygen and 7% carbon dioxide as previously described (Wright and Shay, 2006).   

 

Bacterial Strains 

DH5, STBL3, and BL21 cells were obtained from Thermo Fisher, stored at -80°C, grown in 

Luria Broth (LB) media at 37°C, and used to propagate plasmid DNAs. 

 

METHOD DETAILS 

Western Blot 

All western blots were transferred on 0.45 µM nitrocellulose membranes (Bio-Rad, #1620115) 

using the Bio-Rad Trans-Blot Turbo Transfer System, blocked for 1 hr in 5% Milk + Tris-buffered 

saline-Tween-20 (TBS-T), probed with primary antibody in 5% non-fat dry milk + TBS-T. The 

primary antibody concentration and time of incubation is indicated below in the specific method 

that each antibody was used. Unless otherwise noted, all blots were also probed with either α-

mouse-HRP (Cell Signaling Technology, #7076) or α-rabbit-HRP (Cell Signaling Technology, 

#7074) secondary antibody in 5% non-fat dry milk TBS-T at 1:10,000 antibody dilution for 30 

min. Blots were exposed using Clarity Western ECL (Bio-Rad, 1705061). All western blot 

images were acquired using the Chemidoc (Bio-Rad). 
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RT-qPCR  

RNA was extracted from mammalian cells using the Zymo Quick-RNA MiniPrep Kit (Zymo 

Research, R1055). RNA was quantified using the DeNovix DS-II FX+ Spectrophotometer. 2 µg 

of total RNA was incubated with 2.5 µM Oligo dT(18) and 0.5 mM dNTP mix (NEB, N0447L) for 5 

min at 70°C. Samples were spun down and immediately placed on ice for 2 min. Next, 1X M-

MuLV Reverse Transcriptase buffer (NEB, M02553L) and 10 U/µL of M-MuLV Reverse 

Transcriptase (NEB, M02553L) was added to each sample and incubated at 42°C for 1 hr. The 

reaction was inactivated at 70°C for 10 min and samples were then diluted 1:5 with H2O. For 

qPCR, 5 µL SYBR Green, 1 µL of each primer (10 µM stock), 0.5 µL of cDNA, and 3.5 µL of 

H2O was used for each per well in a 96-well plate. Samples were amplified 40 cycles using the 

Applied Biosystems 7500 Fast Real-Time PCR System. All primers used for qPCR analysis are 

listed in Table S6. 

 

Generation of KO Cell Lines with CRISPR-Cas9 

gRNAs targeting exon 1 of KAP1 with BsmB1 overhangs (Table S6) were designed using the 

CRISPR Design Tool created by the Zhang Lab (http://crispr.mit.edu/) and obtained from 

Sigma-Aldrich. The lentiCRISPRv2 plasmid encoding SpCas9 (Addgene, 52961) was digested 

with BsmB1 (NEB, R0580) and the annealed oligos were then inserted by ligation using Quick 

Ligase (NEB, M2200). The ligated products were then transformed into Stbl3 E. coli and 

plasmids isolated using the Plasmid MiniPrep Kit (Qiagen, 27104). The plasmids containing the 

gRNAs were verified by sequencing at the UTSW McDermott Sanger Sequencing Core. HEK 

293T were transfected with either the lentiCRISPRv2 containing only Cas9 (Ctrl) or the gRNA-

containing lentiCRISPRv2 vectors along with gag/pol (pSPAX, Addgene, 12260) and VSV-G 

(pMD2.G, Addgene, 12259) for expression of competent lentiviruses. Cell supernatants were 

collected two days post-transfection. Viral transduction was performed by spinoculation using 

2x105 cells, 200 L of lentivirus at a concentration of 84 ng/mL, 8 ug/mL polybrene 

(Hexadimethrine Bromide) (Millipore Sigma, H9268), and serum-free DMEM to a final volume of 

500 L at 18°C for 2 hr at 400 g. Transduced cells were selected with puromycin (1 mg/mL) for 

3 days post-infection. After puromycin selection, cells were single cell sorted by FACs at the 

UTSW Flow Cytometry Core into 96-well plates with 100 L of DMEM + 20% FBS. Cells were 

expanded to 48-well plates and harvested to confirm KAP1 KO by western blot. Blots were 

probed with anti-KAP1 (Abcam #Ab22553, 1:5000 dilution) and Rhodamine conjugated anti-

Actin (Bio-Rad #12004166, 1:10,000 dilution) for 1 hr. Blots were then probed for 30 min and 

http://crispr.mit.edu/
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exposed with secondary anti-mouse Starbright Blue 700 (Bio-Rad, #12004159, 1:10,000 

dilution). Two clones (KO1 and KO2) were selected for RNA-seq analysis (see RNA-seq). RNA-

seq alignment files confirmed a 7-bp deletion in the KO1 cell line and a single C insertion in the 

KO2 cell line. Both mutations result in a frame shift and creation of an early stop codon (see 

Figure S1). 

 

Cell Growth Assay 

For growth assays using CRISPR-Cas9–depleted and shRNA-silenced KAP1, 100,000 cells 

were seeded in triplicate into 12-well plates at day 0. Every 24 hr, cells were trypsinized and 

then counted using a hemocytometer. For growth assays using siRNAs, 200,000 cells were 

seeded in triplicate into 6-well plates for 24 hr and then transfected with siNT or siRNA targeting 

KAP1 as described below (siRNA Knockdown). This was considered day 0. Cells were then 

trypsinized and counted at days 2 and 3 using a hemocytometer. Western blots for siNT and 

siKAP1 treated cells were probed with anti-KAP1 (1:5000 dilution) and Rhodamine conjugated 

anti-Actin (1:10,000 dilution) for 1 hr. Blots were then probed with secondary anti-mouse 

Starbright Blue 700 (1:10,000 dilution) for 30 min and exposed with Clarity Western ECL. 

 

Colony Formation Assay 

For foci assays, 300 HCT116 Ctrl, KO1, and KO2 cells were plated in 6-well plates and 

incubated in DMEM supplemented with 10% FBS and 1% Penicillin/Streptomycin for 8 days. 

After the 8-day incubation, cells were washed 1X with PBS, fixed with 2% paraformaldehyde for 

10 min at room temperature, washed 1X with PBS, and stained with 0.5% crystal violet. 

Colonies were counted manually. Images were acquired using the Chemidoc system (Bio-Rad). 

 

4sU-seq 

The same number of cells (HCT116 Ctrl and KO1) was seeded into 3x10 cm plates per 

biological replicate. An extra plate was grown for each condition and counted. Samples were 

then normalized to cell count for the remainder of the experiment. Cells were pulsed with DMEM 

(10% FBS, 1% Penicillin/Streptomycin) + 500 µM 4-thio Uridine (4sU) (Sigma-Aldrich, T4509). 

At the 9 min mark, the DMEM + 4sU media was removed and cells were washed one time with 

1X phosphor-buffered saline (PBS). The PBS was removed, and cells were lysed on-plate with 

1 mL of TRizol (Thermo Fisher Scientific, 15596026). Nucleic acid was extracted by adding 200 

µL chloroform followed by centrifugation at 12,000 g for 15 min at 4°C. The aqueous layer was 

transferred to new tubes and nucleic acid precipitated by adding 1.5 mL of EtOH and incubating 
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at room temperature for 10 min. Precipitated material was collected by centrifugation at 12,000 

g for 10 min at 4°C, followed by one wash with 1 mL of 100% EtOH, and re-centrifugation. 

Pellets were dried and resuspended in 300 µL of RNAse-free water. Samples were DNase 

treated with 2 U/uL of DNase (NEB, M0303) for 15 min at room temperature and then extracted 

with acid-phenol:chloroform pH 4.5 (Thermo Fisher Scientific, AM9720) followed by an 

additional chloroform (Fisher Scientific, C606SK-1) extraction. RNA was precipitated with 1/10 

volume of NaCl (5M), 1 µL glycoblue, and 2.5 volumes of 100% EtOH. RNA pellets were 

washed with 1 mL of 75% EtOH and air-dried. RNA pellets (~300 µg) were then resuspended in 

RNase-free water to a final concentration of 0.4 mg/mL. A separate aqueous master mix (20 

mM NaOAC pH 5.2, 1 mM EDTA pH 8.0, 0.1% SDS) was added to the diluted RNA mix 

followed by the addition of 0.2 mg/mL Biotin-HPDP (Thermo Fisher Scientific, 21341) in 100% 

dimethylformamide (Acros Organics, 279600010). The biotinylation reaction was incubated at 

room temperature for 2 hr followed by acid-phenol:chloroform extraction. Biotinylated RNA 

pellets were resuspended in 500 µL RPBS (10 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8.0, 300 

mM NaCl). Dynabeads MyOne Streptavidin T1 (200 uL/sample; Thermo Fisher Scientific, 

65601) were blocked at room temperature in beads wash buffer + 1% polyvinylpyrrolidone 

(Fisher Scientific, BP431) for 10 min. After blocking, beads were washed 1X with 1 mL beads 

wash buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8.0, 50 mM NaCl) and then resuspended 

in RPBS. Biotinylated, 4sU RNA was denatured at 65°C for 5 min and then placed on ice for 2 

min. 200 µL of blocked beads were added to each sample and incubated for 30 min with 

rotation at room temperature. Beads were washed 5X with 4sU wash buffer (10 mM Tris-HCl pH 

7.5, 1 mM EDTA pH 8.0, 1 M NaCl, 0.1% Tween-20). Biotinylated, 4sU-RNA was eluted from 

beads 2 times in 75 µL of 0.1 M DTT for 15 min at room temperature with rotation, giving a final 

elution volume of 150 µL. 4sU-RNA was further purified and concentrated using the Zymo RNA 

Clean and Concentrator Kit (Zymo Research, R1013). RNA concentration was measured using 

the Qubit RNA HS assay (Thermo Fisher Scientific, Q32852) and quality was determined using 

the Agilent Tapestation RNA ScreenTape (Agilent, 5067-5576). The KAPA Stranded RNA-seq 

kit with RiboErase (HMR) (KAPA Biosystems, KK8483) was used to prepare sequencing 

libraries according to manufacturer’s instructions. Briefly, equal amounts of ERCC spike-ins 

(Thermo Fisher Scientific, 4456740) were added to Ctrl and KO1 samples according to the 

manufacturer’s instructions. Libraries were rRNA depleted followed by DNase treatment. RNA 

was fragmented and primed followed by first strand cDNA synthesis. Second strand synthesis 

was then performed with the incorporation of dUTP. Libraries were then A-tailed and ligated with 

Illumina Adapters (NEB, E7335L). After adapter ligation, samples were PCR amplified using 
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Illumina indexed primers (NEB, E7335L) for 12 cycles. Size distribution and quality of libraries 

was determined using the Agilent Tapestation DNA ScreenTape (Agilent, 5067-5582). Libraries 

were quantified using the Qubit dsDNA HS Assay (Thermo Fisher Scientific, Q32851), 

submitted to the McDermott Center Sequencing Core at UTSW, and sequenced on the NextSeq 

500 (Illumina) with 75-nt paired-end sequencing reads per sample. 

 

RNA-seq 

The same number of cells (HCT116 Ctrl, KO1, and KO2) were seeded into 1 well of a 6-well 

plate per biological replicate. An extra well was grown for each condition and counted. Samples 

were then normalized to cell count for the remainder of the experiment. RNA was extracted from 

HCT116 Ctrl, KO1, and KO2 cell lines in biological triplicates using the Zymo Quick-RNA 

MiniPrep Kit (Zymo Research, R1055). RNA concentration and quality were determined as 

described for 4sU-seq. 1 µg of total RNA was used to prepare and sequence whole 

transcriptome sequencing libraries as described for 4sU-seq. ERCC spike-ins were only added 

to the Ctrl and KO1 cell lines. 

 

ChIP-qPCR and ChIP-seq 

HCT116 Ctrl and KO1 cells were plated on one 15 cm plate per ChIP and grown to 90% 

confluency, yielding ~20x106 cells per plate. Cells were crosslinked on plate with 0.5% 

methanol-free formaldehyde (Thermo Fisher Scientific, 28908) added directly to the media at 

room temperature for 10 min with slow rotation. Crosslinking was quenched by adding glycine to 

a final concentration of 150 mM directly to the plate and incubating 5 min at room temperature 

with rotation. Media was removed and cells washed on plate 1 time with cold 1X PBS. Cells 

were then scraped off the plate and counted. Cells were pelleted at 1000 g for 5 min at 4°C and 

then washed one time with PBS and pelleted. Cells were resuspended to a final concentration 

of 10x106 cells/mL in Farnham Lysis Buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP-40, 1 

mM PMSF, Protease Inhibitor Tablet (Millipore Sigma, 4693159001)). Supernatant was 

removed and nuclei were resuspended to a final concentration of 25x106 nuclei/mL in Szak’s 

RIPA Buffer (50 mM Tris-HCl pH 8.0, 1% NP-40, 150 mM NaCl, 0.5% Na Deoxycholate, 0.1% 

SDS, 2.5 mM EDTA, 1 mM PMSF, and Protease Inhibitor Tablet). Chromatin was sheared to a 

range of 200-500-bp by sonicating for 45 cycles (30 sec on, 30 sec off) on a Bioruptor UCD-300 

water bath (Diagenode) set at high power. To reduce background, sheared chromatin was pre-

cleared by incubating with 50 µL of Szak’s RIPA equilibrated Protein G Dynabeads (Thermo 

Fisher Scientific, 10003D). For immunoprecipitation of ChIP-seq samples, 100 µL of Protein G 
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Dynabeads were equilibrated with 1X PBS+0.05% Tween-20 and resuspended to a final volume 

of 250 µL per ChIP. For ChIP-qPCR samples, 50 µL of Protein G Dynabeads was used. 5 µg of 

Pol II (anti-RPB3 (Millipore, #ABE999)) and anti-SMAD2 (Thermo Fisher Scientific #PA5-29237) 

antibody and 10 µg of all other antibodies was then added to each tube (see Key Resources 

Table for antibody catalogue numbers). Note that two different CDK9 antibodies were used for 

sequencing (For Replicate 1: Santa Cruz Biotechnology #Sc-484 (C-20) and For Replicate 2: 

Abcam #ab236045) due to the C-20 antibody being discontinued while completing these 

studies. Each antibody was conjugated to the Protein G Dynabeads in 1X PBS + 0.05% Tween-

20 for 1 hr at 4°C with rotation. For samples that were sequenced an additional 2.5 µg of 

antibody specific for Drosophila H2Av (Active Motif, 61686) was added to each tube, allowing 

for specific enrichment of Drosophila H2Av from spike-ins chromatin and normalization of data 

to Drosophila spike-ins (see NGS Data Analysis). Beads were then washed 1 time with 1X 

PBS + Tween-20 and 2 times with Szak’s RIPA Buffer. Antibody bound beads then blocked in 

Szak’s RIPA Buffer + 5% BSA for 1 hr at 4°C with rotation. Pre-cleared sheared chromatin was 

then added to beads and incubated overnight at 4°C with rotation. For samples that were 

sequenced, 50 ng of Drosophila spike-ins chromatin (Active Motif, 53083) was added to each 

sample. Beads from each sample were washed 2 times with 1 mL of Szak’s RIPA Buffer, Low 

Salt Buffer (0.1% SDS, 1% NP-40, 2 mM EDTA, 20 mM Tris-HCl pH 8.0, 150 mM NaCl), High 

Salt Buffer (same as low salt but with 500 mM NaCl), LiCl buffer (250 mM LiCl, 1% NP-40, 1% 

sodium deoxycholate, 1 mM EDTA, 20 mM Tris-HCl pH 8.0), and TE Buffer (10 mM Tris-HCl pH 

8.0, 1 mM EDTA). For anti-FLAG ChIP-qPCR samples were washed 4 times with each buffer to 

further reduce background. Samples were eluted from beads in 100 µL of elution buffer (100 

mM NaHCO3, 1% SDS) for 30 min at 65°C while vortexing every 5 min. Eluents were 

transferred to new tubes and de-crosslinked for 4 hr at 65°C with an equal volume of de-

crosslinking buffer (500 mM NaCl, 2 mM EDTA, 20 mM Tris-HCl pH 6.8, 0.5 mg/mL Proteinase 

K (Millipore Sigma, 3115879001)). ChIP DNA was purified and concentrated with the Zymo 

ChIP DNA Clean & Concentrator (Zymo Research, D5201). DNA was either sequenced (for 

ChIP-seq) or analyzed by qPCR (for ChIP-qPCR). For samples that were sequenced, libraries 

were prepared using the KAPA Hyper Prep Kit (KAPA Biosystems, KK8502) according to the 

manufacturer’s instructions. Libraries were quantified, and quality was ensured as described 

above for 4sU-seq. Samples were submitted to the McDermott Center Sequencing Core at 

UTSW and sequenced on the NextSeq 500 (Illumina) with 75-nt paired-end sequencing reads 

per sample. For qPCR, 10 µL SYBR Green (Thermo Fisher Scientific, 4385612), 0.5 µL of each 

primer (10 µM stock), 0.5 µL (out of 20 µL total) of ChIP DNA, and 8.5 µL of H2O was used per 
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well in a 96-well plate in triplicate. Samples were amplified 40 cycles using the Applied 

Biosystems 7500 Fast Real-Time PCR System. The ChIP-qPCR data was normalized using the 

“Percent Input Method”, which includes normalization for background and Input chromatin used 

for each ChIP. ChIP signals were divided by signals obtained from the Input sample (5% 

starting chromatin), which signifies the amount of chromatin used per ChIP. Values represent 

the percentage (%) of input DNA immunoprecipitated (IP DNA) and are the average of two to 

three independent experiments. Primers used for qPCR analysis are listed in Table S6. 

 

KAP1 and Pol II In vitro Binding Assay 

STREP-tagged KAP1ΔRB and KAP1ΔRBCC were expressed as described below in the 

Nuclear Lysate Preparation and Affinity Purification (AP) section. STREP-tagged WT KAP1 

was expressed using the 293 T-REx system. Briefly, the 293 T-REx cells (Thermo Fisher) were 

transfected with 1 μg of Ssp1-linearized pcDNA4/TO STREP-tagged KAP1 vector using Polyjet. 

Positive clones were selected with 10 μg/mL Blasticidin and 100 μg/mL Zeocin. To induce 

protein expression, the stable cell lines were treated with 1 μg/mL Doxycycline Hydrochloride 

(Fisher Scientific, BP2653-1) for 48 hr. Cells expressing WT and mutant proteins were then 

harvested and washed two times with 5X packed cell volume (PCV) of PBS. Cells were then 

resuspended in 5X PCV of modified passive lysis buffer (mPLB; 50 mM Tris-HCl pH 7.5, 150 

mM NaCl, 0.5% NP-40, 5% Glycerol, 1 mM EDTA, 2 mM MgCl2, 1 mM PMSF, 1X protease 

inhibitor tablets (Roche), and 1X PhosStop tablets) and nutated for 30 min at 4°C. CaCl2 was 

then added to a final volume of 2 mM, along with 2,000 U of MNase, and samples were 

incubated for 15 min at room temperature to facilitate release of the chromatin fraction. Samples 

were centrifuged at 8,000 rpm for 10 min at 4°C. Protein lysates were then transferred to a new 

1.5 mL tube. 75 μL of 50% StrepTactin agarose (IBA Life Sciences, 2-1201-010) pre-

equilibrated with mPLB was added to samples. Samples were then nutated for 2 hr at 4°C. 

Samples were then washed 4X with 1 mL of mPLB + 750 mM NaCl and 4X with 1 mL of mPLB 

+ 250 mM NaCl. Proteins were eluted from beads twice in 100 uL of Strep elution buffer with 

Desthiobiotin (IBA Life Sciences, 2-1000-025). RNA polymerase II (Pol II) was purified from 

hRPB9-FLAG nuclear extract as previously described (Kershnar et al., 1998).  M2-agarose 

immobilized with FLAG-tagged Pol II (200 ng) or blocked with BSA was incubated with 3 µg of 

purified STREP-tagged KAP1 (WT or mutants) in 200 µL of BC100 (Kershnar et al., 1998) at 

4°C for 12 hr. After three BC100 washes, protein-bound beads (20%) along with KAP1 input (5 

ng) were analyzed on 4-15% Tris-HCl/SDS gradient gels and probed by western blotting with 
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anti-Pol II (RPB1 or RPB3) and anti-STREP antibodies. Note that 0.1% Input and 20% elution 

used for western blot with STREP or RPB1 antibodies. 

 

Doxycycline Inducible shRNA Knockdown 

shCDK9 (Sigma, TRCN0000000494) oligos were annealed by mixing 11.25 L of each oligo 

(Top and Bottom) with 2.5 L of 10X annealing buffer (1M NaCl, 100mM Tris-HCl, pH 7.5) in a 

tube and heated at 95°C for 5 min followed by cooling down to room temperature. The annealed 

oligo mixture was diluted in 0.5X annealing buffer at 1:400 (1 L in 399ul 0.5X buffer) and 

cloned into pLKO-Tet-On vector (Addgene, 21915) using the 5’-AgeI and 3’-EcoRI restriction 

sites. The pLKO-Tet-On vector with CDK9 shRNA and one encoding scrambled shRNA 

(Addgene, 47541) was transfected along with gag/pol (pSPAX) and VSV-G (pDM2) into HEK 

293T cells for expression of competent lentiviruses. To concentrate the lentiviruses, cell 

supernatants were collected two days post-transfection and subjected to ultracentrifugation at 

25000 RPM for 90 min at 4°C. The viral pellet was resuspended in 1X resuspension buffer (100 

mM NaCl + 10 mM HEPES pH 7.4) and incubated overnight at 4°C. Viral transduction was done 

by spinoculation using 1x105 HCT116 cells, 10 µg/mL polybrene, and unsupplemented DMEM 

to a final volume of 300 L at room temperature for 2 hr at 400 g.  Infected cells were selected 

with 1 µg/mL puromycin for 3 days post-infection. Knockdowns were generated by inducing the 

shRNA using 4x105 puromycin-selected cells, 1 µg/mL of doxycycline hydrochloride and 

incubated for 4 days. Knockdown efficiency was determined through standard western blot and 

RT-qPCR. For western blots, 1:1000 dilution of anti-CDK9 (D-7) (Santa Cruz Biotechnology, 

#sc-484) and 1:10,000 dilution of anti-Rhodamine Actin (Bio-Rad, #12004166) was used.  

 

FP Treatment  

1x106 HCT116 cells were seeded into 6-well plates and incubated overnight at 37°C to achieve 

~70% confluency. A time course was conducted (0, 1, 2, 4, 8, 16 hr) using 1 M Flavopiridol 

(Millipore Sigma, F3055) and DMSO (Acros Organics, 61042-0010) as vehicle control to 

determine the CDK9 inhibition efficiency by blotting for Pol II Ser2 CTD phosphorylation and 

RPB3 (1:5000 dilutions of both primary anti-RNA Pol II CTD phospho Ser2 (Millipore, #04-1571) 

and anti-RPB3 were used). RNA was extracted from control, 2 and 4 hr treatments and RT-

qPCR was performed. 

 

MNase-seq 
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HCT116 Ctrl and KO1 cells were crosslinked with 0.5% methanol-free formaldehyde for 10 min 

and reaction was quenched for 5 min with 150 mM glycine before harvesting. Cells were 

washed twice with PBS buffer and nuclei were gathered by lysing the cells in Farnham’s lysis 

buffer (5 mM PIPES pH 8.0, 85 mM KCl and 0.5% NP-40 freshly supplemented with 1 mM 

PMSF and EDTA free-Protease inhibitor cocktail). Nuclei were washed once with cold MNase 

buffer (20 mM Tris-HCl pH 7.5,15 mM NaCl, 60 mM KCl, 2 mM CaCl2) and resuspended in 

MNase buffer with concentration of 10x106 cells/mL before digestion. Micrococcal nuclease 

(NEB, M0247S) digestion was performed (240 U/106 cells in 500 µL of MNase buffer) at 37C to 

achieve 80% mono-nucleosomes populations and reaction was stopped with 10 mM EDTA, 20 

mM EGTA, and 0.4% SDS solution. Samples were centrifuged for 5 min at 14,000 rpm, 

supernatants were collected and reverse crosslinked in de-crosslinking buffer (20 mM Tris-HCl 

pH 6.8, 500 mM NaCl, 2mM EDTA, and 0.5 mg/mL Proteinase K) overnight at 65°C. Following 

phenol-chloroform extraction and ethanol precipitation, DNA samples were run on 1.5% agarose 

gel and fragments of ~150 bp size were excised and purified. Libraries were quantified, 

prepared, and sequenced as described for ChIP-seq except the MNase libraries were not size 

selected. Libraries were deep sequenced with 75-bp bases paired-end on a HiSeq 2000 

(Illumina) platform with >200 million reads per sample.  

 

Nuclear Lysate Preparation and Affinity Purification (AP) 

HCT116 cells were grown to ~60% confluency in 2x10 cm plates per AP the day before 

transfection. 7 µg of plasmid DNA encoding tagged proteins of interest were transfected into 

cells by first complexing the DNA with 21 µL of PolyJet reagent (SignaGen, SL100688) in 1 mL 

of serum-free DMEM for 10 min at room temperature. The DNA:PolyJet mix was then added 

dropwise to cells in 5 mL of complete tissue culture media. Cells were incubated for 5 hr at 37°C 

with 5% CO2 and then media was replaced with 10 mL of fresh DMEM (10% FBS, 1% 

Penicillin/Streptomycin). Cells were then incubated 48 hr at 37°C with 5% CO2 and harvested by 

scraping and pelleting at 3000 rpm for 5 min at 4°C. Cell pellets were washed twice with 1 mL of 

cold PBS. Cell pellets were quickly resuspended in 5X packed cell volume (PCV) of cold Buffer 

A (10 mM HEPES pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.2 mM PMSF, 1X protease inhibitor 

tablet) and centrifuged at 3000 rpm for 2 min at 4°C. Cells were then resuspended in 3X PCV of 

Buffer A and allowed to swell on ice for 10 min. Cells were further lysed by passing through a 

27-gauge needle (BD Biosciences, 305109) 20 times. ~90% plasma membrane lysis was 

confirmed by trypan blue staining (Corning, 25-900-CI). Nuclei were pelleted by centrifugation at 

4000 rpm for 15 min at 4°C. The 100,000 g soluble fraction (S-100) was removed and nuclei 
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were resuspended in 1 packed nuclear volume (PNV) of low salt buffer C (10 mM HEPES pH 

7.9, 1.5 mM MgCl2, 25% glycerol, 200 mM NaCl, 0.2 mM PMSF, 1X protease inhibitor tablet). 

The NaCl concentration was gradual brought to 420 mM by slowly adding an equal volume of 

high salt buffer C (same as low salt buffer C but with 650 mM NaCl). Nuclei were extracted for 

45 min with slow rotation at 4°C. To facilitate further solubilization of chromatin, 5 mM CaCl2 

was added and samples were treated with 200 U of MNase per uL of cell lysate for 10 min at 

37°C. Extracted nuclei were pelleted by centrifuging for 30 min at 21,000 g at 4°C. The nuclear 

extract was transferred to new tubes and used for AP.  

For STREP AP, 40 µL of 50% slurry StrepTactin agarose equilibrated with buffer C 

containing 420 mM NaCl was added to each sample in Protein LoBind tubes. Samples were 

bound to beads for 2 hr at 4°C with rotation. Beads were washed 4X with 500 µL of wash buffer 

(50 mM Tris-HCl pH 7.5, 250 mM NaCl, 0.2% NP-40, 1.5 mM MgCl2, 5% glycerol). Before the 

final wash, samples were transferred to fresh protein LoBind tubes. Samples were eluted in 50 

µL of 1 X Strep Elution buffer with Desthiobiotin by continuous vortexing for 15 min at 4°C.  

For FLAG AP, 40 µL of anti-FLAG M2 Affinity Gel (Millipore Sigma, A2220) was added to 

each sample, which were bound and washed as described for the STREP AP. Proteins bound 

to beads were eluted in 50 µL of FLAG elution buffer (Tris-HCl pH 8.0, 150 mM NaCl, 1 mM, 

EDTA, 0.1% NP-40, 200 µg/mL 3X FLAG peptide (Millipore Sigma, F4799)). For western blots, 

membranes were probed with 1:10,000 anti-Strep-HRP (Millipore Sigma, 71591), 1:20,000 anti-

FLAG (MiiliporeSigma, F3165), 1:5000 anti-KAP1 (Abcam, ab22553), 1:1000 anti-CDK9 

(Abcam, ab236045), and 1:1000 anti-SMAD2 (Thermo Fisher Scientific, PA5-29237). Anti-

KAP1, anti-CDK9, and anti-SMAD2 blots were exposed using Super Signal West Femto 

Luminol Enhancer (Thermo Fisher Scientific, 185022). Note that 1% input was loaded for all 

blots, 10% of the elution was loaded for the tagged protein blot, and 50% of the elution was 

loaded for the co-purified factor blot. 

 

Endogenous immunoprecipitation (IP) 

For endogenous IP of KAP1 and SMAD2, 4x15 cm plates of HCT116 cells were grown to 

confluency. Nuclear extracts were obtained as described in Nuclear Lysate Preparation and 

Affinity Purification (AP). 50 µL of Protein G beads per sample were equilibrated by washing 3 

times in 500 µL of 1X PBS + 0.05% Tween. Beads were then resuspended in 250 µL of 1X PBS 

+ 0.05% tween per sample and aliquoted to Protein LoBind tubes. 10 µg of either α-IgG, α-

KAP1, or anti-SMAD2 was then added and bound to Protein G beads and nutated for 1 hr at 

4°C. Beads were washed 1 time with 500 µL of 1X PB + 0.05% Tween and then 2 times with 
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buffer C containing 420 mM NaCl. Antibody bound beads were then block for 1 hr with 500 µL of 

buffer C (420 mM NaCl) + 5% BSA. Nuclear extract was then pre-cleared for 1 hr with 50 µL of 

Protein G beads and added to the antibody bound, blocked Protein G beads. Samples nutated 

for 2 hr at 4°C. Beads were then washed 4 times with 1 mL of wash buffer (50 mM Tris-HCl pH 

7.5, 250 mM NaCl, 0.2% NP-40, 1.5 mM MgCl2, 5% glycerol). Sample was eluted from beads by 

boiling in 40 µL of 2X Laemmli buffer for 10 min. For western blots, membranes were probed 

with 1:1000 anti-SMAD2, 1:5000 anti-KAP1, and 1:5000 anti-Pol II (RPB1, 4H8). TruBlot anti-

Mouse and anti-Rabbit HRP conjugated secondary antibodies were used (1:1,000 dilution; 

Rockland #18-8816-33 and #18-8817-33). The Pol II blot was exposed using Super Signal West 

Femto Luminol Enhancer and the others were exposed with Clarity Western ECL. Note that 1% 

input was loaded for all blots, 10% of the elution was loaded for the protein that was purified, 

and 50% of the elution was loaded for the co-purified factor blot. 

 

siRNA knockdown 

HCT116 cells were seeded into 6-well plates the night before transfection to achieve ~50% 

confluency. 50 pmol of 4-pooled siRNAs targeting SMAD2 and a single siRNA targeting KAP1 

were diluted in 100 µL Opti-MEM media (Thermo Fisher Scientific, 31985062). 10 µL of 

RNAiMax Transfection Reagent (Thermo Fisher Scientific, 13778030) was diluted in 100 µL of 

Opti-MEM media. The RNAiMax solution was added to the siRNA solution and incubated at 

room temperature for 5 min and then added dropwise to cells for a final siRNA concentration of 

25 nM. Cells treated with siSMAD2 were incubated for 24 hr, while cells treated with siKAP1 

were incubated for 72 hr. Knockdown efficiency was determined by western blot and RT-qPCR 

analysis. For western blot, whole cell lysates were electrophoresed on an 8% SDS-PAGE and 

blots were probed with 1:1000 dilution of anti-SMAD2, 1:5000 dilution of anti-KAP1, and 

1:10,000 of anti-Rhodamine actin. Anti-SMAD2 blot was exposed using Super Signal West 

Femto Luminol Enhancer. 

HCEC 1CT cells (Roig et al., 2010) were transfected with siRNA’s through a reverse 

transfection protocol. 100 pmol siKAP1 and siNT and 5 uL RNAiMax were added to the bottom 

of a 6-well primaria plate and incubated with 1 mL Opti-MEM for 20 min at room temperature. 

Cells were trypsinized with Trypsin/EDTA (Thermo Fisher Scientific, R001100) and neutralized 

with trypsin neutralizing agent (Thermo Fisher Scientific, R002100). Cells were centrifuged at 

1,000 g for 5 min, were resuspended in basal X media, and 200,000 cells were plated on each 

well. On the third day-post transfection, cells were stimulated for 2 and 8 hr with 10 ng/mL 

TGF-1 (PeproTech, 100-21) in 2 mL basal X media with water as vehicle. Following 
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stimulation, cells were harvested using trypsin/trypsin neutralizing solution, and collected for 

both western blot and RT-qPCR analysis as described above. For detection of SMAD2 and P-

SMAD2, blots were probed with 1:1000 of anti-SMAD2 or anti-P-SMAD2 (Cell Signaling 

Technology, 8828).  

MCF7 cells were transfected with siRNA’s through a reverse transfection protocol. 150 pmol 

siNT/siKAP1 (Qiagen, final concentration of ~18 nM) and 30 uL RNAiMAX (Thermo Fisher) 

were added to the bottom of a 10 cm plate and incubated with 5 mL OPTI-MEM (Thermo 

Fisher) for 20 min at room temperature. MCF7 Cells were trypsinized and resuspended in 

complete media, and 3.5x106 cells were added to each OPTIMEM mix in each plate (final 

volume 10 mL). Cells were collected three days post-transfection for western blotting, RT-qPCR 

and ChIP-qPCR (after crosslinking).  

 For siSMAD2 followed by ChIP-qPCR, 4.5x106 HCT116 cells were seeded into 10 cm plates 

and incubated overnight. The next day, 2.5 mL of media was removed from cells (final volume 

7.5 mL). 150 pmol of the siSMAD2 pool and siNT were diluted in 500 uL Opti-MEM. 30 uL 

RNAiMax Transfection Reagent was also diluted in 500 uL Opti-MEM. The RNAiMax solution 

was added to the siRNA solution and incubated at room temperature for 5 min and then added 

dropwise to cells for a final siRNA concentration of ~18 nM. After 5 hr, 2.5 mL of new complete 

media was added to cells to a final volume of 10 mL. 48 hr post-transfection, cells were 

harvested for ChIP-qPCR. 

 

KAP1 Deletion Construct Cloning 

SMAD2 and WT KAP1 and deletion constructs were cloned into the pcDNA/4TO-FLAG vector 

(Thermo Fisher Scientific, V102020) (Jager et al., 2011) using the 5’-HindIII and 3’-XhoI 

restriction sites. Deletion construct inserts were PCR amplified by designing custom-made 

primers (Millipore Sigma, Table S6) targeting specific regions (as indicated in Figure 6A) of WT 

KAP1 that had been previously cloned into pcDNA4/TO (McNamara et al., 2016). Primers 

targeting SMAD2 were designed and used to amplify SMAD2 cDNA cloned into pENTR221 

vector that was purchased from the UTSW McDermott Center for Human Genetics and obtained 

from The Ultimate ORF Lite human cDNA collection (Thermo Fisher Scientific). Amplified inserts 

and pcDNA4/TO-FLAG vector were then digested for 3 hr with HindIII and XhoI (NEB, R310L 

and R0146L, respectively) using CutSmart Buffer (NEB, B7204S). After 3 hr, 1,000 units of calf 

intestinal alkaline phosphatase (NEB, M0290) was added to pcDNA4/TO-FLAG and incubated 

overnight. Both the insert and pcDNA4/TO-FLAG vector were purified from the reactions using 

the Zymo DNA Clean and Concentrator Kit (Zymo Research, D4003). DNA concentrations were 
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measured using the DeNovix DS-II FX+ Spectrophotometer. Inserts were then ligated into the 

pcDNA4/TO-FLAG vector at a 5:1 insert:vector ratio using the NEB Quick Ligase Kit (NEB, 

M2200L). Ligated DNA was then transformed into E. coli DH5α cells (NEB, 2987I) and grown 

overnight on LB + Ampicillin agar selection plates. Individual colonies were selected and grown 

in LB + Ampicillin liquid media cultures. Plasmids were purified using the Plasmid MiniPrep Kit. 

Purified plasmids were verified to contain the correct inserts by both HindIII/XhoI restriction 

analysis and Sanger Sequencing at the UTSW McDermott Sanger Sequencing Core. 

Expression of deletion constructs in shKAP1 HCT116 cells was confirmed by western blot. Blots 

were probed with 1:5000 anti-KAP1, 1:20,000 anti-FLAG, or 1:10,000 Rhodamine anti-Actin.   

KAP1 PHD-BD (residues 614-835), KAP1 PHD (residues 624-673), TIF1α PHD-BD 

(residues 824-1011), and TIF1γ PHD-BD (residues 882-1087) were cloned into the pGEX2T N-

terminal GST tagged vector (GE Life Sciences, 28954653) using the same method described 

above except EcoRI and BamHI restriction sites were used. 

 

KAP1 shRNA Knockdown 

pLKO.1 non-target (Sigma, SHC002) and KAP1 (Sigma, TRCN0000017998) vectors encoding 

directed shRNA’s were transfected along with gag/pol (pSPAX) and VSV-G (pDM2) into HEK 

293T cells for expression of competent lentiviruses. Cell supernatants were collected two days 

post-transfection. Viral transduction was done by spinoculation using 2x105 cells, 8 µg/mL 

polybrene, and unsupplemented DMEM to a final volume of 1 mL at room temperature for 2 hr 

at 400 g. Transduced cells were selected with 1 µg/mL puromycin for 3 days post-infection. 

Cells were monitored for KD efficiency through standard western blot and RT-qPCR. For 

western blot, membranes were probed with 1:5000 diluted anti-KAP1 and 1:10,000 Rhodamine 

anti-Actin.  

 

Reconstitution Assays 

5.0x105 shNT and shKAP1 HCT116 cells were seeded into 6-well plates with 2 mL of complete 

cell culture media and grown for ~24 hr to ~70% confluency. The next day media was replaced 

with 1 mL of DMEM + 10% FBS. 1 µg of plasmid DNA encoding epitope-tagged proteins of 

interest were transfected into HCT116 cells by first diluting the plasmid in 100 µL of serum-free 

DMEM and diluting 3 µL of the PolyJet reagent in a separate tube of 100 µL serum-free DMEM. 

The PolyJet dilution was added to the plasmid dilution for a final volume of 200 µL and 

incubated for 10 min at room temperature. The Plasmid:PolyJet mix was then added dropwise 

to cells. Cells were incubated for 5 hr at 37°C with 5% CO2 and then media was replaced with 2 
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mL of fresh DMEM (10% FBS, 1% Pen/Strep). Cells were then incubated 48 hr at 37°C with 5% 

CO2. 1 mL of media was removed and then cells were harvested by scraping and pelleting at 

1000 g for 5 min at 4°C. RT-qPCR was then used to analyze KAP1 target gene expression. 

 

Recombinant Protein Purification for In Vitro Binding Assays 

pGEX2T plasmids encoding GST, KAP1 PHD-BD, KAP1 PHD, KAP1 PHD-BD E662/663A, 

KAP1 PHD-BD L637A, TFI1α PHD-BD, and TIF1γ PHD-BD were transformed into BL21 DE3 E. 

coli (NEB, 2527I). Cultures were grown overnight in LB and then diluted 1:50 in LB. Cultures 

were grown to ~0.6 O.D. and then induced with 0.1 mM IPTG (Research Products International, 

367-93-1) for 3 hr at 37°C. Cultures were centrifuged at 4,500 rpm at 4°C. Pellets were then 

washed 2X with cold 1X PBS and stored at -80°C. Bacteria pellets were thawed and 

resuspended in 5X pellet cell volume (PCV) of Buffer A (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 

1 mM EDTA, 10% glycerol, 0.1 mM ZnCl2, 1X Roche Protease Inhibitor Tablet). Lysozyme 

(Fisher Scientific, BP535) was then added to a final concentration of 1 mg/mL and samples 

incubated at 4°C for 15 min. Samples were then sonicated for 7 cycles with a tip sonicator (15 

sec on, 15 sec off with the output setting at 5 and 50% duty cycle).  Lysates then centrifuged for 

15 min at 14,000 rpm and 4°C. Lysates filtered using a syringe and 0.25 µm syringe filter. For 

purification, 200 µL of a 50% GST agarose slurry (Millipore Sigma, G4510) was applied to a Bio-

Rad Poly-Prep Chromatography Column (Bio-Rad, 731-1550) and equilibrated with 20 column 

volumes of Buffer A. Lysates were then applied to the column 2X to bind GST tagged proteins. 

Columns were washed with 20 column volumes of Buffer A. Proteins were eluted in four 

fractions in Buffer A + 10 mM L-Glutathione Reduced (Millipore Sigma, G4251) pH 9. A portion 

of each fraction was used to check for purity by Coomassie staining. Fractions were combined, 

concentrated, and buffer exchanged with Buffer A pH 8.0 using Amicon Ultra Spin Filters with a 

10 kDa cutoff (Millipore Sigma, UFC501024). Protein concentration was determined using the 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 23225). Proteins were aliquoted and 

stored at -80°C. 

 

Nucleosome Binding Assays 

2 µg of purified GST-tagged protein was incubated with 2 µg of recombinant biotinylated mono-

nucleosomes (Epicypher, 16-0006) in protein LoBind tubes overnight at 4°C with rotation in 250 

µL of nucleosome binding buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM DTT, 20% 

glycerol, 0.1 mM ZnCl2). Samples were then incubated with 40 µL of equilibrated 50% slurry 

StrepTactin agarose for 1 hr at 4°C with rotation. Beads were then washed 4X with 500 µL of 



 38 

nucleosome binding buffer and samples were then eluted by boiling in 50 µL of 2X Laemmli 

Buffer for 10 min. 5% of Input and 20% of elution used for western blotting. Western blots were 

probed with 1:5000 diluted anti-GST (Millipore Sigma, G7781).  

  

Histone Peptide Binding Assays 

2 µg of GST-tagged protein was incubated with 1 µg of histone peptide overnight in protein 

LoBind tubes at 4°C with rotation in 250 µL of peptide binding buffer (50 mM Tris-HCl pH 7.5, 

150 mM NaCl, 0.1% NP-40, 0.1 mM ZnCl2). After binding, samples were incubated with 40 µL of 

equilibrated 50% slurry StrepTactin agarose for 1 hr at 4°C with rotation. Beads were then 

washed 4X with 1 mL of peptide wash buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 0.1% NP-

40, 0.1 mM ZnCl2). Samples were eluted by boiling in 60 µL of 2X Laemmli Buffer for 10 min 

and 5% of Input and 20% of elution were then used for western blotting. Blots were performed 

as described for the Nucleosome Binding Assays. 

 

NMR Titrations 

The KAP1 PHD-BD construct was expressed in E. coli BL21 DE3 RIL cells grown in 15NH4Cl 

supplemented minimal media with 100 µM ZnCl2. Bacteria were harvested by centrifugation 

after induction with IPTG and lysed by sonication. The 15N-labeled GST-fusion protein was 

purified on glutathione Sepharose 4B beads, and ~1 mg/mL of GST tagged protein was cleaved 

with 125 U of Thrombin protease (MP Biomedicals, 0219492182) in 10 mL at 4°C overnight. 

The protein was concentrated into 20 mM Tris pH 6.8, in the presence of 150 mM NaCl and 5 

mM DTT. NMR experiments were performed at 298 K on a Varian 600 MHz spectrometer at the 

University of Colorado School of Medicine NMR core facility. 1H,15N HSQC spectra of 0.2 mM 

uniformly 15N-labelled KAP1 BD-PHD were collected while histone H4 peptide (aa 1-23) was 

gradually added. Histograms were generated by calculating the normalized chemical shift 

change between apo and peptide-bound (1:5 ratio) protein states per residue and using the 

equation: 

Δδ =  √(ΔδH)2 + (
ΔδN

5
)

2

 

where  is the chemical shift in p.p.m. 

 

Molecular Dynamics (MD) Simulations 

All molecular dynamics simulations steps reported in this work were performed using 

GROMACS 5 with the AMBER99SB-ILDN (Lindorff-Larsen et al., 2010) force field and 
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simulation step size of 1 fs (where relevant). An extended, 23 amino acid long H4 peptide was 

generated in UCSF Chimera (Pettersen et al., 2004) and placed in a 302 nm3 dodecahedron 

simulation box containing one of the models from the NMR ensemble of KAP1 (PDB: 2RO1). 

Since there were 20 such models in the PDB file, we started with 20 separate simulation boxes 

for generating the binding model. Each of these 20 boxes were solvated with TIP3P water 

model and the charge on the system was neutralized by addition of five chloride ions. The 

system was then energy minimized using steepest descent and conjugate gradient methods 

followed by 50 ps of position restraints on the solute (KAP1 and H4) while the temperature 

of the box was raised to 200 K (by coupling to an external bath). Next, the position restraints 

were removed, and the system was simulated under NVT [constant number of particles in the 

system (symbol: N), system's volume (symbol: V) and system’s absolute temperature in K 

(symbol:T)]  conditions for 100 ps. Finally, the box was heated to the final simulation 

temperature of 298.15 K and equilibrated under NPT [constant number of particles in the 

system (symbol: N), system's pressure (symbol: P) and system’s absolute temperature in K 

(symbol T)] conditions for a further 5 ns. During all of these steps, the ZN atoms were restrained 

at their original position to maintain the Zn fingers as much as possible. The equilibration was 

monitored using the pairwise root mean square distance (RMSD) of the solute configuration 

during the simulation with the corresponding model structure in 2RO1.pdb. At the end of 

equilibration, the 20 trajectories were ranked on the following criteria – (i) absence of unusual 

contacts between the solute and solvent molecules that could lead to simulation crashes, (ii) 

stable PHD and BD domain structures, and (ii) non-redundant contact modes between H4 and 

PHD – and chose the top four systems as the starting KAP1:H4 complex structure for further 

production runs. Here, the four trajectories were restrained in parallel with the 168 amide 

chemical shifts measured for the KAP1:H4 complex as described in section above. The 

instantaneous chemical shifts during the restrained simulations were calculated as ensemble 

average of the configurations of the KAP1:H4 complex in the four replicas using the PLUMED 

2.1 patch for GROMACS. Another set of unrestrained molecular dynamics simulation was also 

run for a total of 250 ns for comparing the effect of the chemical shift restraints on the system. 

 

Site-directed Mutagenesis 

KAP1 PHD domain point mutants were created using the Quick Change II Site-Directed 

Mutagenesis Kit (Agilent, 200522). Briefly, mutagenesis primers were designed using the 

Agilent QuickChange Primer Design online tool 

(http://www.agilent.com/store/primerDesignProgram.jsp). Manufacturer instructions were 

http://www.agilent.com/store/primerDesignProgram.jsp
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followed to amplify KAP1 point mutant plasmids. Amplified plasmids were then transformed into 

E. coli XL-10 Gold (included with mutagenesis kit). Point mutation sequences were confirmed 

using Sanger Sequencing performed at the UTSW McDermott Sanger Sequencing Core. 

Expression of KAP1 point mutants was confirmed through western blot analysis of whole cell 

lysate of HCT116 shKAP1 cells transiently expressing each point mutant (see Reconstitution 

Assays). Blots were probed with 1:5000 diluted anti-KAP1, 1:10,000, Rhodamine anti-Actin, or 

1:20,000 anti-FLAG.  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

All qPCR, cell growth and colony formation data was processed and visualized using GraphPad 

Prism v8.1.0. For all cell growth assays, P-values were determined by 2-way ANOVA. For the 

rest of the assays (RT-qPCR, ChIP-qPCR) P-values were determined by unpaired Student’s t-

test. P-values were indicated in the following manner: *P<0.05, *P<0.01, ***P<0.001, n.s. 

denotes non-significant. We considered P<0.05 to be statistically significant. 

 

4sU-seq and RNA-seq Analysis 

Raw data files for Ctrl and KO1 samples were checked for quality control with fastqc/0.11.2. 

Low quality reads and adapter contaminations were removed using Trimgalore v0.4.1. Reads 

were mapped to the human reference genome, hg38, using STAR/2.6.1b (Dobin et al., 2013). 

Spike-ins were mapped to a fasta file of ERCC sequences provided by the manufacturer. 

featureCounts (as part of the subread/1.6.1 package) was used to calculate counts across the 

entire gene body of protein coding genes, as well as, ERCC spike-ins (Liao et al., 2014). 

RUVSeq/1.15 was used for differential gene expression analysis, PCA analysis, and to create 

MA plots (Risso et al., 2014). A gene was considered a KAP1 target gene if it was differentially 

expressed in the same direction (FDR<0.05) in both the 4sU- and RNA-seq datasets, as well 

as, if it contained KAP1 in its promoter region as determined by our group’s previously 

generated KAP1 ChIP-seq dataset in HCT116 cells (McNamara et al., 2016). Signal tracks were 

generated using RPM normalized bedGraph outputs from STAR and bedGraphtTobigWig (as 

part of UCSC_userApps/v317) then visualized with the Integrated Genome Viewer (Robinson et 

al., 2011). Δ4sU-seq heatmap matrices were generated using the bigwigCompare function in 

deepTools/2.5.0 (Ramirez et al., 2016) sorting to total Pol II heatmap matrices (see ChIP-seq 

Analysis). Matrices were loaded into Java Treeview for visualization (Saldanha, 2004). The 

KO2 sample was analyzed like the KO1 sample except instead of normalizing to ERCC spike-

ins, the RUVr function of RUVSeq/1.15 was used.  
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ChIP-seq Analysis 

Raw data files were checked for quality control with fastqc/0.11.2. Low quality reads and 

adapter contaminations were removed using Trimgalore v0.4.1. Reads were mapped to the 

human reference genome, hg38, using bowtie2/2.1.0. (Langmead and Salzberg, 2012). Reads 

were also mapped to the dm6 Drosophila genome to extract reads originating from the spike-ins 

chromatin. Duplicates were marked and removed using picard/1.127. Input subtracted peak and 

bedgraph files for both human aligned and Drosophila aligned reads were generated with 

macs/2.1.0-20151222 (FDR<0.05) (Zhang et al., 2008). For normalization, a normalization 

factor was generated by dividing the Drosophila read counts from samples with the highest read 

counts to the sample containing the least read counts (Egan et al., 2016; Orlando et al., 2014). 

This normalization factor was then used to normalize the signal in the sample with the higher 

Drosophila read counts to the sample with the lowest. BigWig tracks were generated from the 

Drosophila normalized bedGraph files using bedGraphToBigWig, as part of 

UCSC_userApps/v317, and visualized with the Integrated Genome Viewer (Robinson et al., 

2011). Genes selected for downstream analysis had to be differentially expressed in the KO1 

cells (see 4sU-/RNA-seq Analysis) and contain a total Pol II peak in their promoter region (-

100/+500 bp relative to the TSS). If multiple isoforms of a gene contained total Pol II in their 

promoter region then the isoform with the highest peak signal was selected. ΔTotal Pol II bigwig 

files were created from Ctrl and KO1 bigWig files using the bigwigCompare function in 

deepTools/2.5.0. k-means clustered Δtotal Pol II heatmap matrices were then generated using 

deepTools/2.5.0 and centered on the TSS. Multiple flanking region widths (-/+ 0.5 kb, -/+ 1 kb, 

and -/+ 2 kb were used to determine the optimal window for analysis. While all three windows 

tested gave similar outputs (data not shown), 2 kb flanking regions were chosen for the final 

analysis because we observed Pol II occupancy further downstream the typical -0.1/+0.5 kb 

window used for PI analysis. All remaining heatmap matrices were then arranged into the same 

clusters with each cluster sorted by decreasing total Pol II using deepTools/2.5.0. All heatmaps 

were visualized using Java Treeview. Log2(S2P/total) bigwig signal tracks were created using 

the bigwigCompare function in deepTools/2.5.0. All metagene plots were generated using the 

scale-regions function in deepTools/2.5.0. Pausing indices were calculated by first measuring 

the promoter bound Pol II (-100/+500 bp relative to the TSS) and gene body (+501 bp to the end 

of gene) signals using the scale-regions function in deepTools/2.5.0. The resulting matrix file 

was then loaded into R/3.4.1 and the pausing index was taken to be the log2 ratio of promoter 

bound to gene body bound Pol II. ECDF plots were created in R/3.4.1 using the ecdf function. 



 42 

KEGG pathway analysis of genes from each cluster was performed using Metascape 

(http://metascape.org) (Tripathi et al., 2015). 

 

TCGA Analysis 

Clinical information, gene expression and copy number analysis (RNA-seq) data for the 

indicated genes were obtained from The Cancer Genome Atlas (TCGA) for CRC using the 

FIREBROWSE portal (http://firebrowse.org). The cohort consists of tissues from 623 CRC 

patients with primary tumors who underwent tumor resection. For Tumor (T) vs No Tumor (NT) 

comparison, a sub-cohort of 50 CRC cases (a combination of colon adenocarcinoma and rectal 

adenocarcinoma patient data) of paired samples from both types of tissues were used to 

calculate the individual fold changes. Then, log2 fold change values were used for calculating 

the average of fold change expression for KAP1. Similarly, paired data for Bladder Urothelial 

Carcinoma (BLCA, n=19), Breast Invasive Carcinoma (BRCA, n=112), Cholangiocarcinoma 

(CHOL, n=9), Head and Neck Squamous Cell Carcinoma (HNSC, n=43), Pan-Kidney Cancer 

Cohort (KIPAN, n=129), Liver Hepatocellular Carcinoma (LIHC, n=50), Lung Adenocarcinoma 

(LUAD, n=58), Lung Squamous Cell Carcinoma (LUSC, n=51), Prostate Adenocarcinoma 

(PRAD, n=52), Stomach and Esophageal Carcinoma (STES, n=43), Thyroid Carcinoma (THCA, 

n=59) and Uterine Corpus Endometrial Carcinoma (UCEC, n=23) obtained from the TCGA was 

analyzed. For survival analysis, the longest time the patients were followed up or known to be 

alive or free of tumor was considered for the overall survival analysis (OS, n=619) or disease-

free survival analysis (DFS, n=539), respectively. Gene expression levels were separated in 

quartiles and 1st and 4th quartile was considered as group of patients with high-expression and 

low-expression (OS n=154, DFS=135), respectively. Gene upregulation was correlated with the 

overall survival using Kaplan-Meier tables and compared with the log-rank test using GraphPad 

prism. Hazard ratios were calculated using Cox regression. For correlation between KAP1 and 

cluster 1 genes a Pearson correlation analysis was performed using the expression data of 623 

CRC patients. 

 

MNase-seq Analysis 

Raw data files were checked for quality control; low quality reads and adapter contaminations 

were removed using Trimgalore v0.4.1. High quality reads (MAPQ >20) were aligned to the 

human genome assembly hg38 using Bowtie2 v2.3.3 and further processed using SAMtools 

v1.6 (Li et al., 2009). R v3.4.1 scripts adapted from bamR package 

(https://github.com/rchereji/bamR) were used for analysis of MNase-seq data. To precisely map 

http://metascape.org/
http://firebrowse.org/
https://github.com/rchereji/bamR
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nucleosome positions, mono-nucleosomal DNA fragments with a size of 120-180 bp were used 

for the analysis. Normalized nucleosome dyad distributions were computed by rescaling the 

average occupancy to 1, for each chromosome. A custom R script was used to calculate 

average dyads density around TSS of Pol II-transcribed genes and for plotting of nucleosome 

profiles in HCT116 Ctrl and KO1 cells. R script from bamR package (Ocampo et al., 2016) was 

used to estimate the average nucleosome spacing from aligned nucleosome dyads. The 

algorithm used to detect location of the nucleosome free region (NFR) and of the two 

nucleosomes upstream the TSS of each gene is described (Ocampo et al., 2016) and provided 

in the GitHub repository (https://github.com/rchereji/Detect_NDRs_and_flanking_nucleosomes). 

The nucleosome coordinates were determined in two replicates separately and only coordinates 

that differ in less than 50 bp difference between replicates were selected for further analysis. 

Shifts in the NFR width were calculated for each gene by subtracting the values of control from 

KAP1 KO samples. Heatmaps were generated using custom R script with nucleosome dyads 

aligned to center of the NFR.  

 

Motif Analysis 

Motif analysis was performed on promoter regions (-100/+100 relative to the TSS) of genes 

from each cluster using the CentriMo tool and using the HOCOMOCO motif database 

(Kulakovskiy et al., 2018) as a reference as part of the MEME suite (Bailey et al., 2009; Bailey 

and Machanick, 2012).  

 

RT-qPCR Analysis 

All RT-qPCR data was analyzed using the ΔΔCt method. Graphs were created using GraphPad 

Prism v8.1.0. Statistical significance was determined using an unpaired t-test in GraphPad 

Prism unless otherwise noted. 

 

ChIP-qPCR Analysis 

Graphs and statistical analysis was performed as described for RT-qPCR Analysis. 

 

Western Blot Quantification 

Western blots were quantified by determining the band intensity using Image Lab 6.0. If 

comparing protein levels in cell lysates, band intensity was first normalized to -actin, to account 

for differences in loading, and then to the control condition. For quantification of in vitro 

https://github.com/rchereji/Detect_NDRs_and_flanking_nucleosomes
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nucleosome and peptide binding assays, band intensity was normalized to unmodified H4 or 

WT KAP1 where appropriate. 

 

SUPPLEMENTAL TABLES 

 

Table S1. Genes Differentially Expressed After KAP1 Depletion. Related to Figure 1 

 

Table S2. Genes with KAP1 Bound Promoters. Related to Figure 1 

 

Table S3. KEGG Pathway Analysis of KAP1 Regulated Genes in MCF7 Breast Cancer 

Cells. Related to Figure 2 

 

Table S4. Tissue Samples Used for TCGA Analysis. Related to Figure 3 

 

Table S5. TCGA Analysis. Related to Figure 3 
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