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Summary

Targeting of general coactivators is an emerging strategy to interfere with oncogenic transcription 

factors (TFs). However, coactivator perturbations are often pleiotropic and influence numerous 

TFs. Here we identify TAF12, a subunit of TFIID-SAGA coactivator complexes, as a selective 

requirement for acute myeloid leukemia (AML) progression. We trace this dependency to a direct 

interaction between the TAF12/TAF4 histone-fold heterodimer and the transactivation domain of 

MYB, a TF with established roles in leukemogenesis. Ectopic expression of the TAF4 histone-fold 

fragment can efficiently squelch TAF12 in cells, suppress MYB, and regress AML in mice. Our 

study reveals a strategy for potent MYB inhibition in AML and highlights how an oncogenic TF 

can be selectively neutralized by targeting a general coactivator complex.

eTOC blurb/In Brief

Xu et al. show that TAF12 is a coactivator of MYB and protects MYB from degradation. TAF12, 

in a heterodimer with TAF4, interacts with the transactivation domain of MYB. Perturbation of 

this interaction by squelching TAF12 impairs MYB activity and leads to regression of acute 

myeloid leukemia in mouse models.
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Introduction

Several lines of evidence indicate that the hematopoietic malignancy acute myeloid 

leukemia (AML) can be treated by modulating the transcriptional regulatory machinery 

(Brien et al., 2016). The clearest example of a transcriptional target in this disease is PML-

RARA, a transcription factor (TF) oncoprotein produced via a chromosomal translocation 

(Heinz et al., 2010). Direct targeting of PML-RARA with all-trans retinoic acid and arsenic 

trioxide is curative in the subset of AML patients harboring this genetic alteration (Lo-Coco 

et al., 2013). By extension, other oncoproteins in AML, such as MLL-fusions, are also 

compelling targets for drug development (Krivtsov and Armstrong, 2007). A second 

category of transcriptional targets in AML are the so-called “non-oncogene” dependencies, 

which are non-mutated transcriptional regulators that perform vital functions in sustaining 

AML. These include the writers (e.g. DOT1L), readers (e.g. BRD4), and erasers (e.g. LSD1) 

of lysine methylation and acetylation, and inhibitors of these targets are currently under 

investigation in human clinical trials (Krivtsov and Armstrong, 2007).

BRD4 is unique among the non-oncogene transcriptional targets in AML, in that it functions 

as a general coactivator (Shi and Vakoc, 2014). In AML cells, BRD4 is recruited broadly to 

enhancers and promoters by a collection of hematopoietic lineage TFs, including MYB, PU.

1, FLI1, ERG, C/EBPα, and C/EBPβ to support transcriptional activation (Roe et al., 2015). 

BRD4 can be released from TF binding sites in the genome by small-molecule inhibitors 

(e.g. JQ1 and I-BET), which lead to suppression of TF output to induce a powerful anti-

leukemia response (Bhagwat et al., 2016; Dawson et al., 2011; Roe et al., 2015; Zuber et al., 

2011b). While the therapeutic activity of BRD4 inhibition in AML has been demonstrated in 

mouse models and in early-stage clinical trials, this perturbation will provoke toxicities in 

normal tissues, which is an expected consequence of targeting a general coactivator (Xu and 

Vakoc, 2017). Nonetheless, the identification of BRD4 as a vulnerability in AML has 

motivated efforts to develop compounds targeting other general coactivator complexes, 

including the BRD9 subunit of SWI/SNF (Hohmann et al., 2016), the CDK7 subunit of 

TFIIH (Kwiatkowski et al., 2014), and the CDK8/19 subunits of Mediator (Pelish et al., 

2015). Despite these efforts, pleiotropic effects on normal tissues or a lack of anti-AML 

potency are lingering concerns with this therapeutic strategy.
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One critical transcriptional coactivator which has yet to be evaluated as a cancer dependency 

is TFIID, which is comprised of the TATA-box binding protein (TBP) and 13 TBP-

associated factors (TAFs) (Burley and Roeder, 1996). Among the multi-subunit coactivator 

complexes, TFIID is unique in its ability to interact directly with core promoter elements 

and nucleate the formation of a pre-initiation complex (PIC) comprised of TFIIA/B/E/F/H 

and RNA polymerase II (Burley and Roeder, 1996). While the entirety of the TFIID 

complex is broadly essential for transcriptional activation (Warfield et al., 2017), individual 

TAF subunits can perform specialized functions as docking sites for TFs. As examples, 

TAF4 (also known as TAF4a) interacts with HNF4A in hepatocytes and TAF10 interacts 

with GATA-1 in erythroid cells (Alpern et al., 2014; Papadopoulos et al., 2015). 

Consequently, genetic inactivation of TAFs can phenocopy the effects of targeting their 

interacting TFs. For example, TAF4 knockout mice exhibit defective liver development and 

TAF10 knockout mice have a block in erythropoiesis (Alpern et al., 2014; Papadopoulos et 

al., 2015). Despite the well-studied roles of TFIID in basic transcriptional regulation in 

model organisms, the role of TFIID in cancer remains poorly understood.

Results

A TFIID-focused shRNA screen reveals that acute myeloid leukemia cells are 
hypersensitive to TAF12 knockdown

While it is known that AML cells are sensitive to the targeting of coactivators, the role of 

TFIID in this disease has not been examined. We hypothesized that select TFIID subunits 

might serve as interaction surfaces for AML-promoting TFs, and therefore may represent 

opportunities for therapeutic intervention. To evaluate this, we constructed an arrayed 

retroviral library of 86 shRNAs targeting 16 genes encoding the subunits of TFIID expressed 

in hematopoietic cells (Figure 1A and S1A). The effect of each shRNA on cell proliferation 

was evaluated in a murine MLL-AF9/NrasG12D AML cell line (RN2) and in short-term 

cultures of normal myeloid progenitors isolated from mouse bone marrow (Figure 1A and 

S1B). While many shRNAs in this library suppressed proliferation of normal myeloid 

progenitors and AML cells with comparable efficiency (e.g. shRNAs targeting TAF2), three 

independent TAF12 shRNAs selectively blocked AML growth (Figure 1B and S1C–F). 

Western blotting and cDNA rescue experiments validated that this effect was a consequence 

of on-target TAF12 knockdown, which we estimate reduces TAF12 by ~5-fold (Figure 1C–E 

and S1G). Note, a retrovirally-expressed FLAG-TAF12 cDNA suppressed the accumulation 

of endogenous TAF12 (Figure 1D and S1H). The hypersensitivity of leukemia cells to 

TAF12 inhibition was also observed in methylcellulose-based media, in which TAF12 

knockdown suppressed the blast/immature colony-forming potential of AML cells without 

influencing the colony-forming potential of normal myeloid progenitors (Figure 1F–G). 

Furthermore, TAF12 knockdown in AML cells resulted in a morphological transition and an 

immunophenotype (c-Kit down-regulation and Mac-1 up-regulation) suggestive of myeloid 

differentiation (Figure 1H–I and S1I). We also performed an analysis of TAF12 dependency 

in a panel of three murine and six human AML cell lines representing different genetic 

backgrounds, using shRNAs or CRISPR-based targeting, respectively. This revealed that 

multiple genetic subtypes of AML require TAF12 to proliferate (Figure 1J–L and Figure 

S1J–P). Expansion of pre-leukemic Dnmt3a−/− hematopoietic stem cells (HSCs) in liquid 
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culture was sensitive to TAF12 knockdown, whereas these cells still formed myeloid 

colonies normally in methylcellulose-based media (Figure S1Q–R). In contrast, solid tumor-

derived cell lines and immortalized fibroblasts were less sensitive to TAF12 knockdown 

(Figure 1M–Q and Figure S1P and S1S). These in vitro findings suggest that multiple 

genetic subtypes of AML are sensitive to targeting of TAF12.

Acute myeloid leukemia cells and normal lymphoid cells are hypersensitive to TAF12 
knockdown in vivo

We next carried out in vivo mouse experiments to study the effect of TAF12 knockdown on 

AML expansion and on normal tissue maintenance. RN2 cells, which are Tet-on competent, 

were transduced with retroviral vectors that allow for doxycycline (dox)-inducible TAF12 or 

control shRNA expression (Figure S2A). Transduced cells were injected via tail vein into 

sublethally irradiated wild-type mice, followed by dox administration. We found that TAF12 

knockdown inhibited AML expansion, as quantified with bioluminescent imaging, and led to 

a significant extension of animal survival (p=0.0067) (Figure 2A–C). CRISPR-based 

targeting of Taf12 also led to pronounced inhibition of AML progression in both the MLL-

AF9/NrasG12D (RN2 cells) and DNMT3AR882H/NRASG12D engineered murine models of 

AML (Figure 2D–F and S2B–E). These experiments validate that TAF12 is required for 

AML expansion in vivo.

To determine the impact of TAF12 knockdown on normal mouse tissues, we generated dox-

inducible TAF12 shRNA transgenic mice. A dox-regulated shRNA cassette linked to GFP 

was recombined into the Col1a1 locus of KH2 ES cells, which also possess a rtTA (Tet-on) 

transgene expressed from the Rosa26 promoter (Figure 2G). This system enables shRNA-

mediated knockdown in a broad array of normal adult tissues (Bolden et al., 2014; 

Premsrirut et al., 2011; Wang et al., 2015). Six- to ten- week old animals harboring these 

alleles were administered dox to induce TAF12 or control shRNA expression for four weeks 

prior to tissue analysis. The broad expression pattern of GFP in dox-treated animals, 

together with western blotting of TAF12, confirmed effective knockdown in normal tissues, 

including bone marrow (Figure 2H and S2F–G). Despite this level of TAF12 knockdown, a 

comprehensive histological evaluation of these tissues failed to uncover any overt 

phenotypes, as determined by a pathologist (Figure 2I and S2H). In addition, the weight and 

overall appearance of TAF12 shRNA mice were indistinguishable from control animals 

(Figure S2I–J).

We next analyzed the relative abundance of different hematopoietic lineages in TAF12 

shRNA mice using flow cytometry. By gating on the GFP+ (and therefore shRNA+) cell 

population, we identified a selective deficiency of B lymphoid cell populations in the bone 

marrow of TAF12 shRNA animals (Figure 2J). In peripheral blood and spleen sites, we 

observed a deficiency in both B- and T-lymphoid cells (Figure 2K and S2K). Importantly, 

we observed no reduction of myeloid cells in the bone marrow, spleen, or peripheral blood 

of TAF12-shRNA mice, which is in accord with our in vitro observations (Figure 2J–K and 

S2K). Early hematopoietic stem and progenitor cell populations (Lin−Sca1+Kit+) became 

expanded following TAF12 suppression, consistent with an enhanced serial replating of 

hematopoietic stem cells (HSCs) in vitro following TAF12 knockdown (Figure S2L–M). 
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Upon removal of dox, lymphoid cell populations recovered, suggesting this defect is 

reversible upon restoring TAF12 function (Figure S2N). This analysis suggests that AML 

and normal B- and T-lymphoid cells are sensitive to TAF12 knockdown in vivo, whereas 

normal myeloid cells and other cell types can persist in a TAF12-suppressed state.

Overlapping transcriptional functions of TAF12 and MYB

We noted that the phenotype of TAF12 shRNA mice resembled prior observations in mice 

deficient for the hematopoietic TF MYB (Emambokus et al., 2003; Sandberg et al., 2005). 

While MYB is critical for normal hematopoiesis, several studies have shown that AML cells 

are more sensitive to MYB knockdown than normal myeloid progenitors (Anfossi et al., 

1989; Calabretta et al., 1991; Zuber et al., 2011a). While there is some phenotypic 

heterogeneity among different alleles, mice with hypomorphic mutations of MYB are viable 

with intact myelopoiesis, enhanced HSC self-renewal, and impaired B and T lymphopoiesis 

(Carpinelli et al., 2004; Emambokus et al., 2003; Papathanasiou et al., 2010; Sandberg et al., 

2005). We found that each of the TAF12-dependent murine AML cultures expressed MYB 

at high levels, which correlated with sensitivity to MYB knockdown, whereas the solid 

tumor-derived cell lines and immortalized fibroblasts expressed low levels of MYB and were 

less sensitive to knockdown (Figure 3A–I and S3A). This constellation of phenotypic 

similarities prompted us to investigate whether a functional connection exists between MYB 

and TAF12 in AML.

We first compared the global transcriptional effects of targeting MYB and TAF12 in RN2 

cells using RNA-seq. Among the 8,044 expressed genes detected in this experiment, we 

observed a global positive correlation between gene expression changes following TAF12 

and MYB knockdown (R2=0.4366, Figure 3J and S3B–D). To ensure that this was not a 

non-specific effect of targeting two essential genes, we compared the transcriptional effects 

of knocking down MLL-AF9 and TAF12 and found no correlation (R2=0.091, Figure 3K 

and S3E). Moreover, the effect of TAF12 knockdown on MYB target genes was stronger in 

magnitude than the effect on any of the 13,320 signatures in the Molecular Signatures 

Database (MSigDB v5.1) when interrogated via Gene Set Enrichment Analysis (GSEA) 

(Figure 3L) (Subramanian et al., 2005). While targeting BRD4 with JQ1 is also known to 

suppress MYB and other hematopoietic TFs function (Roe et al., 2015), TAF12 knockdown 

was more potent and selective in suppressing MYB relative to other hematopoietic TFs (e.g. 

PU.1) (Figure 3M and S3F). The effect of TAF12 knockdown on the expression of MYB 

target genes occurred without reducing Myb mRNA levels (Figure S3G), suggesting that 

MYB and TAF12 are linked at the protein level. A correlation between MYB- and TAF12-

dependent transcriptional networks was also observed in the human AML cell line 

MOLM-13 and in human AML patient samples (Figure 3N–Q and Figure S3H–K). These 

findings suggest that TAF12 and MYB perform overlapping transcriptional functions in 

AML.

The MYB transactivation domain binds directly to the TAF12/TAF4 histone-fold domain 
heterodimer

The RNA-seq evaluation above led us to hypothesize that MYB uses TFIID as a coactivator 

in a TAF12-dependent manner. To evaluate this, we immunoprecipitated FLAG-MYB (full-
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length and a 1-327 fragment) in RN2 and HEK 293T nuclear extracts, which recovered 

endogenous TAF12 and other TFIID subunits (Figure 4A and S4A–B). Using a GST-

pulldown assay, we found that the MYB transactivation domain (TAD) was sufficient for the 

association with TFIID (Figure 4B and S4C). In shRNA/cDNA rescue assays in RN2 cells, 

we observed that the TAD of MYB, but not the C-terminal half of the protein, is essential to 

support AML growth (Figure 4C–D and S4D).

TAF12 is an 18 kDa protein containing a single histone-fold domain (HFD), which 

dimerizes with the HFD of TAF4, to form a ‘handshake’ within the TFIID complex (Figure 

4E) (Werten et al., 2002). Expression of a minimal 81 amino acid HFD fragment of TAF12 

(lacking the N- and C-terminal regions) was sufficient to rescue the anti-AML phenotype 

caused by TAF12 shRNA (Figure 4F). This led us to consider whether the TAF12 HFD is 

involved in direct binding to MYB. While the TAF12-HFD alone was unstable when 

expressed in HEK 293T cells, this protein was stabilized upon co-expression with the TAF4-

HFD, which together formed a stoichiometric heterodimer (Figure S4E). Using this 

expression system, we observed that the MYB TAD can efficiently co-immunoprecipitate 

the TAF12/TAF4 HFD dimer (Figure 4G–H). To confirm that the TAF12/TAF4 HFD dimer 

interaction with MYB occurs independently of other TFIID subunits, we reconstituted a 

TAF12/TAF4 HFD heterodimer in E. coli, an organism that lacks endogenous TFIID, and 

verified that this complex can bind to MYB1-327 (Figure 4I–J).

In addition to being a subunit of TFIID, TAF12 is also present in the SAGA complex, a 

finding we confirmed in RN2 cells using immunoprecipitation of FLAG-TAF12 coupled 

with mass spectrometry (IP-MS) analysis (Figure S4F–G) (Grant et al., 1998). In addition, 

the overall subunit composition of TFIID in RN2 is similar to that found in fibroblast cells, 

representing the canonical complex (Figure S4F–G). In SAGA, TAF12 forms a heterodimer 

with the histone-fold domain of TADA1 (Martinez et al., 2001). However, we found that a 

reconstituted TAF12/TADA1 complex failed to interact with MYB (Figure 4K and S4E). 

This suggests that TAF12 plays a role in linking MYB to TFIID, but not to SAGA. 

Consistent with this, the global gene expression changes observed following TAF12 

knockdown more closely correlated with the effects of targeting TFIID-specific subunits 

than the effects of targeting a SAGA-specific subunit (Figure S4H–K). However, shRNA-

based targeting of SAGA subunits suppressed RN2 cell growth, thus we cannot exclude the 

possibility that the essential function of TAF12 in AML occurs, at least in part, via its 

association with SAGA (Figure S4L–M).

Prior work in model organisms suggests a role for TAF12 in maintaining the integrity of 

TFIID complexes (Wright et al., 2006). By western blotting of whole cell lysates and IP-MS 

analysis of TFIID, we found that shRNA-based targeting of TAF12 disproportionately 

depletes this subunit relative to the other TAF subunits (Figure 4L–M). However, we found 

that TAF12 knockdown led to ~2-fold decrease in the level of intact TFIID complexes 

(Figure 4L). These findings suggest that ~5-fold knockdown of TAF12 causes a modest 

overall reduction of TFIID, with the residual complexes being deficient in TAF12 and 

potentially unable to support MYB function.
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MYB recruits TAF12 to select cis-elements to support transcriptional activation

To further corroborate the link between TAF12 and MYB and evaluate the genomic regions 

in which their physical interaction is relevant, we performed chromatin immunoprecipitation 

experiments coupled with next-generation sequencing (ChIP-seq) in RN2 cells. We observed 

that 90% of all MYB peaks were overlapping with peaks of FLAG-TAF12, which occurred 

at both active promoters and distal regions harboring H3K27 acetylation and other TFIID 

subunits TAF2 and TAF10 (Figure 5A and S5A–C). In contrast, only 31% of FLAG-TAF12-

occupied sites were occupied by MYB, in accordance with TAF12 being present in TFIID 

and SAGA complexes, which are each recruited broadly to active promoters and enhancers 

(Figure S5A) (Bonnet et al., 2014; Liu et al., 2011). We reasoned that if the TAF12-MYB 

interaction is functionally important, then knockdown of MYB should release TAF12 from 

select genomic sites. Indeed, among the 19,780 FLAG-TAF12 peaks in the genome, we 

found that only a subset was dependent on MYB to sustain full occupancy (Figure 5B). As 

examples, FLAG-TAF12 occupancy at the Ctsg, Myc and Prtn3/Elane loci was sensitive to 

MYB knockdown, whereas FLAG-TAF12 at the Slpi and Cebpe loci was unaffected (Figure 

5C–D and Figure S5D–F). We validated this pattern of MYB-dependent and -independent 

TFIID occupancy using ChIP-qPCR measurements of TAF12, TAF2, and TAF10 (Figure 

5E–F and S5G). Consistent with the findings described above, MYB knockdown had less of 

an effect on recruitment of the SAGA subunit KAT2A (Figure S5H). As a control, the total 

level of TAF12 protein was unaffected by MYB knockdown (Figure S5I).

Genes located near MYB-dependent TAF12 peaks tend to be transcriptionally suppressed 

upon either MYB or TAF12 knockdown in the aforementioned RNA-seq evaluation (Figure 

5G and S5J). When analyzing the sequence features of MYB-dependent TAF12 peaks, we 

found a deficiency of motifs recognized by PU.1 and C/EBPα at these elements, a pattern 

we confirmed with ChIP-seq data (Figure 5H and S5K). The lower abundance of these TFs 

may explain why MYB is the critical factor for TFIID recruitment at these elements to 

promote transcriptional activation. Ontology analysis revealed that this group of cis elements 

were associated with genes with functions related to leukemogenesis (Figure 5I). This 

epigenomic analysis suggests that MYB recruits TFIID to specific cis-elements to promote 

activation of genes that support AML maintenance.

TAF12 is required for MYB protein stability

As a control for the experiments described above, we evaluated whether TAF12 might act in 

a reciprocal manner to stabilize MYB occupancy on chromatin. Unexpectedly, we found that 

MYB was reduced at all genomic sites examined upon TAF12 knockdown, whereas 

occupancy of PU.1 was unaffected (Figure 6A and Figure S6A–B). This reduction of MYB 

occupancy was of a similar magnitude as the global reduction of total MYB protein detected 

via western blotting (Figure 6B–C). Since Myb mRNA levels were not reduced by TAF12 

knockdown (Figure S3G), these results suggested that TAF12 has a role in stabilizing MYB 

protein. MG132 treatment, which inhibits proteasome-mediated protein degradation, 

partially restored MYB levels in TAF12-suppressed cells (Figure 6D). In addition, retroviral 

overexpression of MYB in RN2 cells was able to normalize MYB levels in TAF12 

knockdown cells (Figure 6E), and led to a modest alleviation of the growth-arrest 

phenotypes caused by TAF12 shRNA (Figure 6F). However, the lack of complete rescue in 
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this experiment indicates that stabilization of MYB is not the sole function of TAF12 in 

supporting AML growth. Taken together with the findings above, these experiments suggest 

that TAF12 supports MYB function through at least two distinct mechanisms: 1) by 

functioning as a coactivator to facilitate transcriptional activation and 2) by protecting MYB 

from degradation.

Squelching of TAF12 leads to MYB suppression and anti-AML activity in vivo

Our genetic experiments implicate TAF12 as an opportunity for therapeutic intervention in 

AML, which allows for selective suppression of the MYB transcriptional network. To 

advance this concept, we sought a proof-of-principle experiment to determine whether 

blockade of TAF12 with a ligand can suppress MYB function and elicit anti-AML activity. 

We hypothesized that a minimal HFD fragment of TAF4 would be an ideal probe for 

blocking MYB function, since this peptide binds with high-affinity and specificity to the 

TAF12 HFD. Hence, a minimal TAF4-HFD would form an ineffective complex with TAF12 

and MYB to interfere with the endogenous MYB-TFIID interaction, a mechanism known as 

squelching (Figure 7A) (Gill and Ptashne, 1988).

Based on this rationale, we evaluated the phenotypic and transcriptional consequences of 

retroviral TAF4-HFD expression. Notably, expressing this peptide in RN2 cells led to a 

growth-arrest phenotype which could be rescued by overexpressing TAF12, consistent with 

a squelching mechanism (Figure 7B–C). Furthermore, TAF4-HFD expression led to an 

AML-specific inhibition of growth and blast colony formation, an induction of 

differentiation, and a destabilization of MYB protein, all consistent with inhibition of TAF12 

(Figure 7D–G and Figure S7A–D). Ectopic expression of the TADA1 HFD did not cause 

any of these effects (data not shown). Using RNA-seq, we observed a close correspondence 

between the transcriptional effects of TAF4-HFD expression and TAF12 knockdown 

(R2=0.62), which included potent suppression of the MYB transcriptional network (Figure 

7H–J and Figure S7E–F). Finally, we transduced RN2 cells with a dox-inducible TAF4-HFD 

retroviral vector, and carried out transplantation experiments to evaluate the effect of 

expressing this peptide on AML progression in vivo. These experiments revealed that 

inducing the TAF4-HFD led to marked AML regressions in vivo and extension of animal 

survival (p<0.0001; Figure 7K–M). Collectively, these findings suggest an anti-AML 

activity associated with peptide-based TAF12 blockade.

Discussion

While the entirety of TFIID and SAGA are broadly required for transcriptional activation 

(Baptista et al., 2017; Warfield et al., 2017), our study highlights how targeting a specific 

subunit of these complexes can lead to a selective transcriptional response that interferes 

with AML. We estimate that the level of TAF12 knockdown throughout our study is ~5-fold, 

which leads to a modest (~2-fold) reduction of intact TFIID in association with a 

disproportionate deficiency of TAF12 in the residual complexes. We have shown that this 

perturbation is well-tolerated by many normal cell types, suggesting that this perturbation 

does not impair global transcriptional functions of TFIID or SAGA. Instead, targeting of 

TAF12 selectively incurs phenotypes in the most MYB-dependent cell types: AML cells and 
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the normal lymphoid cells. One avenue of future investigation will be to evaluate TAF12 as a 

transcriptional vulnerability in other cancer contexts in which MYB has a critical function. 

For example, chromosomal translocations in adenoid cystic carcinomas fuse MYB with 

NFIB to form a TF oncoprotein (Persson et al., 2009). Interestingly, MYB-NFIB fusions 

preserve the TAF12/TAF4 interaction surface we identify here, and hence may rely on 

TFIID for its carcinoma-promoting functions.

In human AML, MYB is rarely altered genetically but instead acts as a powerful dependency 

that functions downstream of other oncogenes (Pattabiraman and Gonda, 2013). One of the 

remarkable features of MYB is that a partial reduction of its expression can eradicate AML 

in mice, without impairing normal myelopoiesis (Zuber et al., 2011a). While MYB is an 

attractive target for therapy, the DNA-binding domain and TAD regions are challenging 

prospects for direct chemical inhibition based on structural considerations. We have 

previously shown that chemical inhibition of BRD4 with JQ1 interferes with the activation 

function of MYB (Bhagwat et al., 2016; Roe et al., 2015). However, a major obstacle in 

pursuing BRD4 as a target in AML, is that numerous other TFs are also functionally 

suppressed by JQ1 (Xu and Vakoc, 2017). In our efforts to directly compare TAF12 versus 

BRD4 targeting, we found that TAF12 perturbations achieve potent suppression of MYB, 

while preserving the function of other hematopoietic TFs.

The TAD of MYB has been shown to bind to multiple coactivators, including the KIX 

domain of the lysine acetyltransferases CBP/p300 (Oelgeschläger et al., 1996; Pattabiraman 

et al., 2014). Recent studies have described small-molecules that disrupt the MYB-p300 

interaction, although these compounds lack potency and selectivity for this interaction 

(Uttarkar et al., 2016a; Uttarkar et al., 2016b). The TAF1 subunit of TFIID, although not a 

selective AML dependency like TAF12, contains two bromodomains that bind to acetylated 

lysine residues (Jacobson et al., 2000). Thus, TFIID and p300 might be coupled with one 

another at MYB binding sites through an acetylation-dependent interaction, which may 

cooperate with the direct TAF12-MYB interaction described here. One important avenue of 

future investigation will be to identify small-molecules or peptide-based strategies that 

achieve a complete blockade of the MYB TAD function, which may require co-targeting of 

CBP/p300 and TFIID interactions.

TAF9, TAF10, and TAF12 are unique among the TAF subunits in being shared by both 

TFIID and SAGA coactivator complexes (Grant et al., 1998; Timmers and Tora, 2005). 

While many of experiments throughout our study point to the transcriptional effects of 

TAF12 knockdown occurring via altered TFIID functions, we cannot rule out the 

involvement of SAGA in this process. Our shRNA targeting experiments indicate that 

SAGA, like TFIID, is essential in AML, with a subset of SAGA subunits (e.g. TAF5L) 

causing AML-specific growth arrest phenotypes. This raises the possibility that specific 

surfaces of SAGA engage in functional interactions with AML-promoting TFs, although our 

experiments exclude the role of a TAF12-MYB interaction in this context. SAGA contains 

both lysine acetyltransferase and ubiquitin protease activities, which could be targetable with 

small-molecules (Tzelepis et al., 2016; Weake and Workman, 2012). A worthwhile endeavor 

for future research will be to mechanistically characterize the AML-maintenance function of 

SAGA using similar genetic approaches we have used here to study TFIID.
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The HFD is a common motif within TFIID, present on 9 different TAF subunits (Gupta et 

al., 2016). Unlike histones, the TAF HFDs lack positively charged residues that would be 

required to wrap DNA, and instead are used for inter-subunit interactions within the complex 

(Werten et al., 2002). While certain HFD TAFs can be reconstituted as an octamer in vitro, 

recent structural evidence suggests that individual TAF HFD heterodimers do not form an 

octamer but instead occupy distinct surface positions within TFIID, and hence are available 

for TF interactions (Louder et al., 2016; Selleck et al., 2001). Our finding that the TAF12/

TAF4 HFD heterodimer provides a binding surface for the MYB TAD is not without 

precedent, as prior work had shown that TAF12 can also bind to the activation domains of 

GCN4, VP16, and HNF4A (Alpern et al., 2014; Hall and Struhl, 2002; Klein et al., 2003). 

Nevertheless, it is remarkable that MYB, relative to other TFs, is uniquely impaired upon 

depleting TAF12, which is likely to explain why many normal tissues can persist in TAF12-

suppressed state. For this reason, TAF12 is an attractive therapeutic target in MYB-addicted 

malignancies, and our study highlights how a peptide-based squelching strategy could be 

used to exploit this transcriptional vulnerability.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Christopher Vakoc (vakoc@cshl.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal procedures and studies were approved by the Cold Spring Harbor 

Laboratory Animal Care and Use Committee in accordance to IACUC. For TAF12 shRNA 

transgenic mice, TAF12 shRNA (#364) targeted ES cells were generated at Mirimus Inc 

(Cold Spring Harbor, NY). Specifically, a dox inducible promoter (TRE) driven TAF12 

shRNA (#364) expression cassette was incorporated into the Col1a1 locus of KH2 ES cells, 

which already express the reverse tetracycline controlled transactivator (rtTA-M2) driven by 

endogenous Rosa26 promoter using site-specific integration (Premsrirut et al., 2011). The 

shRNA targeted ES cells were then used to derive chimera mice through blastocyst injection, 

performed at CSHL Gene Targeting Core facility. Chimera mice were backcrossed with 

C57BL/6 mice to obtain experimental mice homozygous for the rtTA locus and 

heterozygous for the shRNA locus. 6–10-week old female NSGS mice used for leukemia 

transplantation experiments were purchased from the Jackson Laboratory. 6–10-week old 

female C57BL/6 mice used for leukemia transplantation and deriving normal myeloid 

progenitors were purchased from Taconic Biosciences.

Cell lines—Murine MLL-AF9 / NrasG12D AML cells (RN2) were cultured in RPMI with 

10% FBS; Murine DNMT3AR882H/NRASG12D and NUP98-JARID1A AML cells were 

cultured in Opti-MEM media with 15% FBS, 10 ng/ml SCF and 50 μM β-mercaptoethanol 

(Lu et al., 2016). All human AML cell lines were cultured in RPMI with 10% FBS, except 

for OCI-AML3 cells, which were cultured in alpha-MEM with 20% FBS. Murine 

KrasG12D/p53−/− lung cancer cells were cultured in RPMI with 10% FBS. NIH 3T3 

immortalized fibroblast were cultured in DMEM with 10% bovine calf serum. B16-F10, 
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4T1, MycCaP, Neuro-2a, iMEF (SV40 larger T antigen immortalized MEFs, (Fellmann et 

al., 2011), Plat-E and HEK 293T were cultured in DMEM with 10% FBS. Penicillin/

streptomycin were added to all cell culture. Plat-E and HEK 293T cells were used for 

packing retrovirus and lentivirus, respectively, using polyethylenimine (PEI)-mediated 

transfection. For culturing normal myeloid progenitor cells, bone marrow cells were flushed 

from the femurs of 6–10-week old C57BL/6 mice, lysed with ACK buffer (150 mM NH4Cl, 

10 mM KHCO3, 0.1 mM EDTA), and cultured in RPMI with 10% FBS, 2 ng/ml rmIL-3, 2 

ng/ml rmIL-6, 10 ng/ml rmSCF and 50 μM β-mercaptoethanol. Murine Dnmt3a−/− 

hematopoietic stem cells (HSCs) were cultured in Opti-MEM with 10% FBS, 50 ng/ml 

rmFlt3L, 10 ng/ml rhIL-6, 10 ng/ml rmIL-3 and 50 ng/ml rmSCF.

METHODS DETAILS

shRNA screen in leukemia and myeloid progenitors—shRNAs targeting 16 genes 

encoding TFIID subunits were cloned into the mirE-based retroviral shRNA expression 

vector MLS-E (Fellmann et al., 2013). RN2 cells were infected with retrovirus by 

centrifugation at 2280 rpm for 45 min in the presence of 4 μg/ml polybrene. Viral infection 

day was counted as day 0 and GFP% was measured on day 2, day 8 or day 12 post infection 

using a Guava Easycyte instrument (Millipore, Billerica, MA). GFP% fold-depletion was 

calculated as the ratio of day 2 to day 12 GFP%. A similar procedure was used for retroviral 

infection of normal myeloid progenitor cells, except that supplements (2 ng/ml rmIL-3, 2 

ng/ml rmIL-6, 10 ng/ml rmSCF, 50 μM β-mercaptoethanol) were added to virus prior to 

infection. GFP fold-depletion was calculated as the ratio of day 2 to day 8 GFP&s#x00025;. 

shRNA sequences as well as the GFP fold-depletion can be found in Table S1.

CRISPR-based targeting in murine and human cells—For GFP depletion assays in 

human cancer cell lines, cells stably expressing Cas9 in LentiVpuro vector (Lenti-EFS-

FLAG-Cas9-P2A-Puro) were infected with sgRNA in LRG (Lenti-U6-sgRNA-EFS-GFP) 

vector. GFP% was measured every other day from day 3 to day 13 post viral transduction.

For RNA-seq experiments following CRISPR based targeting of TAF12 and MYB in 

MOLM-13 cells, MOLM-13 cells stably expressing Cas9 in LentiVpuro vector were 

infected with control, TAF12 or MYB sgRNAs. GFP positive cells were FACS sorted on day 

3 or day 4 post infection with MYB ot TAF12 sgRNAs, respectively and used for RNA-seq 

analysis.

For CRISPR based targeting of TAF12 in murine AML cells in vivo, please refer to in vivo 

leukemia transplantation section.

sgRNA sequences can be found in Table S1.

Colony formation assay in RN2 and normal myeloid progenitors—For shRNA-

mediated knockdown experiments in RN2 and normal myeloid progenitors, cells were 

retrovirally infected with shRNA in LEP vector (LTR-miRE-shRNA-PGK-puro-IRES-GFP). 

On day 2 post viral infection, 2,500 GFP+ leukemia cells were plated into methylcellulose-

based media without cytokines (MethoCult M3234) and 10,000 GFP+ normal myeloid 

progenitor cells were plated into methylcellulose-based media with cytokines (MethoCult 
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GF M3434). For both experiments, 2 μg/ml puromycin was added to the media for selecting 

shRNA+ cells. On day5 post plating (day 7 post viral infection), blast-like colonies (poorly 

differentiated) were counted and representative pictures were taken. For TAF4-HFD 

overexpression experiments, PIG vector (MSCV-cDNA-PGK-puro-IRES-GFP) was used for 

expressing cDNA fragment and all other procedures were prepared as described above.

Colony formation assay and GFP depletion assay in murine HSCs—For colony 

formation assay in murine HSCs with serial replating, Sca-1+ bone marrow progenitors were 

magnetically enriched (Miltenyi microbeads and AutoMACS) from the bone marrow of 

mice treated with 150 mg/kg of 5-flurouracil 6 days prior to harvest. Sca-1+ cells were 

transduced with shRNA in MLS-E vector and 2 days later, 100 GFP+/Lineage−/Sca-1+/c-

Kit+/CD48−/CD150+ HSCs were sorted per well for colony analysis. At the end of each 

round of plating, 5,000 GFP+ cells were re-sorted for the next passage.

For GFP depletion assay in murine Dnmt3a−/− HSCs, clonal Dnmt3a−/− HSCs were derived 

from single HSCs (Lineage− /Sca-1+/c-Kit+/CD48−/CD150+) from Vav-Cre:Dnmt3a(fl/fl) 

mice by passaging four times in Methocult M3434 media, followed by growth as suspension 

cells in liquid media, as described above. Cell lines derived from individual clones were 

transduced with the shRNA in MLS-E vector, and the proportion of GFP+ cells in the culture 

over time was determined by flow cytometry.

In vivo leukemia transplant—All animal procedures and studies were approved by the 

Cold Spring Harbor Laboratory Animal Care and Use committee in accordance to IACUC.

For conditional TAF12 shRNA experiments in vivo, RN2 cells which already carry reverse 

tetracycline-controlled transactivator (rtTA) were infected with shREN or shTAF12.364 in 

dox-regulated vector TRIN-E (TRE-mirE-shRNA-dsRED-PGK-Venus-IRES-NeoR), 

followed by G-418 selection (1 mg/ml). RN2 clones carrying dox-regulated shRNA were 

separated by serial dilution and validated through dox treatment followed by western blot 

analysis in vitro. 1 million clonal RN2 cells were transplanted into sub-lethally (5.5 Gy) 

irradiated C57BL/6 mice through tail vein injection. Freshly established leukemia cells 

harboring dox-inducible TAF12 shRNA were collected from the spleen of moribund mice. 

500,000 leukemia cells were then transplanted into secondary recipients (sub-lethally 

irradiated C57BL/6 mice) by tail vein injection. Upon transplantation, dox was 

administrated to mice through drinking water (2 mg/ml with 2% sucrose) and chow (625 

mg/kg).

For CRISPR-mediated targeting of TAF12 in RN2 cells in vivo, Cas9 expressing clonal RN2 

line generated in a previous study (Shi et al., 2015) was infected with sgRNA in LRG vector 

(Lenti-U6-sgRNA-EFS-GFP). On day 2 post viral infection, 100,000 sorted GFP+ cells were 

injected to sub-lethally irradiated (2.5 Gy) NSGS mice through tail vein.

For CRISPR-mediated targeting of TAF12 in DNMT3AR882H/NRASG12D AML cells (Lu et 

al., 2016) in vivo, cells were first transduced with a Cas9 and Luciferase expressing cassette 

in Lenti-EFS-Cas9-P2A-Blast and Lenti-EFS-Luciferase-P2A-NeoR vectors respectively, 

followed by blasticidin (10 μg/ml) and G-418 (1mg/ml) selection and viral transduction with 

Xu et al. Page 12

Cancer Cell. Author manuscript; available in PMC 2019 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LRG-sgRNA vector. On day 3 post infection with sgRNA, 15,000 sorted GFP+ cells were 

injected to sublethally irradiated (2.5 Gy) NSGS mice. For biofluorescence imagining, mice 

were intraperitoneally (IP) injected with D-Luciferin (50 mg/kg) and analyzed using an IVIS 

Spectrum system (Caliper Life Sciences) 5 min post IP injection. For conditional TAF4-

HFD expression in RN2 cells in vivo, RN2 cells were first transduced with TAF4-HFD in 

TtGNN vector (TREtight-NLS-GFP-cDNA-PGK-NeoR), followed by G-418 (1mg/ml) 

selection. RN2 clones were selected and injected into mice to derive fresh leukemia cells as 

described above. 500,000 freshly established leukemia cells carrying dox-regulated GFP or 

GFP-TAF4-HFD expression cassette were injected into sublethally irradiated C57BL/6 

mice. On day 9 post transplantation, mice were treated with dox through drinking water (2 

mg/ml dox with 2% sucrose) and chow (625 mg/kg).

Transgenic shRNA mice—All animal procedures and studies were approved by the Cold 

Spring Harbor Laboratory Animal Care and Use committee in accordance to IACUC. 

Transgenic dox-regulated shTAF12 and shREN mice were generated as described above. 6–

10-week old mice (except for the experiment for characterizing LSK population, where the 

mice were ~24-week-old) homozygous for rtTA locus and heterozygous for shRNA locus 

were treated with dox through drinking water (2 mg/ml dox with 2% sucrose) and chow 

(625 mg/kg). After 4 weeks of dox administration, various tissues were collected and the 

following analysis was performed.

For immunochemistry analysis, tissues were fixed in 10% neutral buffered formalin at room 

temperature overnight and washed with PBS. Samples were then processed and subjected to 

H&E staining following standard protocol at the CSHL histology core facility.

For FACS analysis, femur, spleen and peripheral blood were collected from mice treated 

with dox for 4 weeks. A single cell suspension was prepared from the collected tissues and 

treated with ACK buffer. 1million cells were then stained with fluorescence conjugated 

antibodies against different hematopoietic lineage markers in FACS buffer (1× PBS with 5% 

FBS) for 1 hr at 4°C, followed by flow cytometry analysis using a BD LSRII analyzer. 

Gating was performed on live (FSC/SSC) and GFP positive cells prior to quantifying the 

marker positivity. Data analysis was performed using FlowJo software.

Cell lysate preparation for western blot analysis—For cell cultures, 2 million cells 

were resuspended in 50 μl of PBS and lysed with 50 μl of 2x Laemmli Sample Buffer 

supplemented with β-mercaptoethanol by boiling for 30 min. For preparing mice tissue 

lysates, tissues were harvested and lysed in RIPA buffer (25 mM Tris-HCl pH 7.6, 150 mM 

NaCl, 1% NP-40, 1% sodium deoxycholate and 0.1% SDS) supplemented with proteinase 

inhibitor using a dounce homogenizer, then sonicated for 1 min and incubated on ice for 15 

min. The supernatant was collected and quantified using a Bradford assay.

RT-PCR—Total RNA was extracted using TRIzol following manufacture’s protocol. 2 μg 

total RNA was treated with DNaseI and reverse transcribed into cDNA using qScript cDNA 

SuperMix, followed by qPCR with SYBR green PCR master mix on an ABI 7900HT fast 

real-time PCR system.
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RNA-seq library construction—RNA was extracted using TRIzol following 

manufacture’s protocol. 2 μg total RNA was used for constructing RNA-seq library using the 

Illumina TruSeq sample prep kit v2 following manufacture’s protocol. Briefly, RNA was 

polyA selected and enzymatically fragmented. cDNA was synthesized using Super Script II 

master mix, followed by end repair, A-tailing and PCR amplification. Library was single-

end sequenced for 50 bp in HiSeq 2000 using V3 or V4 flow cell.

ChIP-qPCR—Cells were crosslinked in 1% formaldehyde at room temperature for 20 min 

and the reaction was quenched using 0.125M glycine. 10 million cells were incubated with 

cell lysis buffer (10 mM Tris pH8.0, 10 mM NaCl, 0.2% NP-40) and then resuspended and 

sonicated in 500 μl of nuclei lysis buffer (50 mM Tris pH8.0, 10 mM EDTA, 1% SDS) for 

10 min using BioRuptor water bath sonicator (low, 30 s ON/OFF). For one IP, 250 μl of 

sonicated chromatin from 5 million cells were diluted with 3.75 ml IP-Dilution buffer (20 

mM Tris pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.01% SDS,) and 

incubated with 2 ug of appropriate antibody and 25 μl of magnetic beads (protein A beads 

for rabbit antibody, protein G beads for mouse antibody) at 4°C overnight. After washing 

once with IP-wash 1 buffer (20 mM Tris pH8.0, 2 mM EDTA, 50 mM NaCl, 1% Triton 

X-100, 0.1% SDS), twice with High-salt buffer (20 mM Tris pH 8.0, 2 mM EDTA, 500 mM 

NaCl, 1% Triton X-100, 0.01% SDS), once with IP-wash 2 buffer (10 mM Tris pH 8.0, 1 

mM EDTA 0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate), twice with TE buffer (10 

Mm Tris-Cl, 1 Mm EDTA, pH 8.0), beads bound chromatin were eluted in 200 μl nuclei 

lysis buffer by heating at 65 °C for 15 min. 12 μl of 5 M NaCl was added to the 200 μl 

eluted chromatin, followed by incubation at 65°C overnight for reverse cross-linking. After 

reverse cross-linking, DNA was treated with RNaseA and proteinase K, followed by 

purification using QIAGEN PCR purification kit. qPCR was performed on ABI 7900HT 

Fast Real-Time PCR machine. ChIP-qPCR primers can be found in Table S1.

ChIP-seq library construction—ChIP was prepared as described above for ChIP-qPCR, 

except that the chromatin was sonicated for 15 min. ChIP DNA from 10 IPs were pooled 

together for one ChIP-seq library construction. ChIP-seq library was constructed using 

Illumina TruSeq ChIP Sample Prep kit following manufacture’s protocol. Briefly, ChIP 

DNA was end repaired, followed by A tailing and size selection (250–500 bp) by gel 

electrophoresis. 15 PCR cycles were used for final library amplification and the library was 

analyzed on a Bioanalyzer using a high sensitivity DNA chip (Agilent) on Bioanalyzer. 

Library was single-end sequenced for 50 bp on HiSeq 2000 using V3 or V4 flow cell.

Flow cytometry analysis for RN2 cells—On day 4 post viral infection with shRNA or 

cDNA expression vector, 1 million RN2 cells were collected and stained with APC 

conjugated c-Kit or Gr-1, PE conjugated Mac-1 antibodies in FACS buffer at 4°C for 1 hr. 

After two washes washing with FACS buffer, samples were analyzed on a BD LSRII 

analyzer and data analysis was performed using FlowJo software.

May-Grünwald Giemsa staining—5,000 RN2 cells resuspended in 100 μl FACS buffer 

were span onto slides using a Cytospin 2 Centrifuge at 500 rpm for 5 min and left to dry 
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overnight. Slides were then stained in May-Grünwald solution for 7 min, followed by 

staining in Giemsa solutions for 15 min.

FLAG-TAF12 IP-MS analysis—Nuclear lysates were prepared from ~400 million RN2 or 

iMEF cells stably expressing 3*FLAG-TAF12 in PIG vector (MSCV-cDNA-PGK-puro-

IRES-GFP) or RN2 cells stably expressing FLAG-TAF10 in PIG vector and transduced with 

dox-regulated shTAF12 or shREN 72 hr post dox (1 μg/ml) treatment. Briefly, cells were 

lysed in Buffer A (20 mM Tris-HCl pH 8.0, 1.5 mM MgCl2, 10 mM KCl, 1 mM 

Dithiothreitol (DTT), 15% Glycerol) for 15 min, followed by nuclear lysis in Buffer C (20 

mM Tris-HCl pH 8.0, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, 15% 

Glycerol) for 1 hr. Nuclear lysates were diluted with no-salt Buffer C (20 mM Tris-HCl pH 

8.0, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 15% Glycerol) to 150 mM salt 

concentration and incubated with anti-FLAG M2 agarose at 4°C overnight. After washing 

with BC150 (20 mM Tris-HCl pH 8.0, 150 mM KCl, 0.5 mM EDTA, 1 mM DTT, 0.01% 

NP-40, 15% Glycerol) 8 times, beads bound protein were eluted with FLAG peptide (0.5 

mg/ml). Elute from FLAG IP was then precipitated using trichloroacetic acid (TCA), 

washed with 10% TCA (once) and acetone (twice), followed by mass spectrometry analysis. 

All the mass spectrometry and data analysis were performed at Taplin Mass Spectrometry 

Facility at Harvard University.

FLAG IP in RN2 and HEK 293T cells—Nuclear lysates were prepared from RN2 cells 

stably expressing FLAG-MYB or HEK 293T cells transiently transfected with FLAG-MYB 

in PCDNA3 vector (48 hr post transfection), as described as above. 5 mg nuclear lysates 

were diluted with no-salt buffer to 60 mM salt concentration and incubated with FLAG M2 

agarose overnight. After washing with BC60 (20 mM Tris-HCl pH 8.0, 60 mM KCl, 0.5 mM 

EDTA, 0.5 mM Dithiothreitol, 15% Glycerol) for 5 times, beads bound protein were eluted 

with FLAG peptide (0.5 mg/ml), followed by western blot analysis.

co-IP in HEK 293T cells—One 80% confluent 15-cm plate of 293T cells was transfected 

with 8 μg PCDNA3-HA-TAF12-HFD, 8 μg PCDNA3-TAF4-HFD or TADA1-HFD and 16 

μg PCDNA3-FLAG-MYB fragments. 48 hr post transfection, nuclear lysates were prepared 

as described above and incubated with FLAG M2 agarose overnight (with final salt 

concentration at 150 mM). After washing with BC150 5 times, beads bound protein were 

eluted with FLAG peptide (0.5 mg/ml), followed by western blot analysis.

GST pulldown experiment—For GST and GST-TAD pulldown assays from RN2 nuclear 

lysates, GST and GST-TAD were first purified from BL21 E. coli cells with the following 

procedures. Protein expression in bacteria cells transformed with GST or GST-TAD in 

PGEX-4T1 vector was induced with 0.1 mM isopropyl β-D-1 thiogalactopyranoside (IPTG) 

at 17°C overnight. Cells were lysed n cell lysis buffer (20 mM Tris pH 8.0, 300 mM NaCl, 1 

mM DTT, 1 mM EDTA, 10% Glycerol, 1 mM PMSF) through sonication (47% Amp, 3 s 

ON/12 s OFF, 3 min in total). The supernatant after sonication was incubated with 

glutathione agarose for 2 hr. After incubation, the protein bound agarose was washed with 

lysis buffer 5 times and twice with BC100. Equal amounts of GST and GST-TAD 

immortalized in glutathione agarose was then incubated with ~4 mg diluted RN2 nuclear 
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lysates (~60 mM final salt concentration) overnight. After washing with BC60 5 times, 

beads bound protein was eluted by boiling, followed by western blot analysis. For GST 

pulldown experiments using GST and GST tagged TAF12-TAF4 HFD dimer, GST and GST 

tagged protein was purified as described above. FLAG-MYB1-327 was purified from HEK 

293T cells 48 hr post transfection of FLAG-MYB1-327 in PCDNA3 vector through FLAG IP, 

following similar procedures as described above, except that extensive washing (Buffer C for 

5 times) was applied. Equal amounts of GST or GST tagged HFD dimer immortalized 

agarose were incubated with FLAG-MYB1-327 for 4 hr. After washing with BC100 3 times, 

protein bound beads were eluted by boiling for 10 min, followed by Coomassie staining and 

western blot analysis.

MG132 treatment experiment—Clonal RN2 cells carrying dox-regulated TAF12 

shRNA (#364) were generated as described above. Cells were treated with dox (1 μg/ml) for 

48 hr, followed by treatment with 10 nM MG132. 4 hr post MG132 treatment, cells were 

harvested and whole cell lysates were prepared for western blot analysis of MYB.

RNA-seq data analysis—For RNA-seq in RN2 cells, single end 50 bp sequencing reads 

were mapped to the mm9 genome using TopHat (Kim et al., 2013). Structural RNA was 

masked and differentially expressed genes were identified using Cuffdiff (Kim et al., 2013; 

Trapnell et al., 2010). All the following analysis was performed on genes with RPKM value 

no less than 5 in control samples. For RNA-seq following shRNA-mediated knockdown in 

RN2 cells, fold-change in RPKM was calculated as the ratio of average RPKM of two 

independent hairpins (shTAF12.364/376; shMYB.2652/2572; shMLL-AF9.643/1039; 

shTADA1.1226/1580; shTAF2.1635/4392; shTAF4.2818/3818) to the average RPKM of two 

biological replicates of shREN. For RNA-seq following TAF4-HFD overexpression in RN2 

cells, fold-change in RPKM was calculated as ratio of average RPKM of samples expressing 

TAF4-HFD and FLAG-TAF4-HFD to the average RPKM of two biological replicates of 

control samples (i.e. empty vector). The target signatures of hematopoietic TFs were defined 

as the top 200 downregulated genes following shRNA-mediated knockdown. RNA-seq data 

for defining CEBPB, FLI1, ERG and PU.1 signatures as well as JQ1 treatment were from a 

previous study (Roe et al., 2015). Pre-ranked gene set enrichment analysis (GSEA) was 

performed following standard procedure (Subramanian et al., 2005). For the GSEA analysis 

against Molecular Signature Database (MSigDB), additional gene sets including murine and 

human MYB signatures, murine PU.1, ERG, FLI1 and CEBPB signatures were incorporated 

into the online database v5.1 (Subramanian et al., 2005). Unsupervised hierarchical 

clustering and heat map of similarity matrix were generated in Morpheus from the Broad 

Institute.

For RNA-seq in human cells, the data analysis procedure is similar as described above, with 

the following differences. 1) hg19 genome was used for mapping sequencing reads. 2). 

sgMYB_e4.9 and sgMYB_e5.2 targeting the MYB DNA binding domain, sgTAF12_e4.1 

and sgTAF12_4.4 targeting the TAF12 histone-fold domain were used for RNA-seq analysis 

in MOLM-13 cells.

ChIP-seq analysis—50 bp single end sequencing reads were mapped to mm9 genome 

using Bowtie with 2 mismatches allowed (Langmead et al., 2009). After removing PCR 

Xu et al. Page 16

Cancer Cell. Author manuscript; available in PMC 2019 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



duplicates, MACS 1.4.2 was used to call peaks with input genomic DNA as control (Feng et 

al., 2012). ChIP-seq datasets generated in this study, together with H3K27ac, H3K4me3, 

MYB, CEBPB, PU.1 and FLI1 ChIP-seq datasets from previous studies (Roe et al., 2015; 

Shi et al., 2013) were used for the following analysis. Annotation of ChIP-seq peaks was 

performed using Homer v4.9 with default settings (Heinz et al., 2010).

For making heat map of density plot, density matrix was generated by mapping sequencing 

reads from each ChIP-seq experiment to the 200 20-bp bins around the summit of 6,879 

MYB peaks ranked based on MYB ChIP-seq tag counts. TreeView software was used to 

generate the heat map from the density matrix (Saldanha, 2004).

For calculating fold-change of TAF12 tag counts following MYB knockdown, the following 

analysis was performed.

1. Define high confident TAF12 peaks as the overlapped intervals (more than 500 

bp) between two biological repeats: FLAG-TAF12 ChIP-seq in RN2 cells and 

FLAG-TAF12 ChIP-seq in RN2 infected with control shRNA (i.e. shREN).

2. Normalization to total number of uniquely mapped reads was applied. Fold-

change in TAF12 tag counts in shMYB versus shREN samples for each of the 

19,780 intervals were then calculated, ranked and plotted.

For GSEA analysis, 326 nearest expressed genes (RPKM =5) were assigned to the top 500 

most MYB dependent TAF12 intervals using Genomic Regions Enrichment of Annotations 

Tool (GREAT) (McLean et al., 2010). Gene ontology analysis was also performed using 

GREAT. For TRAP analysis (Thomas-Chollier et al., 2011), DNA sequences flanking 200 

bp of each summit of the top 500 MYB dependent TAF12 peaks and 500 random TAF12 

peaks were extracted from the mm9 genome and served as the input for motif analysis.

For meta profiling analysis of different hematopoietic TFs and histone modifications at top 

500 MYB dependent TAF12 peaks and the 19,780 TAF12 peaks, density matrix around the 

peak summit was first generated as described above, and average tag counts of indicated 

group of peaks were then calculated and plotted.

BEDTools (Quinlan and Hall, 2010) and SAMtools (Li et al., 2009) were used during the 

course of the analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistics tests were performed using GraphPad PRISM6 software. For comparing 

survival curves, p value was calculated by Log-rank (Mantel-Cox) test. For other 

experiments, p value was calculated by unpaired Student’s t-test.

DATA AND SOFTWARE AVAILABILITY

The ChIP-seq and RNA-seq data from this study have been uploaded to GEO database with 

accession number GSE 104309.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Targeting of the epigenetic/chromatin/transcriptional regulatory machinery is an 

emerging therapeutic paradigm in leukemia and other malignancies, but such 

perturbations will usually influence a large number of transcriptional circuits in both 

normal and malignant cells. The limits of transcriptional selectivity for this therapeutic 

strategy are unknown. In this study, we identify a discrete perturbation of a general 

coactivator complex that selectively impairs the oncogenic transcription factor MYB. By 

disabling the capacity of this complex to support MYB function but preserving its global 

transcriptional function, this perturbation exerts potent anti-leukemia effects without 

harming normal tissues. These findings highlight a general strategy by which actionable 

surfaces of general coactivator complex can be identified for therapeutic development.
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Highlights

• AML is hypersensitive the knockdown of TAF12, a subunit of TFIID/SAGA 

complexes

• Normal tissues can persist in a TAF12-deficient state

• A TAF12-TAF4 histone-fold heterodimer binds to the activation domain of 

MYB

• Peptide-based squelching of TAF12/MYB leads to potent anti-leukemia 

effects
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Figure 1. A TFIID-focused shRNA screen reveals that acute myeloid leukemia cells are 
hypersensitive to TAF12 knockdown
(A) Negative selection shRNA screening strategy. 86 shRNAs targeting 16 TFIID subunits 

were cloned into the MLS-E retroviral vector. The effect of individual shRNAs on cell 

proliferation was evaluated by measuring GFP depletion in a competition-based assay.

(B) Summary of shRNA screening results. The GFP depletion of shRNAs targeting TFIID 

subunits, a negative control shRNA targeting Renilla luciferase (shREN.713) and a positive 

control shRNA targeting RPA3 (shRPA3.457) is displayed. GFP depletion is plotted as a day 

2 to day 12 ratio of GFP% for RN2 cells and a day 2 to day 8 ratio of GFP% for normal 

myeloid progenitors.
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(C) Western blot analysis in RN2 cells and normal myeloid progenitor cultures on day 3 post 

infection with control or TAF12 shRNA (#364).

(D) Western blot analysis in RN2 cells transduced with FLAG-TAF12 cDNA or empty 

retroviral vector.

(E) TAF12 shRNA/cDNA rescue assay in RN2 cells. Retrovirally (MSCV) expressed 

FLAG-TAF12 cDNA is linked to GFP and retrovirally expressed shTAF12.364 is linked 

with mCherry. GFP/mCherry double positive cell depletion was measured to evaluate rescue. 

n=3.

(F) Bright-field images of methylcellulose-based colony formation assays in RN2 cells and 

normal myeloid progenitors on day 7 post viral transduction with control or TAF12 (#364) 

shRNAs. Scale bar represents 1 mm.

(G) Quantification of immature/blast colonies shown in (F). n=3.

(H) May-Grünwald Giemsa staining of RN2 cells on day 4 post infection with control or 

TAF12 shRNA (#364). Scale bar represents 10 μm.

(I) Flow cytometry analysis of RN2 cells stained with antibodies against c-Kit (surface 

marker of leukemia stem cells) and Mac-1 (surface marker of macrophage cells) on day 4 

post infection with control or TAF12 (#364) shRNAs.

(J–Q) GFP depletion assays and western blot analysis in murine MLL-AF9/NrasG12D AML, 

i.e. RN2 (J), murine DNMT3AR882H/NRASG12D AML (K), murine NUP98-JARID1A AML

(L), murine NIH 3T3 fibroblast (M), murine B16-F10 melanoma cells (N), murine 

KrasG12D/p53−/− lung cancer cells (O), murine 4T1 breast cancer cells (P) and murine 

MycCaP prostate cancer cells (M) after retroviral transduction with control or TAF12 (#364) 

shRNAs. n=3.

All bar graphs represent the mean ±3SEM.

See also Figure S1.
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Figure 2. Evaluation of TAF12 knockdown in AML and normal tissues in vivo
(A) Bioluminescent imaging of mice transplanted with RN2 cells transduced with 

doxycycline (dox) regulated shRNAs. Mice were injected with 500,000 RN2 cells and 

treated with dox on day 0 and imaged on day 7, 9 and 11 post transplantation. 4 or 5 mice 

were used for each cohort and representative images are shown.

(B) Quantification of bioluminescent imaging from (A). Values represent photons per second 

(p/s) of bioluminescent signal detection. p value was calculated using unpaired Student’s t-

test. n=4–5.

(C) Survival curves of mice transplanted with RN2 cells transduced with the indicated dox-

regulated shRNAs. p value was calculated using Log-rank (Mantel-Cox) test. n=4–5.
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(D) Bioluminescent imaging of mice transplanted with DNMT3AR882H/NRASG12D AML 

cells transduced with CRISPR guide RNAs targeting a control region (sgROSA) or TAF12 

(sgTAF12 #4.1). Mice were injected with 15,000 cells and imaged on day 8, 10 and 12 post 

transplantation. 4 or 5 mice were used for each cohort and representative images are shown.

(E) Quantification of bioluminescent imaging from (D). Values represent photons per second 

(p/s) of bioluminescent signal detection. Data are presented as mean ± SEM, n=4–5. p value 

was calculated using unpaired Student’s t-test.

(F) Survival curves of mice transplanted with DNMT3AR882H/NRASG12D AML cells 

transduced with indicated CRISPR guide RNAs (sgRNAs). p value was calculated using 

Log-rank (Mantel-Cox) test. 9–10 mice were used for each cohort.

(G) Transgenic shRNA expression strategy. TRE: Tetracycline response element; rtTA-M2: 

reverse tetracycline-controlled transactivator M2 variant. All mice evaluated were 

heterozygous for the shRNA cassette and homozygous for the rtTA-M2 transgene.

(H) Representative western blot analysis of whole tissue lysates prepared from mice treated 

with dox in the drinking water and chow for 4 weeks.

(I) Hematoxylin and eosin staining of tissues from mice treated with dox for 4 weeks. Scale 

bar represents 100 μm.

(J–K) Flow cytometry analysis of bone marrow (J) and spleen (K) stained with antibodies 

against the indicated cell surface markers from transgenic mice treated with dox in the 

drinking water and chow for 4 weeks. Gating was first performed on GFP+/shRNA+ cells, 

prior to measurement of marker staining. p value was calculated by unpaired Student’s t test, 

*p<0.05. n=3.

All bar graphs represent the mean ±3SEM.

See also Figure S2.
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Figure 3. TAF12 is required to sustain the transcriptional output of MYB
(A) RT-PCR analysis of Myb mRNA level in murine AML and non-AML cell lines. 

Measurements were normalized to Gapdh mRNA level. n=3.

(B–I) GFP depletion assays in the murine MLL-AF9/NrasG12D AML, i.e. RN2 (B), murine 

NUP98-JARID1A AML (C), murine DNMT3AR882H/NRASG12D AML (D), murine 

KrasG12D/p53−/− lung cancer cells (E), murine MycCap prostate cancer cells (F), murine 

4T1 breast cancer cells (G), murine B16-F10 melanoma cells (H) and immortalized 

fibroblast iMEF (I) transduced with control (shREN) or MYB shRNAs. n=3.

(J–K) RNA-seq comparison of TAF12 knockdown to MYB (J) or MLL-AF9 (K) knockdown 

in RN2 cells. Scatter plot depicts the fold-change in RPKM values of 8,044 expressed genes 

(RPKM =5 in shREN samples) comparing two independent shRNAs targeting TAF12, MYB 

or MLL-AF9 to shREN.
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(L) Unbiased Gene Set Enrichment Analysis (GSEA) of shTAF12 versus shREN in RN2 

cells. Normalized enrichment score (NES) and family-wise error rate (FWER) p value were 

ranked and plotted for 13,321 genes sets, which include all of the Molecular Signature 

Database v5.1 (MSigDB) and a MYB gene signature, defined as the top 200 down-regulated 

genes upon MYB knockdown in RN2 cells. Each gene set is depicted as a single dot.

(M) GSEA plot of the murine MYB target gene signature upon TAF12 knockdown in RN2 

cells.

(N) Unbiased GSEA analysis of sgTAF12 versus sgROSA in the human AML cell line 

MOLM-13, as described in (L), for evaluating the effects in the MSigDB gene sets and a 

MYB gene signature, defined as the top 200 down-regulated genes in MOLM-13 cells 

following sgRNA-mediated targeting of MYB.

(O) Heat map showing the relative MYB mRNA level of 173 AML patients samples in the 

TCGA database. Patients with relative high and low MYB level were defined by z score 

>0.5 and <−0.5, respectively.

(P–Q) GSEA analysis of patients with high versus low MYB level for evaluating the effects 

in the MYB-dependent (P) or TAF12-dependent (Q) gene signatures, defined as the top 200 

down-regulated genes upon sgRNA-mediated targeting of MYB and TAF12 in MOLM-13 

cells, respectively.

All bar graphs represent the mean ±3SEM.

See also Figure S3.
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Figure 4. Physical interaction between MYB and the TAF12/TAF4 heterodimer
(A) IP-western blot analysis evaluating the interaction between FLAG-MYB and 

endogenous TFIID subunits. FLAG IP was performed in nuclear lysates from RN2 cells 

stably expressing FLAG tagged MYBFL(full-length), MYB1-327 fragment or empty vector 

followed by western blotting for the indicated TFIID subunits.

(B) Western blot analysis of TFIID subunits pulled down by recombinant GST or GST 

tagged transactivation domain (TAD) of MYB from RN2 nuclear lysates.

(C) Illustration of MYB domain architecture and fragments used for shRNA/cDNA rescue 

experiments. DBD: DNA-binding domain, TAD: transactivation domain, NRD: negative 

regulatory domain.

(D) GFP depletion assay evaluating the FLAG-MYB fragments shown in (C) to rescue the 

growth-arrest in RN2 cells caused by GFP-linked MYB shRNA (#2652). Bar graph 

represents the mean ±3SEM, n=3.
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(E) Illustration of murine TAF12 and TAF4 domain architectures. Crystal structure 

represents the human TAF12/TAF4 histone-fold domain (HFD) heterodimer (PDB:1H3O) 

(Werten et al., 2002).

(F) GFP depletion assay evaluating the ability of full-length (FL) TAF12 versus the TAF12-

HFD fragment (amino acids 50–130) to rescue the growth-arrest in RN2 cells caused by 

GFP-linked TAF12 shRNA (#364). Bar graph represents the mean ±3SEM, n=3.

(G) Illustration of MYB truncation fragments used for co-IP experiments.

(H) Co-IP western blot analysis evaluating the interaction between the indicated MYB 

fragments and the TAF4/TAF12 HFD heterodimer. HEK 293T cells were co-transfected with 

HA tagged TAF12, untagged TAF4-HFD, and one of the FLAG-MYB fragments shown in 

(G) or empty vector. FLAG IP was performed in nuclear lysates 48 hr post transfection.

(I) Silver staining analysis of the recombinant GST, GST tagged TAF12/TAF4 HFD 

heterodimer (purified from E. coli) and FLAG-MYB1-327 (purified from HEK 293T).

(J) Binding assay using the proteins shown in (I). GST proteins were immobilized on 

glutathione beads, followed by incubation with FLAG-MYB1-327. The bead-associated 

complexes were eluted and western blotted with anti-FLAG antibodies.

(K) Co-IP western blot analysis evaluating the interaction between MYB and TADA1/

TAF12 or TAF4/TAF12 HFD heterodimer. HEK 293T cells were co-transfected with HA 

tagged TAF12-HFD, untagged TAF4-HFD or TADA1-HFD, and FLAG-MYB (FL or 1-327 

fragment) or empty vector. FLAG IP was performed in nuclear lysates 48 hr post 

transfection.

(L) Mass spectrometry analysis of TFIID subunits following FLAG-TAF10 IP in RN2 cells 

expressing a dox-regulated TAF12 shRNA (#364) or control shRNA. Total peptide counts 

for the indicated subunits is shown, normalized to the control shRNA samples.

(M) Western blot analysis of the indicated TFIID subunits in RN2 cells on day 3 post 

infection of control or TAF12 (#364) shRNAs.

See also Figure S4.
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Figure 5. MYB recruits TAF12 to select cis elements in AML cells to support transcriptional 
activation
(A) ChIP-seq density plots of MYB, FLAG-TAF12, TAF2, TAF10, H3K27ac and H3K4me3 

enrichment at MYB-occupied promoter and distal regions. MYB peaks located within −1 kb 

to +100 bp of transcription start site were defined as promoter regions, and others were 

defined as distal regions. Each row represents a 2 kb interval centered on the summit of each 

MYB peak and were ranked based on MYB ChIP-seq tag counts. FLAG-TAF12 ChIP-seq 

was performed in RN2 cells stably expressing FLAG tagged TAF12 following 24 hr dox-

induced expression of control or MYB (#2652) shRNAs. TAF2 and TAF10 ChIP-seq were 

performed in parental RN2 cells. MYB, H3K27ac and H3K4me3 ChIP-seq data were from 

previous studies generated in parental RN2 cells (Roe et al., 2015; Shi et al., 2013).

(B) Global changes in FLAG-TAF12 enrichment following MYB knockdown. Fold-change 

in TAF12 tag counts for 19,780 TAF12 peaks in shMYB (#2652) versus shREN transduced 
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RN2 cells are ranked and plotted. Examples of MYB dependent and independent peaks are 

indicated.

(C–D) ChIP-seq profiles of H3K27ac, MYB, TAF2 and FLAG-TAF12 at Ctsg (C), a 

genomic locus with MYB-dependent TAF12, and Slpi (D), a site with MYB-independent 

TAF12, in RN2 cells.

(E–F) ChIP-qPCR analysis of TAF12 (E) and TAF2 (F) at indicated MYB dependent and 

independent TAF12 loci following MYB knockdown. ChIP-qPCR was performed in RN2 

cells following 24 hr dox-induced expression of control or MYB (#2652) shRNAs. Bar 

graphs represent the mean ±3SEM, n=3.

(G) GSEA analysis evaluating the expression of 326 expressed genes (RPMI =5) located 

nearest to the top 500 MYB-dependent TAF12 peaks following MYB or TAF12 knockdown.

(H) Transcription factor affinity prediction of the top 500 MYB-dependent TAF12 peaks 

versus 500 random TAF12 peaks. DNA sequences flanking 200 bp of each peak summit 

were used for motif analysis.

(I) Ontology analysis of genes located nearest to the top 500 MYB-dependent TAF12 peaks 

versus genes located nearest to 500 random TAF12 peaks using the Genomic Regions 

Enrichment of Annotations Tool (GREAT). In parentheses is the ontology identifier of each 

indicated pathway in the GREAT database.

See also Figure S5.
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Figure 6. TAF12 protects MYB from proteasome-mediated degradation
(A) MYB ChIP-qPCR analysis at indicated regions identified via MYB ChIP-seq in RN2 

cells infected with control or TAF12 (#364) shRNAs on day 3 post infection. Bar graph 

represents the mean ±3SEM, n=3.

(B) Quantification of the relative MYB occupancy detected by ChIP-qPCR in (A). Data was 

normalized to shREN sample. Each dot represents individual locus tested in (A) and the 

error bar represents SD.

(C) Western blot analysis in RN2 cells infected with control or TAF12 (#364) shRNAs on 

day 3 post infection. Quantification of MYB bands with normalization to ACTIN bands was 

performed using ImageJ software.

(D) Western blot analysis of MYB protein level in RN2 cells following dox-regulated 

shRNA expression for 48 hr, followed by MG132 treatment for 4 hr. 1/2 shREN indicates a 

2-fold dilution of shREN sample.

(E) Western blot analysis of MYB protein level in RN2 cells retrovirally co-transduced with 

the indicated cDNA and shRNA constructs.

(F) GFP depletion assay evaluating the effect of MYB overexpression on the growth-arrest 

caused by the GFP-linked TAF12 shRNA (#364) in RN2 cells. Data are plotted as the mean 

±3SEM. * p<0.05 using unpaired Students’ t-test, n=3.

See also Figure S6.
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Figure 7. Squelching of TAF12 with a TAF4 HFD peptide leads to MYB suppression and anti-
AML activity in vivo
(A) Illustration of the TAF4-HFD based strategy for interfering with TAF12 and MYB 

function in AML.

(B) Western blot analysis of FLAG-TAF4-HFD expression in RN2 cells.

(C) GFP depletion assay evaluating the effect of retrovirally expressing the TAF4-HFD 

(linked to GFP) in RN2 cells. Prior to TAF4-HFD expression, RN2 cells were transduced 

with the TAF12 cDNA or empty vector.

(D) Bright-field images of methylcellulose-based colony formation assays in RN2 cells and 

normal myeloid progenitors expressing TAF4-HFD or empty vector on day 7 post viral 

transduction and day 5 post plating. Scale bar represents 1 mm.

(E) Quantification of immature/blast colonies in (D). Data are plotted as mean ±3SEM, n=3.
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(F) May-Grünwald Giemsa staining of RN2 cells expressing the TAF4-HFD or empty vector 

(day 4 post infection). Scale bar represents 10 μm.

(G) Flow cytometry analysis of RN2 cells stained with antibodies against c-Kit and Mac-1 

on day 4 post infection with TAF4-HFD or empty vector control.

(H) GSEA analysis of TAF4-HFD overexpression versus empty vector control in RN2 cells, 

evaluating effects on a MYB dependent gene signature, defined as the top 200 

downregulated genes following MYB knockdown in RN2 cells.

(I–J) RNA-seq comparison of TAF4-HFD expression to TAF12 (I) or MYB (J) knockdown 

in RN2 cells. Scatter plot depicts the fold-change in RPKM values of 8,044 expressed genes 

(RPKM =5 in shREN) comparing two independent TAF12/MYB shRNAs or TAF4-HFD 

expression to control (shREN or empty vector, respectively).

(K) Bioluminescent imaging of mice transplanted with RN2 cells transduced with dox-

regulated GFP-TAF4-HFD or GFP control. Mice were treated with dox in the drinking water 

and chow starting on day 9 and imaged on day 9, 11 and 13 following RN2 cells injection. 4 

or 5 mice were used for each cohort.

(L) Quantification of bioluminescent imaging in (K). Values represent photons per second 

(p/s) of bioluminescent signal detection. p value was calculated using unpaired Student’s t-

test. Data are plotted as mean ±3SEM, n=4–5.

(M) Survival curves of mice transplanted with RN2 cells transduced with dox-regulated 

GFP-TAF4-HFD or GFP. Mice were treated with dox in the drinking water and chow 

starting on day 9 following RN2 cell injection. p value was calculated by Log-rank (Mantel-

Cox) test. n=4–5.

See also Figure S7.
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