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Abstract

Pervasive transcription initiates from cryptic promoters and is observed in eukaryotes ranging 

from yeast to mammals. The Set2-Rpd3 regulatory system prevents cryptic promoter function 

within expressed genes. However, conserved systems that control pervasive transcription within 

intergenic regions have not been well established. Here we show that Mot1, Ino80 chromatin 

remodeling complex (Ino80C), and NC2 colocalize on chromatin and coordinately suppress 

pervasive transcription in S. cerevisiae and murine embryonic stem cells (mESCs). In yeast, all 

three proteins bind subtelomeric heterochromatin through a Sir3-stimulated mechanism and to 

euchromatin via a TBP-stimulated mechanism. In mESCs, the proteins bind to active and poised 

TBP-bound promoters along with promoters of polycomb-silenced genes apparently lacking TBP. 

Depletion of Mot1, Ino80C or NC2 by anchor away in yeast or RNAi in mESCs leads to near-

identical transcriptome phenotypes, with new subtelomeric transcription in yeast, and greatly 

increased pervasive transcription in both yeast and mESCs.
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Introduction

Nucleosome depleted regions (NDRs) in both S. cerevisiae and mammalian promoters 

display closely situated divergent transcription by RNA polymerase II (Pol II). One RNA 

initiates in the forward direction into the gene. The other initiates in the antisense or reverse 

direction. In mammals, these RNAs are termed upstream antisense RNAs (uaRNAs) or 

promoter upstream transcripts (PROMPTs) (Chen et al., 2016). In yeast, three known classes 

of such transcripts exist including cryptic unstable transcripts (CUTs), stable unannotated 

transcripts (SUTs) and Xrn1-sensitive unstable transcripts (XUTs) (van Dijk et al., 2011; Xu 

et al., 2009). Collectively, these cryptic transcription units, mainly initiating within 

intergenic regions, lead to a phenomenon termed pervasive transcription. Pervasive 

transcription emerges from Pol II preinitiation complexes (PICs) detectable by ChIP-Exo 

(Pugh and Venters, 2016). In some cases, non-coding, pervasive transcription affects 

expression of nearby genes and can influence protein abundance, and thus it is probably 

regulated (Huber et al., 2016; Xu et al., 2011b). The magnitude of pervasive transcription 

relative to genic transcription has been difficult to assess because some of the RNAs are 

rapidly degraded by RNA surveillance systems like the exosome and Xrn1 but others 

generate stable RNAs. Additionally, some factors involved in Pol II elongation and RNA 

processing influence pervasive transcript levels (Almada et al., 2013; Colin et al., 2014; Roy 

et al., 2016; Yang et al., 2016). However, whether or how pervasive transcription is 

controlled at the transcriptional level has been largely unknown (Jensen et al., 2013; Kaplan, 

2016).

A well-studied system that prevents initiation at cryptic promoters within a gene during 

transcription comprises Set2, Rpd3S, chromatin remodeling proteins (Chd1, Isw1), histone 

chaperones (i.e., FACT) and Pol II itself (Kaplan et al., 2003; Keogh et al., 2005; Li et al., 
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2007; Rando and Winston, 2012; Smolle and Workman, 2013; Venkatesh and Workman, 

2013). Chromatin modification and remodeling disrupt nucleosomes to expose DNA for Pol 

II passage. However, chromatin must be reassembled to prevent cryptic promoters from 

initiating transcription. H3K36 methylation by Set2, which travels with elongating Pol II, 

prevents intragenic cryptic promoters from functioning. H3K36me3 recruits the Rpd3S 

histone deacetylase complex to create a repressive chromatin structure in the wake of Pol II 

(Lee et al., 2013; Smolle et al., 2012; Venkatesh et al., 2012). Set2-repressed antisense 

transcripts (SRATs) are a major class of the RNAs produced in Set2 mutants (Kim et al., 

2016; Venkatesh et al., 2016). Like transcribed intragenic chromatin, the promoter NDR is 

generated by nucleosome remodeling and must likewise employ a mechanism to suppress 

transcription of uaRNAs/PROMPTs, CUTs, SUTs, XUTs and other ncRNAs. However, the 

identity of such systems has remained elusive.

Genic nucleosome organization in yeast is a complex process involving the coordinated 

action of numerous chromatin remodeling proteins including RSC, Chd1, Isw1, Isw2 and 

Ino80C (Krietenstein et al., 2016; Rando and Winston, 2012; Yen et al., 2012; Yen et al., 

2013). RSC generates the NDR (Krietenstein et al., 2016; Lorch et al., 2014). However, 

Ino80C is recruited to AT-rich NDRs, possibly through its NHP10 subunit, where it positions 

the +1 and −1 nucleosomes around the promoter irrespective of gene activity (Yen et al., 

2012; Yen et al., 2013). Ino80C can position the +1 and −1 nucleosomes in a purified system 

lacking other factors (Krietenstein et al., 2016). Ino80C is conserved from yeast to mammals 

(Conaway and Conaway, 2009). We have shown previously that deletion of Ino80C subunits 

in yeast leads to high levels of heterochromatin transcription and widespread intergenic non-

coding transcription initiating upstream of the annotated TSS and also downstream of the 

TTS, in all cases accompanied by increased H3K79me3, a hallmark of active or recent 

transcription (Xue et al., 2015). This observation suggests that Ino80C is a component of a 

silencing system that acts outside of genes and in heterochromatin. However, several key 

questions remained unanswered. For example, how is Ino80C recruited to its sites of action, 

are there other potential proteins operating in combination with Ino80C, are these conserved, 

and finally, is the function of the system conserved across eukaryotes? Here we employed 

proteomics on heterochromatin and PICs in yeast to identify two known TBP binding 

proteins, NC2 and Mot1 (Auble, 2009; Sikorski and Buratowski, 2009), as additional 

components of this silencing system. Detailed in vivo analyses show that the binding and 

functions of NC2 and Mot1 directly overlap with Ino80C in yeast and mammalian cells, and 

in euchromatin and facultative heterochromatin, to suppress pervasive transcription and 

consequently, to ensure properly regulated gene expression.

Results

Mot1, Ino80C and NC2 Bind and Contribute to Silencing of Yeast Heterochromatin

Our previous studies determined that S. cerevisiae subtelomeric heterochromatin displayed a 

bi-stable state where embedded genes could become active even when bound by Sir proteins 

(Kitada et al., 2012). This observation suggested that other factors contribute to silencing. To 

identify these, we generated heterochromatin in vitro on a nucleosomal template bearing a 

GAL4-responsive promoter (Fig. 1A). This template was immobilized on paramagnetic 
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beads, coated with purified Sir2, 3, and 4, and incubated with yeast nuclear extract. Bound 

proteins were eluted and subjected to MultiDimensional Protein Identification Technology 

(MuDPIT). The raw spectral data were analyzed using our in-house MS-SORT program, 

which generates a normalized spectral abundance factor for each protein complex identified 

(NSAFC). NSAFC is a semi-quantitative measure of a complex’s abundance in a mixture.

Figure 1B and Table S2 list NSAFc values for key proteins identified in our analysis. We 

detected >5-fold Sir2,3,4-dependent enrichment of several known transcriptional regulatory 

factors and chromatin remodeling proteins including Mot1, Ino80C and NC2 and lesser 

enrichments of other proteins. We will refer to Mot1, Ino80C and NC2 collectively as MINC 

with the caveat that although protein-protein interactions between the different components 

have been identified, we have no strong evidence for a free-standing complex. Upon 

purification, each of the components displayed a higher affinity for chromatin bound by 

Sir2,3,4 but did not bind cooperatively (data not shown). Two additional proteins, Rap1 and 

NHP6a, were also >5-fold enriched but subsequent analyses (below) show they play roles 

distinct from MINC.

ChIP-seq analysis of Mot1-Myc, Ino80C subunit Arp5, and Nc2β-Myc confirmed that the 

proteins localize within heterochromatin in vivo. Figure 1C shows the average binding 

profile within 15 kb of the telomere. Sir3 binding is highest in the region closest to the 

telomere, decreases throughout the subtelomeric region and reaches a minimum typically 5 

to 15 kb from the telomere. This distribution is typical except for chromosome III bearing 

the telomere-proximal HML and HMR loci (Sperling and Grunstein, 2009). The bimodal 

shape of the average binding profile reflects the presence of Y′ repeat elements in about half 

of the subtelomeric regions. The data also reveal enrichment of MINC in subtelomeric 

regions with profiles similar to Sir3. The browser track in Figure 1D shows that MINC 

components co-localize in most instances. Deletion of SIR3 (sir3Δ) led to a decrease but not 

complete loss of binding of MINC (Fig. 1C and 1D). Using published datasets (Zentner and 

Henikoff, 2013), we could not consistently detect TBP in the regions of MINC binding 

within yeast heterochromatin. However, we cannot exclude the possibility that TBP is 

present but below the level of detection. We conclude that the Sir2,3,4 silencing complex 

contributes to MINC localization within subtelomeric heterochromatin in S. cerevisiae.

To understand the role of MINC in subtelomeric transcription, we employed the anchor 

away (AA) approach. Figure 2A shows that depletion of MINC components by AA led to an 

average increase in subtelomeric transcription versus a control strain (WT) with the 

differences becoming less evident as heterochromatin begins to merge with euchromatin. 

When comparing the ratio of transcription from the MINC-AA strains to the WT control 

(Fig. 2B), the combination of Ino80AA with either Mot1AA or NC2βAA led to 

subtelomeric transcription that exceeded the mild transcriptional increase observed in a 

sir3Δ strain. This point is illustrated by browser tracks plotting the increase in transcription 

in Ino80AA and Mot1AA strains upon rapamycin addition alongside that in sir3Δ. The 

increased transcription localized to precisely the same positions for each MINC component 

(Fig. 2C). We conclude that MINC controls subtelomeric transcription and likely functions 

together with the Sir2,3,4 complex to maintain subtelomeric gene silencing.

Xue et al. Page 4

Mol Cell. Author manuscript; available in PMC 2018 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MINC is Present Within PICs

During our proteomic analysis of yeast heterochromatin, we also employed MuDPIT to 

analyze PICs formed on immobilized chromatin templates incubated with yeast nuclear 

extract and GAL4-VP16. Figure 3A shows an MS-SORT chart demonstrating GAL4-VP16-

mediated recruitment of select PIC components including the general transcription factors, 

and the co-activators TFIID, Mediator (MED) and SAGA. These data are consistent with a 

previous study (Sikorski et al., 2012). Notably, MINC was also recruited >4-fold. We 

conclude that recruitment of MINC is coincident with PIC assembly at a promoter in vitro.

We employed ChIP-seq to determine whether the MINC components co-localize at yeast 

promoters genome-wide using Mot1-Myc, Ino80-Myc, and Nc2β-Myc. A metagene analysis 

of all MINC components (Fig. 3B) revealed co-enrichment both upstream of the annotated 

TSS and downstream of the TTS. We found that MINC largely co-localizes with TBP within 

euchromatin using a published dataset (Zentner and Henikoff, 2013). Our data are consistent 

with previous ChIP-chip studies on Mot1 and NC2 (van Werven et al., 2008) and with many 

uncited studies. We conclude that MINC components co-localize at TBP binding sites in 

euchromatin. Note that Spearman correlation of replicates for the genomics data are in Table 

S3.

The enrichment of MINC and TBP is greater on the 5′ versus the 3′ end of genes. Figure 

3C is a Venn diagram showing that the Mot1, Ino80 and NC2 co-localize at the majority of 

genes and Figure S1A shows the detailed number of overlapping genes. Figures S1B-E show 

that the upstream and downstream enrichment is not an informatics artifact due to the tight 

packing of genes in yeast causing misinterpretation of a TSS as a TTS. The average profile 

from the TSSs of divergent genes and the TTSs of convergent genes, positions where the 

signal cannot be misinterpreted, display MINC and TBP enrichment. These points are 

illustrated by the browser plot from a typical gene-dense region of the S. cerevisiae genome, 

where MINC and TBP co-localize, flanking most gene units (Fig. 3D, see dashed lines). 

Such binding may be independent or indicative of a gene loop.

To gain further insight into the determinants of MINC positioning, we employed TBP 

anchor away (TBPAA). Figure 3E shows heat maps, divided into 4 clusters (Ca-d) by k-

means, comparing MINC binding before and after AA. The effects of AA were clearly 

evident in Ca-c but less so in Cd so we analyzed the first three clusters in more detail. 

Figures 3E and 3F reveal strong decreases in Mot1 binding at the TTS of all three clusters 

and at the TSS of all clusters except Cc. TBPAA had similar effects on Ino80 and NC2 

leading to decreases in binding at the TSS and TTS in Ca, the TTS in Cb but interestingly, 

increased binding at the TSS in Cc. Indeed, in two replicates of this experiment, MINC 

binding around the TSS in Cc was the least changed upon TBPAA. Figure S1F enumerates 

the percentage of TFIID- versus SAGA-dependent promoters in each cluster, showing that 

Cc contains the highest percentage of SAGA-dependent promoters. These findings correlate 

well with the enrichment of TATA-containing promoters in Cc. This observation suggests 

TATA-containing promoters are more resistant to MINC depletion possibly because of a 

higher TBP affinity versus promoters of other clusters. This idea is supported by a previous 

study showing that TBP binding at TATA-containing promoters is more resistant to Mot1AA 
than at other promoters (Zentner and Henikoff, 2013). We conclude that TBP is 
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mechanistically responsible for localizing MINC at a large number of genes. Although this 

should be predicted for Mot1 and NC2, the fact that Ino80 behaves similarly provides 

evidence for a functional link among the MINC components.

MINC is Responsible for Transcriptional Silencing in Intergenic Euchromatin

To determine the transcriptome consequences of depleting MINC, we performed strand-

specific RNA sequencing in rapamycin-treated AA strains of MINC components and plotted 

the results as heat maps representing the fold change versus parental strains (blue is 

downregulated and red is upregulated by AA). It is known that depletion of Mot1, Ino80C 

and NC2 leads to increased levels of pervasive transcripts (Dasgupta et al., 2002; Gomez-

Navarro et al., 2016; Xue et al., 2015). However, an important question was whether the 

Ino80AA transcriptome phenotype was distinct or quantitatively similar to the phenotypes of 

Mot1AA and NC2AA. Similar phenotypes would argue that Ino80C function is coordinated 

with that of Mot1 and NC2, whereas unique effects would suggest separate pathways. To 

address this distinction, the transcriptome changes were separated into antisense and sense 

heat maps, each of which was sorted into three clusters apiece (antisense C1–C3; sense C4–

6) by k-means and then further analyzed by comparing individual browser tracks of affected 

genes.

Ino80AA led to near identical transcriptome phenotypes as those found in NC2α/βAA, and 

Mot1AA. Figure 4A shows that in C1, intergenic antisense transcript levels increased up and 

downstream of the gene upon AA. C2 revealed an increased level of antisense transcripts 

throughout the gene. C3 is a combination of weaker effects. All three clusters display similar 

TBP binding adjacent to the TSS. Combining Ino80AA with either NC2AA or Mot1AA 
revealed strengthening of antisense signals, including that of C3 (Fig. 4A). We also 

compared the gene expression level in each cluster and found that the median transcription 

level of C2 genes in untreated cells was lower than those of C1 and C3 (Fig. 4B).

The data on the sense strand revealed additional insights into the silencing role of MINC. 

First, AA of MINC components led to a general increase in sense transcripts in intergenic 

regions mainly downstream of the TTS but also upstream of the TSS (Fig. 4C). These effects 

were amplified by combining Ino80AA with either Mot1AA or the NC2α/βAA. Second, 

sense transcripts in a large fraction of genes, represented by C5, increased substantially upon 

AA of MINC components. The median mRNA level of C5 genes in untreated cells was 

significantly lower than those of C4 and C6 (Fig. 4D). The different effects of AA strains on 

expression of non-coding RNAs could not be explained by differential binding of MINC or 

TBP with the possible exception of C5, which displayed less enrichment downstream (Fig. 

S2A–C), suggesting the possibility that intact PICs and MINC co-exist on some genes. 

Notably, the expression patterns for Rap1AA and Nhp6aΔ, two other proteins that were >5-

fold enriched in the initial heterochromatin proteomic screen, were distinct suggesting the 

MINC effect is specific (Figs. S2D and S2E).

The browser plots of Figure 4E and Figure S2F (shaded regions) reveal the range of 

transcriptome phenotypes associated with MINC depletion. These RNAs shared 3 

properties: i. they frequently co-localized with SUTs, XUTs and CUTs; ii. displayed 

proximal peaks of TBP distinct from the one of the adjacent gene; iii. and usually localized 
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with capped RNAs (TSSs arrows). The plots show that the increase in antisense and sense 

transcripts occur in the same locations in the different MINC AA strains, and the effects are 

additive (Fig. S2G) or sometimes greater (Fig. 4E). The Chr XII example shows strong 

antisense transcription possibly originating from the TBP located at the 3′ end of 

YLR448W. Also, transcriptionally inactive genes normally bound by MINC such as 

YMR231W on chr XIII, become expressed upon individual and combinatorial AA of MINC 

components. In such cases, MINC appears to be silencing the entire gene unit. These 

observations support our model that Mot1, Ino80C and NC2 function together to suppress 

transcription from both cryptic promoters and silenced but physiological promoters. Finally, 

the enhanced levels of pervasive RNAs appear to be due to new transcription rather than 

stability as they are accompanied by increases in H3K79me3 upstream of the TSS and 

overlapping the TTS of the gene (Fig. S2H). H3K79 methylation is carried out by the 

histone methyltransferase Dot1, which associates with elongating Pol II.

Mammalian MINC Binds Within Promoters of Active and Poised Genes

The occurrence of pervasive transcription and conservation of MINC components between 

yeast and mammalian cells prompted us to investigate whether MINC was also responsible 

for suppressing pervasive transcription in murine embryonic stem cells (mESCs). Note that 

Mot1 is termed BTAF1 in mammalian cells (Tora, 2002) although we employ the yeast term 

here. To validate our ChIP-seq antibodies, we performed co-immunoprecipitation analysis 

from crude mESC nuclear extracts. Surprisingly, under native conditions, each MINC 

component displayed substantial co-association with its partners when compared to input 

(Fig. S3A).

We next determined the ChIP-seq binding profiles of Mot1, Ino80 and NC2 and compared 

them with a previously reported TBP dataset from mESCs (GSM555160). The metagene 

profile of MINC components in Figure 5A shows they largely co-localize with TBP 

upstream of the TSS. The Venn diagrams of Figure 5B and Figure S3B reveal considerable 

overlap of significant peaks among MINC components. This colocalization is clearly evident 

across a region of chromosome 9, where total RNA levels are shown (Fig. 5C). Unlike in 

yeast, we did not observe consistent binding of MINC to the regions downstream of the 

TTS.

To further understand MINC’s binding pattern, we employed a recent chromatin state model 

based on ChromHMM (Chronis et al., 2017). Chromatin states are assigned to specific loci 

based on the proportions of well-characterized histone modifications and variants. The 

location, size and enrichment of the assigned chromatin states in the genome are listed in 

Figure S3C. Figure 5D is a chart displaying the relative enrichment of each MINC 

component within each of the 18 chromatin states including active promoters (PromA), 

poised promoters (PromP), enhancers (EnhA, EnhM1, EnhM2, EnhW, EnhP), transcribed 

enhancers (TxEnhA, TxEnhB), various transcribed regions (Tx, Tx5′, Tx3′, TxWk3′, 

TxWk3′reg), coding regions bound by polycomb (ReprPC), H3K9me3 enriched 

heterochromatin (Het) and two regions where few modifications were detected (low signal). 

Strikingly, the data reveal that MINC is associated predominantly with chromatin states 1 

and 2 comprising active (PromA) and poised (PromP) promoter regions, respectively. The 
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slight bias for poised is due to the fact that ~25% more loci are represented in the PromP 

category versus PromA. A weaker association with different enhancer states is also 

observed.

Poised promoters bearing H3K27me3 are often bound by polycomb group proteins. We used 

published Polycomb repressive complex 1 (PRC1) ChIP-seq datasets (Kloet et al., 2016) 

along with our own Pol II and Med1 datasets to align with MINC and TBP. Ring1B is an 

H2AK119 ubiquitinase found in PRC1 and similar complexes [reviewed in (Di Croce and 

Helin, 2013)]. Pcgf2 is another complex member. Figure 5E shows heat maps sorted by 

either high (C_hi), low (C_low) or no (C_no) TBP binding at the TSS, compared with 

mRNA expression of the adjacent gene (RNA). The highly-expressed C_hi contains active 

promoters bearing MINC, TBP, Pol II, and Med1 centered near the TSS and low Ring1B and 

Pcgf2 binding. Conversely, C_low genes are less expressed, contain higher average levels of 

promoter-bound MINC, are enriched in Ring1B and Pcgf2 but contain low or undetectable 

TBP, Pol II, and Mediator. C_no genes are expressed poorly and contain little MINC, TBP, 

Pol II, Med1, Ring1B or Pcgf2. We conclude that MINC is present at active and polycomb-

bound genes. As in yeast facultative heterochromatin, the C_low genes display low to 

undetectable TBP binding (Fig. 5E). This is also evident in the browser track of Figure 5C, 

where MINC is bound at promoters with Ring1B in either the presence or absence of TBP. 

MINC binding in the absence of detectable TBP appears to be a general characteristic of 

polycomb-rich promoter regions such as the Hoxd locus (Fig. S3D).

Depletion of MINC by RNAi Increases Pervasive Transcription in mESCs

To determine if the function of MINC in mESCs paralleled that in yeast, we performed total 

RNA-seq after RNAi to understand the effect of depleting each MINC component 

individually and in combination with Ino80. Figure S4A shows the knockdown efficiency of 

the various mRNAs for MINC components. The transcript changes upon knockdown were 

separated into antisense and sense heat maps, each of which was sorted into different 

clusters using k-means. The clusters are shown in Figure 6. Figure 6A illustrates heatmaps 

capturing the main trends for the upstream (Cluster 1, C1) and downstream antisense non-

coding transcripts (C2) along with transcripts affected only mildly (C3). Both the upstream 

(C1) and downstream (C2) antisense transcripts are upregulated upon single or even greater 

in double knock down of MINC components. TBP occupancy of affected genes is not 

predictive of their sensitivity to depletion of MINC (Fig. 6A) but the new pervasive 

transcription is associated with slightly more active nearby genes (Fig. 6B). Analysis of 

increases in Sense transcripts revealed two clusters, C4 and C5. C4 displayed slightly 

enhanced levels within the gene and a stronger increase downstream of the TTS while there 

were mild to no effects of MINC depletion in C5 (Fig. 6C). The genes in C4 or C5 were 

expressed similarly (Fig. 6D). The average RNA profiles of C1–5 largely support the 

heatmap results (Fig. S4B).

We were unable to ascertain a root cause of the enhanced pervasive transcript levels based 

on comparison of TBP (Fig. S4C) and MINC enrichment (Fig. S4D and E). It was possible 

that we were observing effects of MINC depletion on RNA stability. However, similar 

results and clusters were obtained when we compared Total RNA with Nascent RNA-seq in 
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the Mot1&Ino80 double knockdowns (Fig. S4F and G). Nascent RNA-seq captures 

chromatin- and Pol II-associated RNAs, arguing that the increased levels of pervasive 

transcripts are due to new transcription (Pandya-Jones and Black, 2009; Wuarin and 

Schibler, 1994)(Table S4). The increased transcription observed in the heatmaps of C1, C2 

and C4 is supported by the average profile of the RNAs (Fig. S4H) and by the browser track 

examples representing C1 and C4 (Fig. 6E). However, whereas a mild increase in Pol II 

accompanied the increases in downstream transcription in C2 and C4 (Fig. S4F, G and H), 

the same was not observed for C1. One possible reason we did not observe increased Pol II 

levels at the promoter in C1 is because the increased transcription may be due to a change in 

Pol II distribution between the gene and divergent transcription units rather than total 

amount. More likely, the pervasive transcripts levels are very low compared to mRNAs and 

Pol II changes may not be easily detectable by ChIP.

Figure 6E shows browser plots representing a capped, antisense RNA initiating near the 

Suco TSS and a sense transcript downstream of the Mef2d TTS, where no capped RNAs 

were identified. The antisense upstream transcription shown in Figure 6A likely represents 

low-level existing divergent transcription increased by MINC knockdown. Divergent 

transcription has been described previously, corresponds with capped RNAs (Fort et al., 

2014) and displays a TBP peak distinct from that of the nearby gene (Fig. 6E, Suco, 

compare TSS and TBP locations). Figure S5 illustrates several features of MINC-regulated 

pervasive transcription units. These include the sense transcription upstream of the Hat1 

gene and the antisense transcription initiating downstream of the Cdk13 gene representing 

C2 (Fig. S5A). For C1, distinct peaks of TBP typically aligned with the gene TSS and with 

the known antisense TSS. However, in some examples (Suco), MINC was bound with TBP 

over the promoter of the gene but not with TBP at the promoter of the pervasive RNA (Fig. 

S5B). In other cases (Kpnb1), MINC bound both the genic and antisense promoters. Finally, 

we note that MINC downregulates pervasive transcription in facultative heterochromatin as 

illustrated by the Hoxa1 example (Fig. S5B). This example is curious because the nearby 

gene is active (not shown) reinforcing the possibility that gene activity contributes to MINC-

regulated pervasive transcription. We conclude that the role of MINC in ESCs, like yeast, is 

to suppress pervasive transcription but its major effect is on upstream antisense RNA 

resulting from divergent transcription with a lesser effect on RNAs that extend beyond the 

normal TTS.

Discussion

MINC is reasonably well-conserved between S. cerevisiae and mammals unlike other major 

silencing systems including the Silencing Information Regulators (Sir 2,3,4 proteins) in S. 
cerevisiae, the Ring1B-associated polycomb group (PcG) in metazoans (Gartenberg and 

Smith, 2016; Piunti and Shilatifard, 2016), HP1 paralogs (Becker et al., 2016), and DNA 

methyltransferases (Klose and Bird, 2006). MINC coordinately downregulates thousands of 

pervasive transcription units in intergenic regions in euchromatin, while also playing a role 

in proper gene activation. We found that the binding and transcriptome phenotypes of all 

three MINC components overlap extensively in yeast and mESCs. We suggest that a major 

role of this conserved system is to suppress pervasive transcription initiating in intergenic 

regions, thus complementing the Set2-Rpd3S system for intragenic regions. However, our 
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data show that MINC binding and regulation are superimposed on facultative 

heterochromatin in yeast, and binding is observed in mESC polycomb-bound regions, 

suggesting that this system may underlie mechanisms regulating heterochromatin function in 

two widely divergent eukaryotes.

We have not been able to obtain strong biochemical evidence that MINC exists as a free-

standing complex although Mot1 and Ino80C have been shown to interact sub-

stoichiometrically (Arnett et al., 2008), and NC2 and Mot1 interact in protein-protein 

interaction assays (Klejman et al., 2004) and in the co-crystal structure with TBP (Butryn et 

al., 2015). It should be emphasized that most components of the Set2-Rpd3 system do not 

interact in a larger complex but function coordinately to prevent intragenic cryptic promoter 

function (Rando and Winston, 2012). Nevertheless, we are able to observe co-

immunoprecipitation of MINC components from mESC extracts under low stringency 

conditions but were unable to obtain similar results from yeast.

It is currently unclear how the MINC system functions. NC2α/β and Mot1 both bind 

simultaneously to the exposed surface of DNA-bound TBP in vitro (Butryn et al., 2015). 

NC2α/β specifically blocks recruitment of TFIIB (Inostroza et al., 1992), while Mot1 is an 

ATP-dependent SWI-like DNA translocase that evicts TBP from DNA (Auble et al., 1994; 

Auble et al., 1997). Ino80C subunit deletions lead to movement of the +1 nucleosome into 

the NDR in yeast (Yen et al., 2012; Yen et al., 2013) and depletion of Mot1 leads to 

redistribution of TBP (Zentner and Henikoff, 2013). In principle, the inward movement of 

nucleosomes could partially disrupt pre-existing PICs and redistribution of TBP could 

augment transcription from cryptic intergenic promoters.

TBP is a promiscuous DNA binding protein that recognizes many AT-rich sequences. 

Natural promoters employ several recognition sequences and multiple mechanisms, 

including evolutionary selection, to ensure that TBP, in the context of TFIID, recognizes 

physiological promoters with high affinity and a specific directionality (Kadonaga, 2012). If 

the roles of Mot1 and NC2 were to simply ensure that cryptic promoters were not utilized, 

then why do they position themselves within natural promoters and become recruited as part 

of PICs? It is plausible that by naturally downregulating TFIID function to a certain degree, 

most natural promoters, when activated, would overcome the inhibition via binding of the 

GTFs and co-activators, thereby displacing Mot1 and NC2. By contrast, most cryptic 

transcription units exposed by chromatin remodeling would not possess strong promoters 

because these would have been selected against evolutionarily. While TBP may bind to such 

promoters, the lack of recognition sites for TAFs along with the association of Mot1 and 

NC2 would restrict its ability to facilitate GTF and co-activator recruitment. In this scenario, 

the role of Ino80C would be to minimize exposure of cryptic promoters or disruption of the 

natural promoter via proper nucleosome organization.

Our data also reveal increases in RNA around the TTS in both yeast and mammalian genes 

after depletion of MINC. In yeast, MINC is enriched upstream of the TSS and downstream 

of the TTS, even on convergently transcribed genes. However, mESCs do not display 

consistent MINC or TBP binding near the TTS and our analyses of published Cap-seq data 

have not revealed significant downstream initiation sites. Although we observe increases in 
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both sense and antisense RNA downstream of genes in mESCs, the sense signal is stronger 

and correlates with increased Pol II density. It is therefore plausible that the 3′ enrichment 

of RNA and Pol II is due to Downstream of Gene transcripts or DoGs (Vilborg and Steitz, 

2016). DoGs are caused by stress, account for 20% of intergenic transcripts, and apparently 

result from failure by Pol II to terminate properly.

A key question is why MINC depletion leads to upregulation of pervasive transcription near 

only a subset of bound genes, i.e., C1 and C2 in mESCs represent 25% of mESC genes and 

C1 represents 30% of S. cerevisiae genes. Both convergently and divergently transcribed 

genes display MINC-responsive pervasive transcription initiating nearby. Neither Motif or 

Gene Ontogeny analyses revealed any distinguishing features not found in the less affected 

clusters. Moreover, there are thousands of unaffected pervasive transcripts. In mESCs there 

is a skew towards more highly expressed genes for MINC regulated uaRNAs. Indeed, little 

MINC regulated pervasive transcription occurs in Hox gene arrays, except near active genes 

(i.e., Hoxa1). However, other features such as the nucleosome organization, DNA replication 

and differentiation state of the cell might also affect MINC regulation. Additionally, many 

genes may have redundant mechanisms to control pervasive transcription or there may be 

additional unidentified components to the system, whose depletion might be necessary to 

observe an effect of MINC. MINC clearly plays a significant role in controlling thousands of 

pervasive transcription targets and an additional role in silencing inactive genes in yeast 

heterochromatin and murine and yeast euchromatin.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents should be directed to Lead Contact Michael 

Carey (mcarey@mednet.ucla.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains—S. cerevisiae strains are derived from MJE7 (Matα leu2-3,112 trp1-1 can1-100 
ura3-1 ade2-1 his3-11,15 tor1-1 fpr1::NAT rpl13A-2×FKBP12::TRP1 Δade2-1::ADE2). The 

full strain list is in Table S1.

Cell line—E14 murine embryonic stem cells E14TG2a were used here.

METHOD DETAILS

Preparation of Yeast Nuclear Extracts—Yeast nuclear extracts were prepared as 

described (Rani et al., 2004).

Immobilized Template Assay and MuDPIT Screen—Immobilized template assays 

were performed as described using G5E4T assembled into chromatin. Briefly, 5 micrograms 

of a 602-bp template encompassing G5E4T was assembled into chromatin as described 

(Kitada et al., 2012), immobilized onto paramagnetic beads and incubated with template-

saturating amounts (~10 micrograms) of Sir3 and Sir2/4 in 2.5 ml of binding buffer (100 

mM KOAc, 20 mM Hepes, pH 7.6, 1 mM EDTA and 10% glycerol) for 1h at 30°C. 12 mg 
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of yeast nuclear extract were added and the incubation continued at 23°C for 45 min. The 

beads were washed three times with 1 ml of binding buffer. Proteins were eluted in 200 

microliters of 50 mM Tris, pH 8.5 and 7 M urea. Alternately, the chromatin templates were 

incubated plus and minus ~2.5 micrograms of GAL4-VP16 prior to addition of nuclear 

extract after which the process was identical to above. MuDPIT analysis was performed as 

described (Chen et al., 2012). The raw NSAF files were analyzed by MS-SORT, a Python-

based program that utilizes the manually curated list of protein complexes in the SGD 

database to arrange the identified proteins into complexes, and calculates the average NSAF 

of each complex with respect to its unique subunits. The data were imported into Excel, 

sorted by Avg. NSAF and a heat map was generated for both silent chromatin and PICs 

(More complete data in Table S2). The experiments were performed twice with similar 

results.

Murine Embryonic Stem Cell Culture—E14 murine embryonic stem cells (ESCs) were 

cultured on gelatin-coated plates without a MEF feeder layer under standard ESC 

conditions. Briefly, cells were cultured on 0.2% gelatinized (Sigma, G1890) tissue culture 

plates in ESC media containing DMEM-KO (Invitrogen, 10829-018) supplemented with 

15% fetal bovine serum, 1000 U/ml LIF, 100 μM nonessential amino acids (Invitrogen, 

11140-050), 2 mM L-glutamine (Invitrogen, 25030-081) and 8 nL/ml of 2- mercaptoethanol 

(Sigma, M7522).

siRNA Knockdown and Western blots—For the analysis of global levels of Ino80, 

Mot1 and NC2 upon knockdowns, mouse E14 ES cells were transfected with SMARTpool 

siRNA from Dharmacon. Knockdown was performed as per manufacturer’s protocol, and 

cells were harvested 72 hr following transfection. The efficiency was probed by RPKM 

analysis of the RNA-seq data. Mock transfection was performed with GFP siRNA. Cell 

lysates were prepared following the same protocol as for RNA-seq experiments.

ChIP-Seq of Yeast—All yeast cells were grown in YPD media at 30 °C in log phase for 

further treatment. For ChIP of MINC at the subtelomere, cells were collected and 

crosslinked with 1% formaldehyde for 45 minutes and quenched with 0.125 M glycine for 5 

minutes. For ChIP of MINC in euchromatin, cells were synchronized in G1 phase with a-

factor for 3 hours (4 hours for TBP anchor away), then treated with either DMSO or 8 μg/ml 

rapamycin with a factor for another two hours. Cells were harvested at O.D. ~1 and 

crosslinked with formaldehyde for 20 minutes. For ChIP of H3K79me3 changes, cells were 

treated with 8 μg/ml rapamycin for 24 hours and crosslinked with formaldehyde for 20 

minutes. All samples were lysed with glass beads in lysis buffer (50 mM HEPES, 140 mM 

NaCl, 10 mM EDTA, 5 mM EGTA, 1% TritonX-100, 0.1% deoxycholate, 0.5% N-Lauroyl 

Sarcosine) with protease inhibitors. Chromatin was collected by centrifugation, resuspended 

in lysis buffer and subjected to sonication except for ChIP of MINC at the subtelomere, in 

which after lysis, chromatin was extensively washed using wash buffer (50 mM 

HEPES/KOH pH 7.5, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-

deoxycholate), deoxycholate buffer (10 mM Tris/Cl pH 8.0, 0.25 M LiCl, 0.5% NP-40, 0.5% 

Na-Deoxycholate, 1 mM EDTA) at 4°C, and resusp end in lysis buffer before sonication. For 

MINC in euchromatin, chromatin was sonicated for 10 cycles at 15s each with 30s between 
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cycles at 4°C with 20% power on a Qsonica Q800R2 sonicator. For H3K79Me3, chromatin 

was sonicated for 8 cycles at 30s each with 30s between cycles at 4°C with 60% power. For 

MINC at the subtelomere, chromatin was sonicated for 4 minutes with 30s on and 1 min off 

on a Biodisruptor. The supernatant from sonicated lysates were precleared with Protein A/G 

beads and ChIP was performed as described (Kitada et al., 2012) using commercial 

antibodies: anti-Myc (Abcam, ab32, GR255064-2), anti-Arp5 (Abcam, ab12099), anti-

H3K79me3 (Grunstein lab, 644) and 0.5% BSA (w/v) pre-blocked Protein A/G beads. 

Libraries were prepared with a KAPA LTP kit and sequenced using the Illumina HiSeq 2000 

or 4000 platform for 50 bp single end reads. All experiments were performed with biological 

replicates with similar results. Spearman correlation of most replicates is shown in Table S3.

ChIP-Seq of Mouse—ChIP was performed as in (Pradhan et al., 2016) with minor 

adaptations. E14 cells grown in 150 cm2 dishes were harvested at 70% confluency by 

trypsinization, followed by 1x DPBS wash. Cells were then formaldehyde-crosslinked to a 

final concentration of 0.75% for 10 min at room temperature, followed by 5 min quenching 

with 100 mM glycine. Cells were washed twice with cold PBS, the supernatant was 

aspirated and the cell pellet was flash frozen in liquid nitrogen. Frozen crosslinked cells 

were stored at −80°C. Crosslinked cells were resuspended and sonic ated in lysis buffer (20 

mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM EDTA pH 8.0, 0.1% SDS, and 1% Triton 

X-100). Cells were sonicated for 10 cycles at 15s each with 30s between cycles at 4C on a 

Qsonica Q800R2 sonicator. Sonicated lysates were cleared and incubated overnight at 4°C 

with 5–10 micrograms of antibody: Ino80: Proteintech, 18810-1-AP; NC2 beta: Abcam, 

ab50783; murine Mot1: Abcam, ab72285, Med1: Santa Cruz, sc-5334, Pol II: QED 

Bioscience, 70101. DNA/Protein-antibody conjugates were captured using Protein A/G 

beads blocked with 0.5% BSA (w/v) in PBS. Beads were washed twice each and 

sequentially with wash buffer A (50 mM HEPES-KOH pH7.9, 140 mM NaCl, 1 mM EDTA 

pH 8.0, 0.1% Na-Deoxycholate, 1% Triton X-100, 0.1% SDS), buffer B (50 mM HEPES-

KOH pH7.9, 500 mM NaCl, 1 mM EDTA pH 8.0, 0.1% Na-Deoxycholate, 1% Triton 

X-100, 0.1% SDS), buffer C (20 mM Tris-HCl pH8.0, 250 mM LiCl, 1 mM EDTA pH 8.0, 

0.5% NaDeoxycholate, 0.5% IGEPAL C-630, 0.1% SDS) and buffer D (TE with 50 mM 

NaCl). DNA was eluted in elution buffer (50 mM Tris-HCL pH 8.0, 10 mM EDTA, 1% 

SDS). Crosslinks were reversed overnight. RNA and protein were digested using RNase A 

and Proteinase K, respectively, and DNA was purified with phenol chloroform extraction 

and ethanol precipitation. Libraries were prepared with a KAPA LTP kit and sequenced 

using the Illumina HiSeq 2000 or 4000 platform for 50 bp single end reads. All experiments 

were performed with biological replicates. Spearman correlation of replicates is shown in 

Table S3.

Data Analysis of ChIP-Seq—All sequenced reads were mapped to yeast genome version 

sacCer3 (SacCer_Apr2011) or mouse genome version mm9 using bowtie 0.12.9 and default 

settings (Langmead et al., 2009). After filtering out the clonal reads, the IP and Input 

samples were shuffled to similar reads, IP samples were normalized to input using a custom 

script. The S. cerevisiae and Mus musculus genome was divided into 50-bp windows, and 

significant windows with a p value lower than 0.001 were selected as described (Ferrari et 

al., 2012). The log2 ratio of ChIP vs. input at significant windows was used to generate 
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metagene profiles around the TSS and TTS or profiles centered at the TSS or TTS. The 

annotation of yeast TSS and TTS have been described (Malabat et al., 2015). The gene list 

of SAGA or TFIID dominated TSSs was described (Zentner and Henikoff, 2013). The gene 

list of TATA-containing genes was obtained from (Basehoar et al., 2004). The annotation of 

mouse TSS and TTS were from UCSC and gene_ID beginning with NM were used during 

analysis. Unless specified, plots with log2 ratios of H3K79me3 and Pol II in anchor away vs 

wild type or knockdown versus mock were generated using normalized raw reads from all 

windows. The Sir3 ChIP-chip data were described (Sperling and Grunstein, 2009). The 

Ring1B and Pcgf2 ChIP-seq data were downloaded from GEO (Kloet et al., 2016) and TBP 

ChIP-seq data were download from GSM555160. We analyzed both of the biological 

duplicates and showed one dataset in the Figures. Another dataset showed similar results and 

the data are deposited in GEO. Spearman correlation of replicates is shown in Table S3.

Co-IP—Mouse embryonic stem cells were harvested at 70% confluency by trypsinization 

without formaldehyde crosslinking. Cell pellets were resuspended in lysis buffer (20 mM 

Tris-HCl pH 8.0, 150 mM NaCl, 0.1% SDS, and 1% Triton X-100 supplemented with 

protease inhibitors (1 mM PMSF, 1 g/ml pepstatin, 1 g/ml aprotinin, 1 g/ml leupeptin). Cell 

lysates were further homogenized with 20 strokes of pestle B Kontes glass homogenizer. 

Lysates were clarified by centrifugation at 16,000 g for 20 min at 4°C. Clarified supernatants 

were precleared with Protein A dynabeads (Invitrogen) for 1h at 4°C. 20 mg of precleared 

lysates were used for immunoprecipitation. Immunoprecipitation was performed with 5 μg 

of antibody-proteinA/G conjugates, in the presence of 7.5 units of RNase A/T1 mixture for 

3h at 4°C. The beads were wa shed twice each with lysis buffer, lysis buffer containing 250 

mM NaCl and then TE (10 mM Tris, pH 8.0, 1 mM EDTA). All the washes were performed 

at 4°C for 5 min, and the buffers were supplemented with fresh protease inhibitors. Proteins 

were extracted by boiling the beads at 95°C with SDS-PAGE loading buffer, loaded on SDS 

gels, immunoblotted and quantified a using Li-Cor Odyssey imaging system using dilutions 

of the input samples in the linear range.

RNA extraction—For yeast MINC anchor away, yeast cells were first grown in YPD to 

log phase and treated with DMSO or rapamycin (8 μg/ml) for 24 hours except for RAP1-

FRB, which is an 8-hour treatment. During treatment, cells were sustained in log phase by 

dilution into the same media. For nhp6a/bΔ, mutant and WT cells were grown in YPD to log 

phase and collected. Total RNA was extracted using the hot acid phenol extraction method. 

The extracted RNA samples were treated with DNase I (Ambion TURBO DNA-free Kit) 

and further purified with Trizol regents (Ambion). For mouse total RNA extraction, total 

RNA was extracted using Trizol (Invitrogen) according to manufacturer’s instruction. RNAs 

were treated with DNase before library preparation. For mouse nascent RNA extraction, 

mESCs were harvested, washed with DPBS and lysed in 200 μl of ice-cold lysis buffer (10 

mM Tris-HCl [pH 7.5], 0.1% NP40, 150 mM NaCl). The cell lysate was gently layered over 

500 μl of chilled sucrose cushion (24% RNAse-free sucrose in lysis buffer) in a new 

Eppendorf tube and centrifuged for 10 min at 4°C, 10,000xg. The supernatant (cytoplasmic 

fraction) was removed and the pellet (nuclei) was washed once with 200 ml of ice-cold 1× 

PBS/1 mM EDTA. The nuclear pellet was resuspended in 100 μl of prechilled glycerol 

buffer (20 mM Tris-HCl [pH 7.9], 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT, 0.125 mM 
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PMSF, 50% glycerol) by gentle flicking of the tube. An equal volume (100 μl) of cold nuclei 

lysis buffer (10 mM HEPES [pH 7.6], 1 mM DTT, 7.5 mM MgCl2, 0.2 mM EDTA, 0.3 M 

NaCl, 1 M urea, 1% NP-40) was added. The mix was vortexed vigorously for 2 seconds. 

The sample was incubated for 2 min on ice, and then centrifuged for 2 min at 4°C and 

10,000xg. The supe rnatant (nuclear fraction/nucleoplasm) was removed and the pellet 

(chromatin) was gently rinsed with ice-cold 1× PBS/1 mM EDTA. 1 ml of Trizol reagent 

was added to the chromatin and incubated for 30 min at 50 °C to dissolve it. Nasce nt RNA 

was extracted following the manufacturer’s manual. Fractionation and sample purity was 

monitored by immunoblotting using a-tubulin for cytoplasm, U1 70K for nuclear extract and 

histone H3 for chromatin. Two biological duplicates were prepared and sequencing data 

were similar and both were uploaded to GEO. The validity of the chromatin or Nascent 

RNA-seq is established by 6-fold higher intron/exon ratio of read counts as summarized in 

Table S4.

RNA libraries preparation, sequencing and data analysis—For yeast, libraries of 

mRNA were prepared with a KAPA stranded mRNA-Seq kit. For mouse total and nascent 

RNA, libraries were prepared with KAPA stranded RNA-Seq with RiboErase kit. Libraries 

were sequenced on the Illumina HiSeq 2500 for 50 bases in paired end read mode. 

Sequenced reads were aligned as above using tophat2.2.1 with option –g 1 –N 2 --no-mixed 

--no-discordant --library-type=fr-firststrand (Langmead et al., 2009). For yeast telomere, 

reads were aligned with option –g 1 –N 2. Yeast gene transcription levels were normalized to 

FPKM using cuffdiff 2.0.2 (Trapnell et al., 2010). Mouse gene transcription levels were 

normalized to RPKM using SAMMate (Xu et al., 2011a). For log2 ratio and log2 FPKM/

RPKM calculations, all transcripts lower than 0.1 FPKM/RPKM were replaced with 0.1. 

Mapped reads in the mutants were also normalized to reads in the wild type or mock using a 

custom script. Because we were mapping changes in transcription, windows without any 

overlapping reads in the wild type or mutant cells were replaced with 0.1 for further 

treatment of the mutant transcription patterns. The log2 ratio of mutants vs. wild type at all 

windows were plotted against the distance from telomere ends or metagene with a custom 

script. For strand specific reads, the mapped plus or minus strand transcripts were separately 

plotted against genes on the minus or plus strand for metagene analysis. Yeast antisense or 

sense transcription on MINC-bound genes was separated into three clusters using k means 

(cluster 3.0). The mouse antisense transcription on MINC-bound genes was first separated 

into 6 clusters using k means. Clusters displaying similar transcription patterns under all 

conditions upstream of TSS and downstream of TTS are termed cluster 1 and 2. All other 

clusters were merged and randomized as cluster 3. The mouse sense transcription on MINC-

bound genes were first separated into 4 clusters using k means and clusters with similar 

transcription pattern under all KD conditions at coding and downstream of TTS is included 

as cluster 4. All other clusters were merged and randomized as cluster 5. The RNA-seq data 

of WT (BY4741) and sir3Δ were obtained from GSE52000 (Xue et al., 2015). The yeast 

data for anchor away (except Nc2β) and mouse total RNA-Seq are a combination of two 

repeats. We showed one dataset of yeast Nc2β anchor away and mouse nascent RNA-seq in 

the Figures and we also have the biological duplicates, which yielded similar results. All the 

datasets are deposited in GEO. Spearman correlation of replicates is shown in Table S3.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical significance of gene expression between cluster results from Figure 4 and 6 

was assessed using the unpaired Student’s t test.

DATA AND SOFTWARE AVAILABLITY

The accession number for the sequencing data reported in this paper is GEO: GSE95633.

MENDELEY DATA LINK

http://dx.doi.org/10.17632/47bkzwgfyg.2

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MINC binds yeast heterochromatin. (A) Schematic of immobilized template procedure. (B) 

MuDPIT analysis of proteins binding to silent chromatin. Immobilized chromatin templates 

bearing or lacking Sir2,3,4 were incubated with yeast nuclear extract, washed and subjected 

to MuDPIT alongside purified Sir2,3,4. The chart shows a heat map depicting the Avg. 

NSAFC for proteins enriched by the presence of Sir2,3,4. Color scale bar in NSAFC is 

shown below. (C) Average binding profile of Sir3, Mot1, Arp5 (Ino80C) and Nc2β in 

subtelomeric regions of wild-type and sir3Δ strains by ChIP-seq. The moving averages of 

log2 MINC enrichment versus input and the Sir3 log2 ratio versus input (step size = 100 bp, 

window size = 20) were plotted by the distance from the telomere, from 0 to 15 kb (X-axis). 

(D) Browser plots of Sir3 and MINC in wild-type and sir3Δ strains by ChIP-seq on 

Chromosome III subtelomere. Y axis shows the normalized read counts of MINC and log2 

ratio of Sir3 versus Input. See Table S1 and 2.
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Figure 2. 
Gene expression in heterochromatin after MINC depletion by anchor away (AA). (A) 

Average RNA levels in yeast subtelomeric domains after MINC depletion by AA. The 

moving average of log2 FPKM (fragments per kilobase of exon per million fragments 

mapped) (step size = 1, window size = 100) was plotted as a function of the distance from 

the telomere, up to 20 kb. (B) Same as A except using the Log2 ratio of RNA expression in 

MINC AA versus WT compared with sir3Δ. (C) Browser plot of RNA expression at 

chromosome X left side (Chr XL) and chromosome IX right side (Chr IXR) subtelomeric 

region comparing wild type to anchor away conditions for MINC components and sir3Δ.

Xue et al. Page 21

Mol Cell. Author manuscript; available in PMC 2018 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
MINC binds to PICs and promoters. (A) PICs were captured from yeast nuclear extracts on 

chromatin bearing a GAL4-resposnsive promoter in the absence (first column) and presence 

(second column) of GAL4-VP16. NSAFc of listed complexes are shown in the chart with 

red denoting high abundance and green denoting low abundance proteins. Enrichment in 

presence of GAL4-VP16 is shown in the final column (Fold Enrich). Color scale bar in 

NSAFC is shown below. (B) Average metagene profile of MINC and TBP binding across the 

promoter and gene from 1 kb upstream of the TSS through 1 kb downstream of the TTS at 

all genes. Log2 ratios of immunoprecipitation (IP) versus input at significantly enriched 

windows were used. (C) Venn diagram showing the proportional overlap of MINC-bound 

genes, i.e., genes that show MINC binding +/− 0.5 Kb around the TSS were considered 

MINC bound genes. (D) Browser plot of a typical euchromatic region of chromosome XV 

demonstrating co-enrichment of MINC and TBP up and downstream of genes with RNA 
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levels in wild type. Y axis shows normalized read counts. (E) Heat maps of TBP and MINC 

binding in WT and MINC in TBPAA from −1 kb from TSS to +1 kb from TTS. Genes were 

separated into 4 clusters (Clusters a-d: Ca 1003 genes, Cb 1387 genes, Cc 385 genes, Cd 

2455 genes). Log2 ratios of IP versus input at significantly enriched windows were used. (F) 

Average metagene profile of MINC and TBP binding in WT and TBPAA in clusters a, b and 

c. See Figure S1.
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Figure 4. 
MINC depletion reveals similar transcriptome effects in S. cerevisiae. (A) Heatmaps 

indicating change in antisense transcription upon AA depletion of Mot1, Ino80, and NC2 α 
and β subunits, alongside NC2 and Mot1 in combination with Ino80 versus wild type from 1 

kb upstream of TSS to 1 kb downstream of TTS at MINC bound genes. 2746 MINC overlap 

genes were separated into 3 clusters using k means (C1, 833 genes; C2, 843 genes; C3, 1070 

genes). The change is log2 scale; red is upregulated and blue is downregulated RNAs. 

Heatmap of TBP enrichment (log2 scales of IP vs Input) within 1 kb upstream and 

downstream of TSS is shown to the right. (B) Boxplot of average WT genic mRNA levels of 

C1, C2 and C3 with p val significance indicated. (C) Same as A but for sense strand 

transcription (C4, 652 genes; C5, 1002 genes; C6, 1092 genes). (D) Same as B but for C4, 

Xue et al. Page 24

Mol Cell. Author manuscript; available in PMC 2018 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C5 and C6 with p val significance indicated. (E). Browser track showing examples of 

different RNA effects upon MINC depletion from chromosome IV (upstream and genic 

antisense), chromosome XII (downstream and genic antisense), and chromosome XIII 

(upstream sense and genic sense, i.e., silent gene being expressed). TBP ChIP through 

affected region is shown (Top panel). Y axis shows the normalized read counts and the 

arrows indicate the direction of transcripts. Known 5′ Cap sites and directions are indicated 

as arrows in TSSs row. Known genic mRNAs are indicated as black boxed arrows and XUTs 

and SUTs are indicated as dark red boxed arrows. See Figure S2.
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Figure 5. 
MINC binds active and poised promoters in ESCs. (A) Average metagene profile of MINC 

and TBP binding across the gene from 3 kb upstream of the TSS to 3 kb downstream from 

the TTS at all genes in mESCs. Log2 ratios of immunoprecipitation (IP) versus input at 

significantly enriched windows were used. (B) Venn diagram showing the proportional 

overlap of MINC bound genes. Genes which have MINC binding at +/− 1 Kb around the 

TSS were considered MINC bound genes. (C) Browser plot of Mot1, Ino80, Nc2β, TBP and 

Ring1B binding with RNA levels at a typical gene dense region of ESCs. Y axis shows the 

read counts. (D) Chromatin state chart of MINC binding showing enrichment of each MINC 

component in each chromatin state category. Scale bar is shown in the bottom. (E) Heat 

maps of Mot1, Ino80, Nc2β, TBP, Pol II, Med1, Pcgf2, Ring1B alongside genic RNA 
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expression in Mock (log2 RPKM) separated into 3 clusters that were sorted first by Mot1 

level, then TBP level using the average enrichment of +/−1 Kb around the TSS region. Log2 

ratios of immunoprecipitation (IP) versus input at significantly enriched windows were used. 

The average of +/− 1 Kb around TSS region > 0.4 was used for sorting. See Figure S3.
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Figure 6. 
Depletion reveals similar transcriptome effects of MINC components in murine ESCs. (A) 

Heatmaps of change in antisense transcription upon depletion of Mot1, Ino80, and Nc2α 
individually and NC2α and Mot1 in combination with Ino80 versus control from 3 kb 

upstream of TSS to 3 kb downstream of TTS at MINC-bound genes. Clusters displaying 

similar transcription patterns under all conditions upstream of TSS and downstream of TTS 

are termed cluster 1 and 2 (C1, 1906 genes; C2, 1182 genes). All other clusters were merged 

and randomized as cluster 3 (C3, 9073 genes). Red is upregulated and blue is 

downregulated. Heatmap of TBP enrichment (log2 of IP vs Input) within 3 kb upstream and 

downstream of the TSS is shown to the right. (B) Boxplot of average mock genic RNA 

levels of C1, C2 and C3 with p val significance indicated. (C) Same as A but for sense strand 
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transcription. The cluster with similar transcription patterns in the coding region and 

downstream of the TTS is termed cluster 4 (C4, 2502 genes). All other clusters were 

merged, randomized and included in cluster 5 (C5, 9659 genes). Red is upregulated and blue 

is downregulated RNAs. Heatmap of TBP enrichment is shown to the right. (D) Boxplot of 

average mock mRNA levels of C4 and C5 genes with p val significance indicated. (E) 

Browser tracks showing Pol II enrichment in the Mock and Ino80&Mot1 KD above TBP 

peaks. Representative examples of changes in Total RNA or Nascent RNA at the TSS (Suco) 

and TTS (Mef2d) upon MINC depletion. Y axis shows the normalized read counts and 

arrows indicate the direction of transcripts. Known 5′ Cap sites and direction of pervasive 

RNA are indicated in the TSSs row. Shaded areas represent pervasive transcripts in the 

antisense direction upstream of the TSS (Suco) and sense direction downstream of the TTS 

(Mef2d). See Figures S4 and S5.
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