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ABSTRACT 

The Polymerase Associated Factor 1 complex (Paf1C) is a multifunctional regulator of 

eukaryotic gene expression important for the coordination of transcription with 

chromatin modification and post-transcriptional processes. In this study, we investigated 

the extent to which the functions of Paf1C combine to regulate the Saccharomyces 

cerevisiae transcriptome. While previous studies focused on the roles of Paf1C in 

controlling mRNA levels, here we took advantage of a genetic background that enriches 

for unstable transcripts and demonstrate that deletion of PAF1 affects all classes of Pol 

II transcripts including multiple classes of noncoding RNAs. By conducting a de novo 

differential expression analysis independent of gene annotations, we found that Paf1 

positively and negatively regulates antisense transcription at multiple loci. Comparisons 

with nascent transcript data revealed that many, but not all, changes in RNA levels 

detected by our analysis are due to changes in transcription instead of post-

transcriptional events. To investigate the mechanisms by which Paf1 regulates protein-

coding genes, we focused on genes involved in iron and phosphate homeostasis, which 

were differentially affected by PAF1 deletion. Our results indicate that Paf1 stimulates 

phosphate gene expression through a mechanism that is independent of any individual 

Paf1C-dependent histone modification. In contrast, the inhibition of iron gene 

expression by Paf1 correlates with a defect in H3 K36 tri-methylation. Finally, we 

showed that one iron regulon gene, FET4, is coordinately controlled by Paf1 and 

transcription of upstream noncoding DNA. Together these data identify roles for Paf1C 

in controlling both coding and noncoding regions of the yeast genome. 
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INTRODUCTION 1	

In the context of chromatin, accurate and controlled transcription by RNA 2	

polymerase II requires the functions of many regulatory factors. One highly conserved 3	

regulatory factor is Paf1C, which in yeast is composed of Paf1, Ctr9, Leo1, Rtf1, and 4	

Cdc73 (Jaehning 2010; Crisucci and Arndt 2011; Tomson and Arndt 2013). Paf1C 5	

associates with Pol II during transcription elongation and regulates both transcriptional 6	

and post-transcriptional processes, including the co-transcriptional deposition of histone 7	

modifications and the nuclear export of RNAs (Tomson and Arndt 2013; Fischl et al. 8	

2017; Van Oss et al. 2017). Histone modifications dependent on Paf1C include H3 9	

lysine 4 di- and tri-methylation (H3 K4me2/3), H3 K79me2/3, and H2B K123 mono-10	

ubiquitylation (ub) in S. cerevisiae (H2B K120 in humans). Paf1C facilitates the 11	

deposition of H2B K123ub via its Rtf1 subunit (Piro et al. 2012; Van Oss et al. 2016), 12	

which directly interacts with the ubiquitin-conjugating enzyme Rad6 through its histone 13	

modification domain (Van Oss et al. 2016). H2BK123ub is a prerequisite to H3 K4me2/3 14	

and H3 K79me2/3, modifications catalyzed by the histone methyltransferases Set1 and 15	

Dot1, respectively (Dover et al. 2002; Sun and Allis 2002). Paf1C also promotes the 16	

deposition of H3 K36me3 by the Set2 histone methyltransferase (Chu et al. 2007). 17	

Consistent with the binding of Paf1C to the Pol II elongation machinery (Qiu et al. 2006, 18	

2012; Amrich et al. 2012; Wier et al. 2013; Xu et al. 2017; Vos et al. 2018), the histone 19	

modifications dependent on Paf1C are found at regions of active transcription (Smolle 20	

and Workman 2013). 21	

The absence of specific histone modifications in Paf1C mutants is associated 22	

with transcriptional defects. These defects include the transcriptional read-through of 23	
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terminators found at the 3’ ends of Pol II-transcribed small nucleolar RNA (snoRNA) 24	

genes (Sheldon et al. 2005; Terzi et al. 2011; Tomson et al. 2011, 2013). In addition to 25	

promoting a histone modification state that facilitates transcription termination, Paf1C 26	

physically associates with proteins implicated in transcription termination and RNA 3’-27	

end formation (Nordick et al. 2008; Rozenblatt-Rosen et al. 2009). The importance of 28	

Paf1C in regulating snoRNA termination supports a functional interaction with the Nrd1-29	

Nab3-Sen1 (NNS) transcription termination pathway (Arndt and Reines 2014; Porrua 30	

and Libri 2015), which is responsible for the termination of snoRNAs and other 31	

noncoding transcripts including cryptic unstable transcripts (CUTs) in yeast (Schulz et 32	

al. 2013). Many of these same noncoding transcripts are rapidly degraded by the 33	

nuclear exosome through a process mediated by the Trf4/Trf5-Air1/Air2-Mtr4 34	

polyadenylation complex (TRAMP) (Schmid and Jensen 2008). For example, loss of 35	

Trf4, the polyA polymerase subunit of the TRAMP complex that adds short polyA tails to 36	

transcripts destined for degradation or processing by the nuclear exosome, has been 37	

shown to stabilize CUTs and snoRNAs in S. cerevisiae (LaCava et al. 2005; Vaňáčová 38	

et al. 2005; Wyers et al. 2005; Thiebaut et al. 2006; Fallis 2009; Xu et al. 2009). 39	

Despite growing understanding of the molecular functions of Paf1C, few studies 40	

have probed how these functions lead to a transcriptional outcome. Moreover, little is 41	

known about the roles of Paf1C in controlling noncoding transcription. To begin to 42	

address these questions, we sought to comprehensively investigate the importance of 43	

Paf1C in modulating the S. cerevisiae transcriptome, taking advantage of a genetic 44	

background that allows enhanced detection of unstable transcripts. To this end, we 45	

used strand-specific whole-genome tiling arrays to measure steady state RNA levels in 46	
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PAF1 and paf1∆ strains that contain or lack the TRAMP subunit gene TRF4. We found 47	

that deletion of PAF1 affects all classes of Pol II transcripts including both stable and 48	

unstable noncoding RNAs and antisense transcripts. Comparisons with published NET-49	

seq experiments, which detect Pol II-engaged, nascent transcripts (Harlen and 50	

Churchman 2017), indicate that most, but not all, changes in steady state transcript 51	

abundance in the paf1∆ background can be attributed to altered transcription. Analysis 52	

of subsets of protein-coding genes suggests that Paf1 represses the transcription of 53	

some genes through facilitating H3 K36me3 and stimulates the transcription of other 54	

genes independently of any single Paf1C-dependent histone modification. Finally, we 55	

report a regulatory mechanism governing the FET4 locus, which incorporates both CUT 56	

transcription and Paf1. Together these data support a role for Paf1C in multiple 57	

regulatory mechanisms that collectively and broadly impact the Pol II transcriptome. 58	

 59	

MATERIALS AND METHODS 60	

Yeast strains and culturing methods 61	

 All S. cerevisiae strains used in this study are listed in Table 1 and are isogenic 62	

to the FY2 strain, which is a GAL2+ derivative of S288C (Winston et al. 1995). Deletion 63	

of specific loci was achieved by one step gene disruption (Lundblad et al. 2001) and 64	

confirmed by PCR. Genetic crosses were conducted as described (Rose et al. 1991). 65	

Cells were grown to log phase at 30°C in rich media (YPD) supplemented with 400 µM 66	

tryptophan and harvested by centrifugation. Cell pellets were washed once with sterile 67	

water, flash frozen, and stored at -80°C prior to RNA isolation for RT-qPCR and 68	

Northern blotting experiments. 69	
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RNA isolation 70	

 RNA was extracted by the hot phenol extraction method (Collart and Oliviero 71	

1993). Briefly, frozen cells were suspended in 400 µL of TES extraction buffer (10 mM 72	

EDTA, 10 mM Tris-Cl pH 7.5, 0.5% SDS) and 400 µL of acid phenol, followed by 73	

incubation at 65°C for 1hr. The aqueous phase was collected and re-extracted using 74	

acid phenol and then chloroform. Extracted RNA was combined with 40 µL of 3 M 75	

sodium acetate and 1 mL of 100% ethanol, mixed, and placed at -80°C for at least 1 hr. 76	

Precipitated RNA was collected by centrifugation and suspended in RNase-free water 77	

before quantification and quality check by agarose gel electrophoresis. 78	

 79	

Northern blot analysis 80	

 For Northern blot analyses, 10μg-20µg of total RNA were separated on a gel 81	

containing 2% agarose, 6.5% formaldehyde, and 1X MOPS for 500 volt hr and then 82	

transferred to a Nytran supercharge nylon transfer membrane (Schleicher & Schuell 83	

BioScience, #10416296, Dassel, Germany) prior to hybridization with radiolabeled DNA 84	

probes. DNA probes were generated by PCR corresponding to the following genomic 85	

regions relative to the +1 nucleotide of the annotated coding sequence for the FET4 86	

gene: CUT 793/794 (-479 to -114) and FET4 (+261 to +651). Detection of SCR1 (-181 87	

to +284) served as a loading control. Oligonucleotides used to generate these probes 88	

are listed in Table S1. Probes were made using [α32P]-dATP (single labeling) or [α32P]-89	

dATP and [α32P]-dTTP (double labeling). Signals were quantified using a Typhoon FLA 90	

7000 phosphorimager (GE, Boston, MA) and normalized to the SCR1 internal loading 91	

control using ImageJ software. 92	
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 93	

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) 94	

 A total of 10 µg of RNA from each sample to be used in RT-qPCR was treated 95	

with TURBO DNase (Ambion, AM1907, Thermo Fisher, Waltham, MA) following 96	

manufacturer’s instructions. To ensure that there was no DNA contamination after the 97	

DNase treatment ,1 µL of DNase-treated RNA was subjected to 40 cycles of PCR and 98	

analyzed by agarose gel electrophoresis. All samples used in RT-qPCR showed no 99	

PCR product after 40 cycles. Reverse transcription reactions were performed on 1 µg of 100	

DNase-treated RNA using the RETROScript Reverse Transcription Kit (Ambion, 101	

AM1710, Thermo Fisher, Waltham, MA) following the manufacturer’s instructions. 	102	

RT-qPCR experiments were performed in technical duplicate and all strains were 103	

tested in at least biological triplicate. Reactions were prepared in a volume of 20 µL 104	

using Maxima SYBR Green/ROX qPCR Master Mix (2X) (Thermo Fisher # K0221, 105	

Waltham, MA) following the manufacturer’s instructions. Each 20 µL reaction was then 106	

divided into two 10 µL reactions, which were analyzed on a StepOne™ Real-Time PCR 107	

System (Thermo Fisher, Waltham, MA) beginning with a hold at 95°C for 10 min 108	

followed by 40 cycles of 95°C for 15 sec and 58°C for 1 min and finally terminating with 109	

the generation of a melt curve. Efficiencies were determined for all primer sets by 110	

measuring Ct values across a series of six ten-fold dilutions starting with 250 ng/µL and 111	

ending with 2.5 pg/µL. RT-qPCR data were analyzed using the mathematical formula 112	

developed by (Pfaffl 2001) and normalized to SCR1 levels. RT-qPCR primers and their 113	

efficiencies are listed in Table S1. 114	

 115	
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Affymetrix tiling array analysis 116	

 All RNA samples used in tiling array analysis were prepared using established 117	

methods (Juneau et al. 2007; Perocchi et al. 2007) and quality was assessed by 118	

agarose gel electrophoresis. Briefly, 100 µg RNA were treated with DNase (Fermentas 119	

#EN0521, Waltham, MA) and purified using an RNeasy kit (Qiagen #74104, Hilden 120	

Germany). Then 25 µg of RNA were reverse transcribed into cDNA using 1.8 kU 121	

SuperScript II RT (Invitrogen #18064-014), 12.5 ng/µL random hexamers, and 12.5 122	

ng/µL oligo(dT) at 42oC for 2 h in the presence of 6 ng/µL actinomycin D (Sigma, 123	

#A1410-2MG) to prevent antisense artifacts (Perocchi et al. 2007). RNA was removed 124	

using NaOH hydrolysis and cDNA was purified using the buffers from the QIAquick 125	

Nucleotide Removal Kit and the columns from the MinElute Reaction Cleanup Kit 126	

(Qiagen). Finally, cDNA was fragmented and labeled with a 3’ biotin tag before 127	

quantifying gene expression using Affymetrix custom tiling arrays (A-AFFY-116 - 128	

Affymetrix Custom Array - S. cerevisiae Tiling Steinmetz, GEO Platform ID: GPL4563) 129	

(David et al. 2006; Huber et al. 2006). 130	

 131	

Generation of annotation files for the tilingArray R package 132	

Following the guidelines provided with the davidTiling Bioconductor package 133	

(David et al. 2006), tiling array probes were mapped to the S. cerevisiae genome 134	

(S288C version = R64-2-1) (Cherry et al. 2012; Engel et al. 2014). Briefly, the probe 135	

FASTA file was extracted from the array design file and used as input for MUMmer3.23 136	

(Kurtz et al. 2004), along with the chromosome FASTA files for the S288C genome. 137	

Both the output of MUMmer3.23 and the S288C genome annotations were read into R 138	
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(Team 2016), and a slightly modified version of the makeProbeAnno.R script was used 139	

to generate an up-to-date probe annotation file for use with the tilingArray package 140	

(Huber et al. 2006). All R packages used in this study can be found at 141	

www.bioconductor.org (Gentleman et al. 2004) and R scripts can be found at 142	

https://github.com/mae92/Paf1C-Transcriptome-Analysis-Code/tree/master/R_Code. 143	

 144	

Variance stabilizing normalization 145	

CEL files for 12 tiling arrays were read into R as a single expression set using the 146	

readCel2eSet() function of the tilingArray package. The probe intensities for all 12 147	

arrays were log2 transformed and normalized (variance stabilized normalization R code 148	

available at: https://github.com/mae92/Paf1C-Transcriptome-Analysis-149	

Code/tree/master/R_Code) to minimize batch effects using the vsn package (Huber et 150	

al. 2002). 151	

 152	

Mapping probe intensities to probe positions across the S. cerevisiae genome 153	

 The expression set containing the normalized log2 transformed probe intensities 154	

was used as input for the segChrom() function of the tilingArray package, and the 155	

locations of probes across the genome were extracted for use in downstream analysis 156	

using basic R commands (R code can be found at: https://github.com/mae92/Paf1C-157	

Transcriptome-Analysis-Code/tree/master/R_Code). Probe locations were averaged for 158	

triplicate samples and these averaged values were used to generate BedGraph files, 159	

which were converted into bigWig files for visualization in the Integrative Genomics 160	

Viewer (IGV) from the Broad Institute (Thorvaldsdottir et al. 2013).  161	
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 162	

Annotation-guided differential expression analysis 163	

 Normalized log2 transformed probe intensity values were extracted from the 164	

tilingArray output. Using a custom file (available at: https://github.com/mae92/Paf1C-165	

Transcriptome-Analysis-Code/blob/master/Transcript_Annotations/combined.fix.csv) 166	

containing transcript annotations (listed in Table S2) from the Saccharomyces Genome 167	

Database (SGD) and recent studies of novel noncoding RNA transcripts (Cherry et al. 168	

1998; Xu et al. 2009; Yassour et al. 2010; van Dijk et al. 2011; Schulz et al. 2013; 169	

Venkatesh et al. 2016), we calculated the average log2 intensity values for probes 170	

spanning each annotation. This process was carried out using an in-house Python script 171	

(available at: https://github.com/mae92/Paf1C-Transcriptome-Analysis-172	

Code/tree/master/Python_Code) that calculates the average intensity of all probes 173	

occupying a given annotation found in the annotation file. Average log2 intensity values 174	

for all transcripts in each replicate and strain background were loaded into the limma 175	

package where a linear model was used to determine statistical significance. Log2 fold 176	

change and p values for all transcripts tested were extracted from the output for each 177	

strain comparison. These p values were adjusted using Benjamini and Hochberg’s false 178	

discovery rate (FDR) (Benjamini and Hochberg 1995) method using top.table command 179	

in limma (R code for limma analysis can be found here: 180	

https://github.com/mae92/Paf1C-Transcriptome-Analysis-Code/tree/master/R_Code) 181	

(Ritchie et al. 2015). Significantly differentially expressed genes (adjusted p value < 182	

0.05) that were present in both comparisons (paf1∆ vs WT and paf1∆ trf4∆ vs trf4∆) 183	

were loaded into SGD’s YeastMine database (Balakrishnan et al. 2012), where 184	
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additional annotation and gene ontology information could be extracted. Gene ontology 185	

results are shown in Table 2. Plots of differential expression data were produced in R. 186	

 187	

De novo differential expression analysis 188	

 BedGraph files were created containing normalized log2 probe intensity values 189	

(averaged for the three biological replicate arrays) mapped to the yeast genome. 190	

Differentially expressed transcripts identified by the de novo differential expression 191	

analysis were defined by a six-step process (Figure S1). 1) Average log2(probe 192	

intensity) was calculated for three biological replicates. 2) The data were smoothed by 193	

averaging across a sliding window of 20 tiling array probes (roughly 160bp). 3) The log2 194	

fold change (experimental vs. control) was calculated across the entire genome. 4) All 195	

regions with an absolute fold change greater than one (log2 fold change of 0) were 196	

identified. 5) Regions of the genome with an absolute change of 1.5-fold (log2 fold 197	

change of 0.58) were identified and any of these regions less then 80 bp long (a length 198	

comparable to the shortest snoRNA) were excluded. 6) The two lists of regions from 199	

steps 4 and 5 were intersected to yield a list of extended differentially expressed regions 200	

where some portion of the transcript had an absolute fold change of 1.5-fold or greater. 201	

The transcripts defined by this method were then treated as their own list of transcript 202	

annotations for use in the comparisons described herein. This was done using a 203	

combination of AWK (Aho et al. 1979) and the BedTools suite (Quinlan and Hall 2010; 204	

Quinlan 2014). The shell script used to define differentially expressed transcripts can be 205	

found at https://github.com/mae92/Paf1C-Transcriptome-Analysis-206	

Code/tree/master/Shell_Code and R code used to generate the input BedGraph files 207	
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can be found at https://github.com/mae92/Paf1C-Transcriptome-Analysis-208	

Code/tree/master/R_Code. 209	

 210	

Analysis of published datasets 211	

Next generation sequencing datasets from previous studies (Churchman and 212	

Weissman 2011; Van Oss et al. 2016; Harlen and Churchman 2017) were obtained in 213	

BedGraph format directly from the authors or FASTQ format from NCBI SRA database 214	

and converted into BigWig format for use with DeepTools (Ramírez et al. 2014, 2016). 215	

Files received in BedGraph format were converted using the University of California 216	

Santa Cruz (UCSC) Genome Browser (Kent et al. 1976) utility BedGraphToBigWig. 217	

Files downloaded from the SRA database in FASTQ format were mapped to the S. 218	

cerevisiae genome (S288C version = R64-2-1) (Cherry et al. 2012; Engel et al. 2014) 219	

using HISAT2 (Kim et al. 2015) and converted to BAM format using Samtools (Li et al. 220	

2009). BAM files were converted to Wig format using the bam2wig utility (found at 221	

https://github.com/MikeAxtell/bam2wig) and converted to BigWig format using the 222	

UCSC utility WigToBigWig. Heatmaps were plotted using computeMatrix and 223	

plotHeatmap tools in the deepTools package by summing the tag counts using 50bp 224	

bins. 225	

 226	

Statistical Analysis 227	

 At least three biological replicates were performed for every assay shown in this 228	

manuscript including tiling arrays. Each biological replicate is a pure yeast culture 229	

derived from a single colony initiated from a single cell of a given strain. Tiling array 230	
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data analyzed using the limma package were subjected to the standard limma workflow 231	

which utilizes linear modeling and an empirical Bayes method to determine differentially 232	

expressed genes from as little as three biological replicates. The limma p values were 233	

adjusted for multiple comparisons using Benjamini and Hochberg’s false discovery rate 234	

(FDR) (Benjamini and Hochberg 1995). All RT-qPCR and Northern blot p values were 235	

generated using an unpaired, two-sided, students t-test assuming equal variance 236	

carried out between the mutant strain and the wild type strain.  237	

 238	

Data Availability 239	

Strains are available upon request. Tiling array data (raw CEL files, BedGraph files, 240	

annotation-guided differential expression results, and files containing annotations for 241	

differentially expressed transcripts defined by our de novo analysis in BED6 file format) 242	

have been deposited in the Gene Expression Omnibus database under accession 243	

number GSE122704. Code used for analysis of tiling array data has been uploaded to 244	

the following GitHub repository (https://github.com/mae92/Paf1C-Transcriptome-245	

Analysis-Code). Tables S1-S6 and Figures S1-S5 are available via FigShare. 246	

 247	

RESULTS 248	

Deletion of PAF1 affects coding and noncoding transcripts genome-wide 249	

 To investigate the impact of Paf1C on the S. cerevisiae transcriptome, we used 250	

high-resolution whole-genome tiling arrays to measure steady state RNA levels in S. 251	

cerevisiae strains deleted for the PAF1 gene, which encodes a core member of Paf1C 252	

important for complex integrity (Mueller et al. 2004; Deng et al. 2018). Additionally, to 253	
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assess the Paf1-dependency of unstable noncoding RNAs (ncRNAs) in these 254	

experiments, we deleted TRF4 in both PAF1 and paf1∆ strains. When compared to a 255	

trf4D strain, the paf1D trf4D double mutant revealed wide-ranging effects on all Pol II 256	

transcript classes examined: mRNAs, small nuclear RNAs (snRNAs), snoRNAs, CUTs, 257	

stable unannotated transcripts (SUTs; Xu et al. 2009), Xrn1-dependent unstable 258	

transcripts (XUTs; van Dijk et al. 2011), Nrd1-unterminated transcripts (NUTs; Schulz et 259	

al. 2013), and Set2-repressed antisense transcripts (SRATs; Venkatesh et al. 2016) 260	

(Figure 1A-G; Table S3). In general, levels of snRNAs, snoRNAs, and SRATs increased 261	

in the paf1D trf4D double mutant relative to the trf4D single mutant (Figures 1D and G; 262	

Table S3) indicating that, in wild type cells, Paf1 suppresses their transcription or 263	

destabilizes the transcripts. In the case of SRATs, increased transcript levels are 264	

consistent with a requirement for Paf1 in facilitating H3 K36me3, a modification that 265	

negatively regulates transcription (Churchman and Weissman 2011; Kim et al. 2016; 266	

Venkatesh et al. 2016) by activating the Rpd3S histone deacetylase complex and by 267	

inhibiting histone exchange (Carrozza et al. 2005; Joshi and Struhl 2005; Keogh et al. 268	

2005; Govind et al. 2010; Venkatesh et al. 2012). Levels of many CUTs, SUTs, XUTs 269	

and NUTs decreased upon deletion of PAF1 (Figures 1B, C, E and F; Table S3). For 270	

NUTs and CUTs, these changes in transcript abundance suggest that Paf1 impacts 271	

NNS-dependent termination beyond the snoRNA genes. At protein-coding genes, Paf1 272	

positively and negatively affects mRNA levels in a locus-specific manner (Figure 1A; 273	

Table S3), in agreement with previous studies (Shi et al. 1996; Porter et al. 2005; Cao 274	

et al. 2015; Chen et al. 2015; Yu et al. 2015; Yang et al. 2016; Fischl et al. 2017). 275	
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 For many snoRNA genes, we detected an increase in RNA levels downstream of 276	

the annotated gene in the paf1D strain relative to wild type, consistent with previous 277	

studies showing Paf1 is required for efficient snoRNA termination (Sheldon et al. 2005; 278	

Tomson et al. 2013). The log2 fold change values calculated for any particular snoRNA 279	

gene and its downstream region do not always agree. In many cases, RNA levels 280	

mapping to the gene body do not change expression even when downstream changes 281	

are observed, suggesting that read-through transcription is occurring at these loci 282	

(Figure 1H, compare gene and 0-50bp heat map columns). 283	

 284	

De novo differential expression analysis reveals effects of Paf1 on antisense 285	

transcripts 286	

 As an independent analysis and to facilitate detection of unannotated transcripts, 287	

we performed a de novo differential expression analysis of our tiling array data. Here, 288	

we relied on the data to reveal the boundaries of differentially expressed transcripts 289	

instead of using predetermined annotations. Strains lacking PAF1 were compared to 290	

control strains on a probe-by-probe basis. Genomic regions with a 1.5-fold or greater 291	

difference in expression between paf1∆ and PAF1 strains were selected as differentially 292	

expressed and extended until the expression difference was no longer observed (see 293	

Figure S1 and Materials and Methods for a detailed description of this analysis).  294	

 Confirming the accuracy of the de novo analysis, we found that nearly all the 295	

mRNAs identified as differentially expressed in the paf1∆ trf4∆ strain by our annotation-296	

guided analysis (585 mRNAs;1.5-fold or greater expression change relative to trf4∆ 297	

strain) were also detected by the de novo analysis (Figure S2A). We note that, 298	
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compared to the annotation-guided analysis, a larger number of differentially expressed 299	

transcripts that overlap mRNAs on the sense strand were detected in the de novo 300	

analysis. This observation is not due to technical differences, but rather a consequence 301	

of multiple de novo transcripts overlapping with a single annotated mRNA and the 302	

increased sensitivity of the analysis. Additionally, we found that the length distribution of 303	

all transcripts identified in the de novo analysis was similar to that reported in SGD for 304	

mRNAs (Figure S2B), confirming that we were not calling exceedingly long or short 305	

transcripts. Further, separation of the de novo analysis data by transcript class revealed 306	

effects of paf1∆ on noncoding and coding RNAs similar to those observed in the 307	

annotation-guided analysis (compare Figure 1A-1G to Figure 2A; Table S4). In the 308	

paf1∆ trf4∆ strain, for example, SRATs and snoRNAs were predominantly up-regulated 309	

and other noncoding RNAs were predominantly down-regulated. When viewed as a 310	

whole, the de novo analysis detected far more differentially expressed transcripts in the 311	

paf1∆ trf4∆ strain (relative to the trf4∆ control strain) than in the paf1∆ strain (relative to 312	

the PAF1 control strain) (Figure S2C). Therefore, a functional TRAMP complex, which 313	

promotes processing and degradation of unstable transcripts, obscures many of the 314	

transcriptional effects of deleting PAF1. 315	

Unstable ncRNAs are often found near mRNA loci in tandem or antisense 316	

orientations (Neil et al. 2009; Xu et al. 2009; van Dijk et al. 2011; Schulz et al. 2013; 317	

Castelnuovo et al. 2014). Murray et al. (2015) demonstrated that regions of high 318	

antisense transcription are deficient in H2BK123ub, H3K4me3, H3K79me3 and 319	

H3K36me3, while regions of low antisense transcription are enriched for H3K79me2. 320	

Levels of all these histone modifications are affected by PAF1 deletion. Therefore, 321	
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deletion of PAF1 and loss of Paf1C-dependent histone modifications may generate a 322	

chromatin landscape that promotes antisense transcription at some loci and represses it 323	

at others. Interestingly, in the de novo analysis, we observed enrichment of many 324	

transcripts oriented antisense to mRNA loci in the paf1∆ trf4∆ strain, relative to the trf4∆ 325	

strain, and found that Paf1 both positively and negatively regulates antisense transcript 326	

levels in S. cerevisiae (Figure 2B; Table S5). 327	

Deeper analysis revealed that many of the antisense transcripts detected by the 328	

de novo analysis overlapped with previously annotated noncoding transcripts (Figure 329	

2C), consistent with earlier studies showing that many noncoding transcripts are 330	

oriented antisense to genes (Xu et al. 2009; van Dijk et al. 2011; Schulz et al. 2013; 331	

Venkatesh et al. 2016). This suggests that a large portion of the ncRNA differential 332	

expression profile observed in the paf1∆ trf4∆ strain results from antisense transcription. 333	

To investigate the antisense transcriptional landscape further, we plotted sense and 334	

antisense transcript levels relative to the transcription start site (TSS) and transcription 335	

end site (TES) of protein-coding genes at which we detected an absolute change of 1.5-336	

fold or greater in antisense transcription overlapping the gene (Figure S3A and Figure 337	

S3B). For both the antisense-downregulated class and the antisense-upregulated class, 338	

k-means clustering analysis revealed five clusters differing in the patterns and levels of 339	

antisense transcription relative to sense transcription. (Note that when these clusters 340	

are broken down by overlap with various ncRNA classes, no one cluster is dominated 341	

by an individual ncRNA class (Figure S3C, S3D, and Table S6)). A small number of 342	

protein-coding genes show an apparent anti-correlation between sense and antisense 343	

transcription in the paf1∆ trf4∆ mutant (cluster 1 in Figure S3A and cluster 5 in Figure 344	
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S3B). However, for most genes experiencing a 1.5-fold or greater increase in antisense 345	

transcription, a clear relationship between antisense and sense transcript levels was not 346	

detected. This result agrees with previous work on antisense transcription (Murray et al. 347	

2015). Further, a plot of sense and antisense transcript levels for all protein-coding 348	

genes suggests that antisense transcription is not governing the changes we detect in 349	

sense transcription for most genes (Figure S3E). 350	

 351	

Paf1 regulates transcript abundance at the transcriptional level 352	

Paf1C has been shown to regulate both transcriptional and post-transcriptional 353	

processes at protein-coding genes (Porter et al. 2005; Van Oss et al. 2016; Fischl et al. 354	

2017). To determine if changes in RNA levels detected by our tiling array analysis 355	

occurred at the transcriptional level, we compared our results to published NET-seq 356	

data (Harlen and Churchman 2017). Tiling array data comparing paf1∆ and PAF1 357	

strains or paf1∆ trf4∆ and trf4∆ strains were used to generate heatmaps for comparison 358	

to paf1∆ NET-seq data (Figure 3A). Overall, we observed similarity between the paf1∆ 359	

trf4∆ tiling array data and the paf1∆ NET-seq data, indicating that Paf1 is regulating the 360	

abundance of many transcripts, including unstable noncoding RNAs and mRNAs, 361	

through an effect on transcription (Figure 3A and 3B). However, our analysis also 362	

indicates, that at some genes, Paf1 is likely playing a post-transcriptional role. For 363	

example, for the majority of Paf1-stimulated protein-coding genes (73%), a decrease in 364	

steady state RNA levels in paf1∆ cells was reflected in reduced nascent transcript levels 365	

(Figure 3B). In contrast, a smaller fraction of Paf1-repressed genes (52%) showed a 366	

corresponding increase in NET-seq signal in the paf1∆ background (Figure 3B). 367	
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Therefore, both positive and negative effects of Paf1 occur at the transcriptional level at 368	

many loci, but for protein-coding genes repressed by Paf1, a larger fraction appear to 369	

be post-transcriptionally regulated. 370	

One possible difference between Paf1-stimulated and Paf1-repressed genes is 371	

related to their level of expression in wild type cells. To investigate this possibility, we 372	

used ChIP-exo data from Van Oss et al. (2016) to analyze Pol II occupancy (Rpb3 373	

subunit) at protein-coding genes with absolute expression changes of 1.5-fold or greater 374	

in a paf1∆ background as measured by our tiling array analysis. The Rpb3 ChIP-exo 375	

data indicate that, in general, Paf1-stimulated genes are more highly transcribed than 376	

Paf1-repressed genes (Figure S4). Similarly, Paf1 occupancy is higher at Paf1-377	

stimulated genes compared to Paf1-repressed genes, consistent with the known 378	

association of Paf1C with Pol II. Since defects in Paf1C cause a disruption in telomeric 379	

silencing (Krogan et al. 2003; Ng et al. 2003a), we also analyzed the chromosomal 380	

locations of Paf1-regulated genes. Our analysis revealed broad chromosomal 381	

distribution of Paf1-stimulated and Paf1-repressed genes, in both TRF4 and trf4∆ 382	

backgrounds, with no obvious bias toward telomeres (Figure S5). 383	

 384	

Paf1 stimulates the expression of phosphate homeostasis genes through a 385	

mechanism independent of its effects on individual histone modifications 386	

Gene ontology analysis (Ashburner et al. 2000) revealed an enrichment in 387	

phosphate homeostasis genes among the genes where expression decreased upon 388	

deletion of PAF1 in both the TRF4 and trf4∆ backgrounds (Table 2). Given the wealth of 389	

information on the importance of chromatin structure in regulating genes in the 390	
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phosphate regulon (Korber and Barbaric 2014), we explored the mechanism of Paf1 391	

involvement at these genes. Our tiling array data show that many but not all genes 392	

activated by the Pho4 transcription factor (Zhou and O’Shea 2011) are downregulated 393	

in the absence of Paf1 (Figure 4A), arguing that the effects of Paf1 are unlikely to be 394	

due to a loss of Pho4 function. Consistent with this, PHO4 transcript levels are not 395	

strongly affected in the paf1∆ strain (Figure 4A). 396	

To assess the contribution of individual Paf1C members to the expression of 397	

phosphate homeostasis genes, we performed RT-qPCR analysis of RNA isolated from 398	

paf1∆, ctr9∆, cdc73∆, rtf1∆, and leo1∆ strains. The RT-qPCR results generally agreed 399	

with our tiling array results. RNA levels for PHO5, PHO81, and PHO84 were 400	

significantly decreased in the absence of any single Paf1C subunit with deletions of 401	

PAF1 and CTR9 causing the greatest effects (Figure 4B). 402	

 Given the prominent role of Paf1C in promoting transcription-coupled histone 403	

modifications, we asked if loss of these modifications could explain the gene expression 404	

changes we observed in the Paf1C mutant strains. To this end, we performed RT-qPCR 405	

assays on RNA prepared from strains lacking the H2Bub enzymes Rad6 and Bre1, the 406	

H3 K4 methyltransferase Set1, the H3 K36 methyltransferase Set2, or the H3 K79 407	

methyltransferase Dot1 (Figure 4C). RNA levels for PHO5, PHO81 and PHO84 408	

decreased in the rad6D and bre1D strains, which, like an rtf1∆ strain (Van Oss et al. 409	

2016), are severely deficient in H2Bub. However, deletion of PAF1 and CTR9 had a 410	

substantially greater impact on the transcription of these genes than deletion of either 411	

BRE1, which encodes the ubiquitin ligase for H2B K123, or RTF1, which encodes the 412	

primary Paf1C determinant of H2Bub (Figures 4B and C). The larger effect of rad6∆ 413	
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compared to bre1∆ suggests that, as a ubiquitin conjugating enzyme, Rad6 may play 414	

roles in PHO gene regulation beyond catalyzing H2Bub. In agreement with this, we 415	

observed only a slight decrease in PHO5, PHO81, and PHO84 RNA levels in a H2B 416	

K123R mutant compared to the control strain (Figure 4D). Other than a slight, but 417	

statistically significant, upregulation of PHO5 and PHO81 in the dot1D strain, loss of 418	

individual H3 methyltransferases did not alter transcription of the PHO genes. 419	

Therefore, the loss of individual Paf1C-mediated histone modifications does not explain 420	

the strong reduction in phosphate homeostasis gene expression observed in paf1∆ and 421	

ctr9∆ mutants. 422	

The absence of a clear effect of Paf1C-dependent histone modifications on PHO 423	

gene regulation prompted us to investigate other connections between Paf1 and 424	

chromatin. Previous work by Batta et al. (2012) showed reduced nucleosome 425	

occupancy within coding regions in a paf1∆ strain, and the importance of nucleosome 426	

occupancy changes for PHO gene expression have been well documented (Barbaric et 427	

al. 2007; Korber and Barbaric 2014). Therefore, we investigated genetic interactions 428	

between Paf1 and chromatin remodeling factors. Genetic crosses were performed 429	

between strains lacking Paf1 and strains mutated for the following chromatin remodeling 430	

factors: Chd1, Isw1, Isw2, Swi/Snf, Ino80, and Swr1 (Figure 4E). We observed synthetic 431	

lethality or severe synthetic growth defects in double mutants containing paf1∆ and a 432	

deletion of SWR1, ISW1, SNF2 or ARP8, which encodes a subunit of the Ino80 433	

complex. While the molecular basis for these genetic interactions is unclear, it is likely 434	

that Paf1C and chromatin remodeling factors regulate the expression of a shared group 435	

of genes. To test this idea for genes in the Pho4 regulon, we focused on two genes, 436	
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SPL2 and VTC3, known to be stimulated by Ino80 (Ohdate et al. 2003). Northern 437	

analysis revealed greatly reduced VTC3 and SPL2 expression in cells lacking PAF1, 438	

SNF2, ARP8 or INO80 (Figure 4F). Although deletion of SWR1 or ISW1 did not affect 439	

SPL2 or VTC3 mRNA levels, it is possible that other Paf1-dependent genes are 440	

regulated by these remodeling factors. Taken together, these data suggest that Paf1C 441	

and chromatin remodeling factors work in parallel to maintain gene expression levels 442	

required for cell viability and phosphate homeostasis. 443	

A well-studied example of locus-specific antisense control of transcription occurs 444	

at the PHO84 gene in yeast (Castelnuovo et al. 2013). At this locus, accumulation of an 445	

antisense transcript in an rrp6∆ strain leads to repression of the sense transcript 446	

through a mechanism dependent on particular histone modifications (Castelnuovo et al. 447	

2014). In light of the changes in antisense RNAs detected in the paf1∆ background 448	

(Figure 2B and Figure S3), we examined our de novo differential expression data for 449	

evidence of Paf1-regulated antisense transcription at PHO84 (Figure 4G). When 450	

comparing the paf1∆ trf4∆ mutant to the trf4∆ control strain, we observed increased 451	

antisense and decreased sense transcript levels across the PHO84 gene. Interestingly, 452	

PHO84 fell into one of the two clusters of genes for which an anti-correlation between 453	

sense and antisense transcription was observed in the paf1∆ trf4∆ mutant (Figure S3B, 454	

cluster 5). These data suggest that, at the PHO84 gene, deletion of PAF1 elevates 455	

antisense transcription and coordinately decreases sense transcription. 456	

 457	

Paf1 represses iron homeostasis gene expression in part through its role as a 458	

facilitator of H3 K36me3 459	
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 Gene ontology analysis of genes that increased expression in paf1D strains 460	

revealed enrichment for genes in various iron-related processes (Table 2). As with the 461	

phosphate genes, an additional motivation for choosing iron homeostasis genes for 462	

follow-up experiments was the extent to which they have been characterized in the 463	

literature (Yamaguchi-Iwai et al. 2002; Rutherford and Bird 2004; Courel et al. 2005; 464	

Kaplan and Kaplan 2009; Cyert and Philpott 2013). Our tiling array analysis of genes 465	

that are normally activated by the Aft1 and Aft2 transcription factors in iron-limiting 466	

conditions (Cyert and Philpott 2013) revealed that many but not all of these genes are 467	

repressed by Paf1 in iron-replete media (Figure 5A).  468	

To further investigate this subset of genes, we performed RT-qPCR analysis on 469	

RNA isolated from strains lacking individual Paf1C members (Figure 5B). A reproducible 470	

increase in expression was observed for ARN1, FIT2, FIT3 and SIT1 in paf1∆ and ctr9∆ 471	

strains. With the exception of SIT1, deletion of CDC73 also led to derepression of these 472	

genes. In contrast, whereas Paf1, Ctr9, and Cdc73 repress the transcription of ARN1, 473	

FIT2, and FIT3, Leo1 appears to play a stimulatory role at these genes, while Rtf1 has 474	

little effect. Together, these data demonstrate that individual Paf1C subunits 475	

differentially regulate iron-responsive genes. 476	

 The Set2 histone methyltransferase catalyzes H3 K36me3, a modification that is 477	

dependent on Paf1 and Ctr9 (Chu et al. 2007). This epigenetic mark leads to the 478	

activation of the Rpd3S histone deacetylase complex and inhibition of histone 479	

exchange, generating a repressed chromatin state (Carrozza et al. 2005; Joshi and 480	

Struhl 2005; Keogh et al. 2005; Govind et al. 2010; Churchman and Weissman 2011; 481	

Venkatesh et al. 2012, 2016; Kim et al. 2016). In the set2D strain, RNA levels for FIT3 482	
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and SIT1 increased to those observed in the paf1D strain, suggesting that Paf1 483	

represses these genes through stimulating H3 K36me3 (Figure 5C). Further, NET-seq 484	

data (Churchman and Weissman 2011; Harlen and Churchman 2017) indicate that the 485	

increase in steady state mRNA levels for FIT3 and SIT1 in paf1∆ and set2∆ strains is 486	

associated with an increase in transcription (Figure 5D). 487	

For two other genes, ARN1 and FIT2, the level of derepression observed in the 488	

paf1∆ strain was significantly higher than that observed in the set2∆ strain, despite 489	

evidence from NET-seq data (Figure 5D; Churchman and Weissman 2011; Harlen and 490	

Churchman 2017) that loss of Set2 strongly increases transcription of these genes. 491	

Similarly, with the exception of FIT3, steady state mRNA levels in a strain lacking the 492	

Rpd3S subunit Rco1 did not reflect the increase in transcription detected by NET-seq 493	

(Figure 5C and 5D). One likely explanation for the difference between the steady state 494	

mRNA measurements (Figure 5C) and the nascent transcript data (Figure 5D) is that 495	

mRNA levels for the iron-responsive genes are post-transcriptionally regulated, possibly 496	

through a degradation pathway that involves Paf1. This conclusion is in line with 497	

observations made through our de novo analysis (Figure 3B), which indicated a post-498	

transcriptional role for Paf1 at genes where it negatively regulates mRNA levels, and 499	

with previous descriptions of RNA degradation pathways that target mRNAs in the iron 500	

regulon (Lee et al. 2005; Puig et al. 2005). 501	

In addition to the Set2/Rpd3S pathway, we tested other histone modifiers for a 502	

role in iron gene repression by examining ARN1, FIT2, FIT3 and SIT1 expression in 503	

bre1D, rad6D, set1D, and dot1D strains by RT-qPCR (Figure 5E). With the exception of 504	

the dot1D mutation, which elevated ARN1 and SIT1 transcript levels, none of these 505	
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mutations led to a significant derepression of the iron genes. Taken together, these 506	

results suggest that Paf1 represses expression of genes in the iron regulon by inhibiting 507	

transcription, most likely by facilitating histone marks such as H3 K36me3, and by 508	

influencing RNA stability. 509	

 510	

FET4 is differentially regulated by Paf1 and upstream CUT transcription 511	

 To investigate the interplay between Paf1 and noncoding DNA transcription on a 512	

protein-coding gene in the iron regulon, we focused on the FET4 gene, which encodes 513	

a low affinity iron transporter in S. cerevisiae (Dix et al. 1994). Two CUTs have been 514	

annotated upstream of the FET4 coding region (Xu et al. 2009; Raupach et al. 2016) 515	

(Figure 6A). We hypothesized that CUT 794/793 transcription regulates FET4 516	

transcription possibly in a PAF1-dependent manner. To test this, we generated strains 517	

containing a transcription termination sequence (TTS) upstream of the FET4 gene 518	

positioned to stop transcription of both upstream CUTs in wild type, paf1∆, trf4∆ and 519	

paf1∆ trf4∆ backgrounds.  520	

 Northern analysis showed that deletion of PAF1 reduced FET4 transcript levels 521	

(Figure 6B top blot, compare lanes 1 and 2 and lanes 3 and 4; Figure 6C) and 522	

CUT794/793 levels (Figure 6B middle blot, compare lanes 3 and 4; Figure 6D). When 523	

the TTS was inserted upstream of FET4 (+TTS), CUT levels decreased and FET4 524	

transcript levels increased in all conditions tested, suggesting that transcription of the 525	

upstream CUT inhibits expression of the coding region (Figures 6B-D). This is 526	

reminiscent of the inhibitory effect of noncoding transcription upstream of the well-527	

studied SER3 gene (Martens et al. 2004). Interestingly, even when CUT transcription 528	
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was blocked, FET4 transcript levels were reduced in the paf1∆ background. These data 529	

suggest that CUT transcription upstream of the FET4 promoter negatively regulates 530	

transcription of the FET4 gene and that Paf1 has a dual role in regulating FET4 by 531	

stimulating expression of both the ORF and the inhibitory CUTs 794/793 (Figure 6E). 532	

 533	

DISCUSSION 534	

The many roles of Paf1C and the pleiotropic phenotypes conferred by deletion of 535	

individual Paf1C subunits (Betz et al. 2002) suggest that this conserved transcription 536	

elongation complex regulates the expression of many genetic loci. While previous 537	

studies focused on the regulation of mRNAs (Shi et al. 1996; Penheiter et al. 2005; 538	

Porter et al. 2005; Batta et al. 2011; van Bakel et al. 2013; Cao et al. 2015; Chen et al. 539	

2015; Yang et al. 2016; Fischl et al. 2017; Harlen and Churchman 2017), here we 540	

sought to identify the full cohort of Paf1-regulated transcripts, both coding and 541	

noncoding, by exploiting a genetic background deficient in the TRAMP/exosome-542	

dependent RNA degradation pathway and by performing de novo transcript 543	

identification analyses. Our high-resolution tiling array experiments revealed differential 544	

expression of transcripts in all Pol II transcribed RNA classes in strains deleted for 545	

PAF1. A comparison of our paf1∆ trf4∆ tiling array data with published paf1∆ NET-seq 546	

(Harlen and Churchman 2017) data demonstrated that Paf1 regulates many coding and 547	

noncoding RNAs at the transcriptional level and that the presence of a functional 548	

TRAMP complex obscures many of these transcriptional effects. 549	

Our study revealed both positive and negative roles of Paf1 in regulating 550	

noncoding RNA levels. For many transcripts in the CUT, NUT, XUT, and SUT classes, 551	
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Paf1 stimulates their expression. For two other important classes of noncoding RNAs, 552	

snoRNAs and SRATs, Paf1 functions primarily as a negative regulator. The elevation in 553	

SRAT expression was not unexpected given the importance of Paf1 for H3 K36me3 554	

(Chu et al. 2007), a mark important for the maintenance of a repressive chromatin 555	

environment. In our previous work, we showed that Paf1 is important for snoRNA 556	

termination (Sheldon et al. 2005; Tomson et al. 2011, 2013). We recapitulate those 557	

results here and identify additional snoRNA loci that exhibit transcription termination 558	

defects in the absence of Paf1 (Figure 1H). These results, together with our finding that 559	

Paf1 impacts the transcription of many CUTs and NUTs, extends the functional 560	

connections between Paf1 and the machinery that terminates and processes these 561	

noncoding RNAs, including the NNS machinery and the nuclear exosome. Similar to a 562	

paf1∆ strain, snoRNA 3’ ends are extended in rrp6 and nrd1 mutants, which lack 563	

subunits of the nuclear exosome and NNS, respectively (Schulz et al. 2013; Fox et al. 564	

2015). In contrast, while NUTs and CUTs are elevated in nrd1 and rrp6 mutants, levels 565	

of many of these unstable noncoding RNAs are decreased in strains deleted for PAF1. 566	

The reduced levels of these RNAs in paf1∆ strains are likely due, at least in part, to the 567	

stimulatory effect Paf1 has on their transcription (Figure 3). 568	

By performing a de novo differential expression analysis of our tiling array data, 569	

we uncovered effects of Paf1 on antisense transcription (Figure 2B). Interestingly, many 570	

of the histone modifications promoted by Paf1C are reduced in regions experiencing 571	

higher levels of antisense transcription, but still others are present at high levels in these 572	

same regions (Murray et al. 2015). The loss of Paf1C-promoted histone modifications 573	

may therefore contribute to changes in antisense transcription (Castelnuovo et al. 2014; 574	
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Murray et al. 2015). Indeed, we found instances of both increased and decreased 575	

antisense transcription in our paf1∆ strains. Although some global anticorrelation exists 576	

between sense and divergent antisense transcription initiating from nucleosome 577	

depleted regions (Xu et al. 2009; Churchman and Weissman 2011), antisense 578	

transcription does not universally correlate or anticorrelate with sense transcription 579	

(Murray et al. 2015). Our results agree with this observation (Figure S3E), but also point 580	

to a small subset of genes where sense and antisense transcription appear to be 581	

anticorrelated when PAF1 is deleted (Figure S3A cluster 1 and S3B cluster 5). 582	

One gene that fits into this category is PHO84 (Figure S3B cluster 5; Figure 4G). 583	

Our data suggest a role for Paf1 in preventing antisense transcription at PHO84 584	

independently of its functional connections with the TRAMP/exosome pathway, as we 585	

detect higher antisense and lower sense transcript levels in the paf1∆ trf4∆ strain 586	

relative to the trf4∆ strain (Figure 4G). The ability to detect changes in antisense 587	

transcription was enhanced by the absence of Trf4. This observation agrees with 588	

studies on PHO84 and other genes, which showed elevated antisense transcription in 589	

the absence of Rrp6 (Castelnuovo et al. 2013). With respect to PHO84, the mechanism 590	

by which Paf1 facilitates sense and represses antisense transcription remains 591	

undefined. Although previous studies showed that set1∆ strongly upregulates PHO84 592	

sense transcription in the presence of RRP6 (Castelnuovo et al. 2013) and that Paf1C is 593	

required for Set1-dependent H3 K4 methylation (Krogan et al. 2003; Ng et al. 2003b), 594	

our strand-specific tiling array data showed that paf1∆ strongly downregulates PHO84 595	

sense transcription (Figure 4A). Similarly, our results do not ascribe the stimulatory 596	

effect of Paf1 on PHO5 and PHO81 to any single Paf1C-dependent histone modification 597	
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or an obvious change in antisense transcription; however, it remains possible that the 598	

individual modifications function redundantly in promoting the expression of these 599	

genes. 600	

At many genes that are normally induced in iron-limiting conditions, Paf1 plays a 601	

repressive role under iron-replete conditions. For the four strongly upregulated genes 602	

examined, deletion of PAF1 increased steady state RNA levels as well as nascent 603	

transcript levels, arguing that Paf1 is controlling the transcription of these genes. The 604	

increase in transcription in the paf1∆ strain correlates with a decrease in Set2 function, 605	

as shown by NET-seq data (Churchman and Weissman 2011; Harlen and Churchman 606	

2017). Indeed, in our tiling array experiments, we detected a global increase in SRAT 607	

transcription in a paf1D strain (Figure 1D and 2A). Interestingly, when comparing steady 608	

state RNA levels and nascent transcript levels, we noted an apparent post-609	

transcriptional effect of Paf1 (Figures 3B, 5C and 5D). With respect to the iron 610	

metabolism genes, we saw a strong overlap between Paf1-repressed mRNAs and 611	

Rnt1-repressed mRNAs (Lee et al. 2005). Rnt1 is a double-stranded RNA 612	

endonuclease that cleaves RNAs with a particular stem-loop structure (Chanfreau et al. 613	

2000) and, in iron replete conditions, executes an RNA degradation pathway for mRNAs 614	

that encode iron uptake proteins (Lee et al. 2005). While other explanations are 615	

possible, the overlap between Paf1- and Rnt1-repressed mRNAs suggests that the 616	

post-transcriptional role of Paf1 at iron regulon genes may involve a functional 617	

interaction with Rnt1. A recent study showed that the rate of transcription elongation can 618	

influence the folding and processing of histone pre-mRNAs (Saldi et al. 2018), raising 619	

the possibility that deletion of PAF1 might alter the rate of elongation in a way that 620	
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affects the folding of substrates for Rnt1 or another RNA processing factor. Together, 621	

our results suggest that through stimulating Set2-mediated H3 K36 methylation, Paf1 622	

represses genes in the iron regulon, but has an additional role in reducing the stability of 623	

these mRNAs. 624	

Numerous examples of protein-coding gene regulation by ncDNA transcription or 625	

ncRNAs have been observed (Castelnuovo and Stutz 2015). Adding to this body of 626	

evidence we investigated the regulatory mechanisms governing expression of FET4, 627	

which encodes a low affinity iron transporter. Our analysis indicates that FET4 is 628	

regulated by the expression of upstream CUTs and by Paf1. Insertion of a transcription 629	

termination sequence upstream of FET4 decreased CUT794/793 levels and increased 630	

FET4 transcription. Deletion of PAF1 reduced both CUT794/793 and FET4 transcript 631	

levels. Together with these targeted experiments, our tiling array results on the paf1∆ 632	

strain also revealed a stimulatory effect of Paf1 on FET4 mRNA levels. However, we 633	

note that our tiling array analysis of the paf1∆ trf4∆ strain indicated that, in some 634	

circumstances, Paf1 can repress FET4 expression. Previous studies have shown that 635	

genetic background and growth conditions can influence the levels of FET4 mRNA and 636	

the noncoding RNAs adjacent to or overlapping FET4 (CUT794/793 and the SUT322 637	

antisense ncRNA) (Xu et al. 2009). Since our tiling array and northern blotting 638	

experiments used RNA from yeast grown on separate days, it is possible that slight 639	

differences in media may be responsible for differences in expression dynamics at the 640	

FET4 locus, highlighting the intricacies of the regulatory system operating at this gene. 641	

Collectively, our results add to the interesting list of telomere-proximal metal-responsive 642	

genes under the control of noncoding transcription (Toesca et al. 2011).  643	
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The complexity of the transcription process and its regulation by chromatin 644	

provides numerous opportunities for multifunctional transcription factors, like Paf1C, to 645	

regulate gene expression. Our study reveals genome-wide effects of Paf1 on both 646	

coding and noncoding RNAs and provides mechanistic explanations for its diverse 647	

effects on specific classes of protein-coding genes. An understanding of the locus-648	

specific effects of Paf1C will be an important step in elucidating the numerous 649	

connections of this complex to gene expression changes that cause human disease 650	

(Tomson and Arndt 2013; Karmakar et al. 2018). 651	
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FIGURE LEGENDS 

 

Figure 1.  Deletion of PAF1 affects all Pol II transcript classes. (A-G) Volcano plots 

graphing statistical significance (y-axis) against expression change (x-axis) between 

paf1D trf4D and trf4D strains (KY2016 and KY2012, respectively) for the indicated Pol II 

transcript classes. In panel G, snRNAs and snoRNAs are shown in red and black, 

respectively. Each point represents an individual transcript. Tiling array probe intensities 

were averaged over annotated regions using a custom Python script and an average 

log2 fold change and p value were calculated using the limma R package. The 

horizontal line indicates an FDR adjusted p value of 0.05 and the vertical lines indicate a 

1.5-fold change in expression (log2 fold change of 0.58). Counts and percentages of 

differentially expressed transcripts shown here are listed in Table S3. (H) Heatmap of 

log2 fold change in expression between paf1D and WT strains (KY1702 and KY2276, 

respectively) for the 29 most affected snoRNA genes. The snoRNA gene bodies and 

regions 0-50 bp, 50-100 bp, and 100-150 bp downstream of their annotated 3’ ends are 

plotted and sorted by the 0-50 bp region. 

 

Figure 2.  Paf1 positively and negatively regulates antisense transcription. (A) 

Horizontally stacked bar graphs showing the percentage of each transcript class (listed 

in Table S2) found to overlap with a differentially expressed transcript identified in paf1∆ 

or paf1∆ trf4∆ strains by de novo analysis (counts and percentages listed in Table S4). 

(B) Vertically stacked bar graph plotting percentage of transcripts, identified in the de 

novo analysis, that overlap with mRNA coding regions on the sense or antisense strand. 
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These data are also presented in Table S5. (C) Bar graph summarizing the overlap 

between differentially expressed antisense transcripts detected by the de novo analysis 

and previously annotated noncoding RNAs (see sums in Table S6 for counts). 

 

Figure 3.  Paf1 regulates many of its target loci at the transcriptional level. (A) 

Heatmaps plotting log2 fold-change in transcript levels detected by tiling array for paf1∆ 

vs WT (KY1702 vs KY2276) and paf1∆ trf4∆ vs trf4∆ (KY2016 vs KY2012) as well as a 

paf1∆ vs WT NET-seq comparative analysis (Harlen and Churchman 2017). Previously 

annotated coding and non-coding transcripts were scaled so that each row in the 

heatmap represents a single transcript from transcription start site (TSS) to transcription 

end site (TES). (B) Pie charts showing the direction of change in NET-seq data (Harlen 

and Churchman, 2017) for mRNAs that increased or decreased expression by at least 

1.5-fold in the paf1∆ vs WT comparison as measured by tiling array. Direction of change 

in NET-seq was determined by summing the reads in the first 500bp of protein-coding 

genes in both WT and paf1∆ NET-seq datasets and calculating a fold-change (1.5-fold 

cutoff). 

 

Figure 4.  Paf1 positively regulates many phosphate homeostasis genes. (A) 

Heatmap of expression differences observed in a paf1D strain (KY1702) relative to a 

WT strain (KY2276) at Pho4-responsive genes (Zhou and O’Shea, 2011). (B-D) RT-

qPCR analysis of phosphate gene expression in strains lacking (B) individual Paf1C 

subunits (KY1021, KY2271, KY2239, KY2243, KY2241 and KY2244), (C) histone 

modification enzymes (KY1683, KY2045, KY1952, KY938, KY914, KY934) or (D) H2B 
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K123. In panel D, RNA levels in the H2B K123R mutant (KY2167) were compared to 

the appropriate WT control strain (KY2027). Relative expression ratio is calculated 

using primer efficiency, normalization to the RNA polymerase III transcript SCR1 and a 

comparison to a WT strain (Pfaffl 2001). Error bars represent standard error of the 

mean and all statistically significant results are reported as asterisks (0.01 < p < 0.05 = 

*, 0.001 < p < 0.01 = **, 0 < p < 0.001 = ***). All p values were derived from a student’s 

t-test between the mutant strain and WT. (E) Cumulative data from crosses between a 

paf1∆ strain and strains deleted for chromatin remodeling factors. Following tetrad 

analysis of the following crosses, growth defects of double mutants were determined: 

chd1∆ paf1∆ = KY583 X KY804; isw1∆ paf1∆ = KY3464 X KY901; isw2∆ paf1∆ = 

KY884 X KY804; snf2∆ paf1∆ = KY508 X KY804; arp8∆ paf1∆ = KY3460 X KY804; 

swr1∆ paf1∆ = KY3462 X KY972. (F) Northern blot analysis of SPL2 and VTC3 RNA 

levels. Strains used in this analysis were KY292, KY802, KY508, KY3465, KY3461, 

KY884, KY3463 , KY972 and KY632. SCR1 serves as a loading control. (G) Genome 

browser view showing antisense transcription at the PHO84 locus. The browser view 

shows smoothed differential expression tracks (log2(paf1∆ trf4∆ / trf4∆), 160bp sliding 

window) with both SGD and de novo transcript annotations. Plus (+) and minus (-) 

symbols refer to DNA strand. The PHO84 gene is oriented right to left. 

 

Figure 5. Paf1 represses iron homeostasis genes. (A) Heatmap of expression 

differences observed in a paf1D strain (KY1702) relative to a WT strain (KY2276) at Aft1 

and Aft2 responsive genes involved in maintenance of iron homeostasis (Cyert and 

Philpott 2013). (B-C) RT-qPCR analysis of the indicated genes in strains lacking (B) 
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individual Paf1C subunits (KY1021, KY2271, KY2239, KY2243, KY2241 and KY2244) 

or (C) genes in the Set2/Rpd3S pathway (KY307, KY914, KY1702 and KY1235). 

Calculation of the relative expression ratio and statistical testing were performed as in 

Figure 4. (D) Heatmaps of expression differences between mutant yeast strains and 

their respective WT strains in tiling array (this study) and NET-seq (Churchman and 

Weissman 2011; Harlen and Churchman 2017) datasets. (E) RT-qPCR results for iron 

homeostasis genes in strains lacking enzymes that catalyze Paf1C-associated histone 

modifications (KY1683, KY2045, KY1952, KY938, and KY934). 

 

Figure 6. The FET4 locus is regulated by Paf1 and transcription of ncDNA 

upstream of the coding region. (A) Diagram of the FET4 locus and the position of a 

transcription termination sequence (HIS3 TTS) inserted 400 bp upstream of the FET4 

start codon to block CUT 794/793 transcription. (B) Northern analysis of FET4 mRNA, 

CUT 794/793 and SCR1 RNA (loading control) from WT, paf1D, trf4D, and paf1D trf4D 

strains without the inserted TTS (KY2276, KY1702, KY2012, KY2016) or with the TTS 

(KY3466, KY2846, KY2851, KY2845). (C-D) Quantification of northern blot results for 

FET4 and CUT 794/793 normalized to SCR1. Error bars represent standard error of the 

mean and all statistically significant results are reported as asterisks that represent p 

values from students t-test as in Figure 4. (E) Diagram of the observed effects of PAF1 

and CUT794/793 at the FET4 locus. 
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Table 1.  Yeast strains used in this study 

 
Strain1 Genotype 
KY292 (FY1182) MATa his4-912∂ lys2-128∂ leu2∆1 ura3-52 trp1∆63 
KY307 (FY8382) MATa his3∆200 lys2∆202 leu2∆1 ura3-52  
KY508 (FY7372) MATa his3∆200 lys2-128∂ leu2∆1 ura3-52 snf2∆::HIS3 
KY583 (GHY2803) MATa his3∆200 lys2-128∂ leu2∆1 ura3-52 trp1∆63 chd1∆::HIS3 
KY632 MATa his3∆200 lys2-128∂ leu2∆1 ura3-52 chd1∆::URA3 
KY802 MATa his3∆200 lys2-173R2 ura3∆(0 or 52) paf1∆::URA3 
KY804 MATa his3∆200 leu2∆2(0 or 1) ura3(∆0 or -52) paf1∆::URA3 
KY884 MATa his3∆200 lys2-173R2 leu2∆1 ura3-52 trp1∆63 

isw2∆::HIS3 
KY901 MATa his3∆200 lys2-128∂ leu2∆1 ura3-52 trp1∆63 isw1∆::HIS3  
KY907 MATa his3∆200 lys2-128∂ leu2∆1 ura3-52 set1∆::HIS3 
KY914 MATa his3∆200 lys2-173R2 leu2∆1 ura3-52 set2∆::HIS3 
KY934 MATa his3∆200 leu2∆1 trp1∆63 dot1∆::HIS3 
KY938 MATa his3∆200 leu2∆1 trp1∆63 set1∆::HIS3 
KY972 MATa his3∆200 lys2-128∂ leu2∆1 ura3-52 swr1∆::KANMX 
KY1021 MATa his4-912∂ lys2-128∂ leu2∆1 trp1∆63 
KY1235 MATa his3∆200 lys2-173R2 ura3-52 rco1∆::HIS3MX6 
KY1683 MATa his3∆200 lys2-128∂ leu2∆1 trp1∆63 
KY1702 MATa leu2∆0 ura3∆0 paf1∆::KANMX 
KY1952 MATa his4-912∂ lys2-128∂ trp1∆63 leu2∆1 bre1∆::KANMX 
KY2012 MATa leu2∆0 ura3∆0 trf4∆::CLONAT 
KY2016 MATa leu2∆0 ura3∆0 trf4∆::CLONAT paf1∆::KANMX 
KY2027 MATa ura3-52 (hta2-htb2)∆::KANMX 
KY2045 MATa his3∆200 leu2∆1 trp1∆63 rad6∆::KANMX 
KY2167 MATa ura3∆0 HTA1-htb1-K123R (hta2-htb2)∆::KANMX 
KY2239 MATa his4-912∂ lys2-128∂ trp1∆63 ctr9∆::KANMX 
KY2241 MATa his4-912∂ lys2-128∂ trp1∆63 cdc73∆::KANMX 
KY2243 MATa his4-912∂ lys2-128∂ leu2∆1 trp1∆63 rtf1∆::KANMX 
KY2244 MATa his4-912∂ lys2-128∂ ura3-52 trp1∆63 leo1∆::URA3 
KY2271 MATa his4-912∂ lys2-128∂ leu2∆1 trp1∆63 paf1∆::KANMX  
KY2276 MATa leu2∆0 ura3∆0 
KY2845 MATa leu2∆0 ura3∆0 trf4∆::CLONAT paf1∆::KANMX 

FET4::HIS3 TTS at -400 
KY2846 MATa leu2∆0 ura3∆0 paf1∆::KANMX FET4::HIS3 TTS at -400 
KY2851 MATa his3∆200 leu2∆0 ura3∆0 trf4∆::CLONAT FET4::HIS3 TTS 

at -400 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 4, 2019. ; https://doi.org/10.1101/567495doi: bioRxiv preprint 

https://doi.org/10.1101/567495
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 	 Ellison	et	al.		

	 60	

KY3460 MATa his3∆200 lys2-128∂ leu2∆1 ura3-52 trp1∆63 arp8∆::HIS3 
KY3461 MATa his3∆200 his4-912∂ leu2∆1 lys2-173R2 ura3-52 

ino80::HIS3 
KY3462 MATa his3∆200 leu2∆1 ura3-52 trp1∆63 paf1∆::URA3 
KY3463 MATa his3∆200 lys2-128∂ leu2∆1 ura3-52 isw1∆::HIS3 
KY3464 MATa his3∆200 leu2∆1 ura3-52 ade8 paf1∆::URA3 
KY3465 MATa his3∆200 leu2∆1 ura3-52 ade8 arp8∆::HIS3 
KY3466 MATa his3∆200 leu2∆0 ura3∆0 FET4::HIS3 TTS at -400 

1 All strains derived from S288C 
2 FY strains were provided by Fred Winston 
3 GHY strains were provided by Grant Hartzog 
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Table 2.  Gene ontology results for genes that showed increased or decreased 
expression (1.5-fold) in both paf1D to WT and paf1D trf4D to trf4D comparisons 
 
Increased   
   
Biological Process p value n 
  Siderophore transport [GO:0015891] 3.26E-04 5 
  Iron chelate transport [GO:0015688] 5.91E-04 5 
  Iron coordination entity transport [GO:1901678] 5.33E-03 5 
  Glycerol transport [GO:0015793] 2.29E-02 4 
  Iron ion homeostasis [GO:0055072] 3.25E-02 7 
Cellular Component   
  Integral component of plasma membrane [GO:0005887] 2.77E-03 10 
  Intrinsic component of plasma membrane [GO:0031226] 7.38E-03 10 
  Extracellular region [GO:0005576] 2.00E-02 9 
  Plasma membrane part [GO:0044459] 2.22E-02 11 
   

 
Decreased   
   
Biological Process p value n 
  Small molecule metabolic process [GO:0044281] 1.95E-09 50 
  Small molecule biosynthetic process [GO:0044283] 6.07E-08 30 
  Single-organism biosynthetic process [GO:0044711] 8.96E-07 42 
  Oxoacid metabolic process [GO:0043436] 1.32E-06 33 
  Organic acid metabolic process [GO:0006082] 1.39E-06 33 
  Organic acid biosynthetic process [GO:0016053] 9.25E-06 21 
  Carboxylic acid biosynthetic process [GO:0046394] 9.25E-06 21 
  Single-organism metabolic process [GO:0044710] 6.55E-05 61 
  Branched-chain amino acid biosynthetic process  
  [GO:0009082] 

9.27E-05 7 

  Polyphosphate metabolic process [GO:0006797] 7.04E-04 6 
  Carboxylic acid metabolic process [GO:0019752] 2.44E-03 27 
  Cellular amino acid biosynthetic process [GO:0008652] 4.44E-03 14 
  Branched-chain amino acid metabolic process  
  [GO:0009081] 

7.73E-03 7 

  Alpha-amino acid biosynthetic process [GO:1901607] 1.30E-02 13 
  Organic hydroxy compound metabolic process  
  [GO:1901615] 

4.57E-02 13 

Cellular Component   
  Vacuolar transporter chaperone complex [GO:0033254] 1.08E-03 4 
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Table S1.  Primers for RT-qPCR and Northern probe generation 
 

Target Gene Sequence Efficiency 
PDA1  5’-ATTTGCCCGTCGTGTTTTGCTGTG-3’  2.02 PDA1  5’-TATGCTGAATCTCGTCTCTAGTTCTGTAGG-3’  
FIT2 5’-CTTTGACAAACGGTTCAGGTTC-3’ 1.96 FIT2 5’-AGGAGGATGAGGAGGATGTAG-3’ 
FIT3 5’-ACACCTGGTCTCCAAGTAGTA-3’ 1.96 FIT3 5’-AGAGGATGTAGCAGAGGAAGA-3’ 
SIT1 5’-ACTGTACTAGTCGTTGCAGTTC-3’ 1.92 SIT1 5’-CCGAGGATTGTACCAACGATAA-3’ 
ARN1 5’-GGATGTAGGTATGTGGGCTTTC-3’ 1.95 ARN1 5’-CGTGCCATTCAGGAGTCTTT-3’ 
PHO84 5’-CTACTGCCGTCGAATCTCTTG-3’ 1.97 PHO84 5’-GAACCAGCAGTACCTAGCAAA-3’ 
PHO81 5’-ACTCAACAGGTTTATGCACTCT-3’ 2.03 PHO81 5’-GGCGTCCATTTATTAAACCCATC-3’ 
PHO5 5’-CAGACTGTCAGTGAAGCTGAAT-3’ 1.93 PHO5 5’-TGTCATCATTGGCATCGTAGTC-3’ 
SCR1 5’-CTGAAGTGTCCCGGCTATAAT-3’ 1.83 SCR1 5’-CTAAGGACCCAGAACTACCTTG-3’ 
CUT 793/794 5’-GCGTAAATCACACAGGTGTTG-3’ 
CUT 793/794 5’-CAATTAATTCATGCCGTGTGAAG-3’ 
FET4  5’-GGATTTCCTGGTACGAGTGG-3’ 
FET4 5’-CGTTAGATAAACGGTCGTACC-3’ 
SCR1 5’-CAACTTAGCCAGGACATCCA-3’ 
SCR1 5’-AGAGAGACGGATTCCTCACG-3’ 

 
Primer sets with efficiencies listed were used for RT-qPCR and primers without 
efficiencies were used to amplify probes for Northern analysis. 
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Table S2.  Transcript counts 
 

Transcript Count Source 
mRNA 6600 Cherry et al., 1998 (SGD) 
snoRNA 77 Cherry et al., 1998 (SGD) 
CUT 925 Xu et al., 2009 
SUT 847 Xu et al., 2009 
NUT 1526 Schulz et al., 2013 
XUT 1657 van Dijk et al., 2011 
SRAT 532 Venkatesh et al., 2016 
Sum 12164  

 
Count refers to the number of transcripts in each class assessed in this study. Sources 
of transcript annotations are listed.  
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Table S3.  Summary of differential expression results obtained from the 
annotation-guided analysis of the tiling array data 

 
paf1∆ vs WT 

 Increase Decrease Sum  
Transcript 
Class Count 

Class 
Percent Count 

Class 
Percent Count 

Class 
Percent 

mRNA 126 1.9 348 5.3 474 7.2 
snoRNA 12 15.6 1 1.3 13 16.9 
CUT 8 0.9 2 0.2 10 1.1 
SUT 4 0.5 3 0.4 7 0.9 
NUT 9 0.6 5 0.3 14 0.9 
XUT 10 0.6 5 0.3 15 0.9 
SRAT 2 0.4 0 0.0 2 0.4 
Sum 171  364  535  
  

paf1∆ trf4∆ vs trf4∆ 
 Increase Decrease Sum 
Transcript 
Class Count 

Class 
Percent Count 

Class 
Percent Count 

Class 
Percent 

mRNA 281 4.3 320 4.8 601 9.1 
snoRNA 21 27.3 2 2.6 23 29.9 
CUT 14 1.5 86 9.3 100 10.8 
SUT 5 0.6 31 3.7 36 4.3 
NUT 16 1.0 61 4.0 77 5 
XUT 30 1.8 54 3.3 84 5.1 
SRAT 21 3.9 5 0.9 26 4.8 
Sum 388  559  974  

 
Counts of RNAs with an absolute fold change of 1.5 or greater in the annotation-guided 
analysis of the tiling array data. The analysis was performed using the limma 
Bioconductor package in R. These data are graphically presented in Figure 1. 
Percentages of transcripts within each class that show an expression change greater 
than 1.5-fold are also shown. The differentially expressed mRNAs detected in the paf1∆ 
trf4∆ vs trf4∆ comparison were used in the comparison shown in Figure S2A. 
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Table S4.  Overlap between transcripts identified by de novo analysis and 
annotated transcripts 

 Counts Percent of Class 
 paf1∆ vs WT paf1∆ vs WT 
 Decreased Increased Decreased Increased 
mRNA 1100 359 20.32 6.15 
snoRNA 1 28 1.30 27.27 
CUT 72 34 2.38 1.41 
SUT 62 30 4.14 1.89 
XUT 77 57 2.23 1.81 
SRAT 11 27 0.19 5.64 
NUT 112 101 3.08 5.18 

     
 Counts Percent of Class 
 paf1∆ trf4∆ vs trf4∆ paf1∆ trf4∆ vs trf4∆ 
 Decreased Increased Decreased Increased 
mRNA 1519 844 21.47 16.24 
snoRNA 17 23 3.90 24.68 
CUT 294 70 22.19 4.11 
SUT 193 85 19.86 6.86 
XUT 372 172 18.53 7.91 
SRAT 45 147 5.83 33.46 
NUT 426 229 31.72 11.27 

 
Counts and corresponding percentages of transcripts identified by the de novo analysis 
that overlap with existing transcript annotations. Transcripts exhibiting an absolute fold 
change of 1.5-fold or greater in some portion of the differentially expressed region were 
counted (see Materials and Methods for a detailed description). The percentages shown 
in this table were used to generate Figure 2A and the counts of mRNA overlaps were 
used in the comparison shown in Figure S2A. Note that any overlap between a 
transcript identified in the de novo analysis and an annotated RNA was counted. This 
analysis calculates overlap from the perspective of the previously annotated RNAs. 
Therefore, if a single de novo transcript overlaps with two annotated mRNAs, each 
mRNA is counted resulting in a total count of two. This explains the higher number of 
differentially affected mRNAs in this table compared to Table S5. In Table S5, we 
calculate from the perspective of the de novo transcript, so a de novo transcript 
overlapping with two annotated mRNAs would only be assigned a value of one. It is also 
important to note that if an overlap is detected between a de novo transcript and two 
annotated transcripts, such as a CUT and a NUT, for example, this would result in 
assignment of that de novo transcript to both a NUT and a CUT. We chose to allow this 
because there is overlap between and within some of the annotated RNA classes and 
we would consequentially lose most annotated RNAs if we excluded any with overlap 
within or between classes.  
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Table S5.  Counts of transcripts identified by the de novo analysis that fall into 
various categories based on position relative to mRNA coding regions 

 
 paf1∆ vs WT paf1∆ trf4∆ vs trf4∆ 
 Decreased Increased Decreased Increased 
sense mRNA Overlap 872 275 1111 687 
antisense mRNA overlap 23	 47	 256	 353	
no overlap with mRNA 39	 12	 151	 88	

Sum 1268 2646 
 

Counts of transcripts identified by the de novo analysis with an absolute fold change of 
1.5-fold or more (calculated as described in Table S3) that overlap with mRNAs either in 
the sense or antisense direction. The counts shown in this table were used in the 
generation of Figure 2B. The sum of all transcripts identified in each strain background 
is shown in the bottom row representing the total number of transcripts identified in the 
de novo analysis (used in Figure S2C Venn diagram). Note that the mRNA overlap 
shown here does not match with Table S4. This analysis calculates overlap from the 
perspective of the de novo transcripts, meaning that if a transcript overlaps with more 
than one mRNA it is only counted once in this analysis. This leads to a lower number of 
mRNA overlaps being counted in table S5 than in table S4, because some de novo 
annotations encompass more than one mRNA (see Table S4 legend for more detailed 
explanation). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 4, 2019. ; https://doi.org/10.1101/567495doi: bioRxiv preprint 

https://doi.org/10.1101/567495
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 	 Ellison	et	al.		

	 67	

 
Table S6. Counts of antisense transcripts overlapping with various transcript 
classes.  
 

 

 
Data shown here are graphed in Figure S3C and S3D. Note that the total count of 
antisense regions captured when calculating overlap between antisense transcripts and 
previously published annotations is larger than the number of antisense transcripts used 
in the analysis. This is due to a single antisense transcript overlapping with more than 
one previously annotated transcript. 
 
 
 
 
 

Input:	Downregulated	Antisense	Transcripts	(n=256) 
 SRAT CUT SUT NUT XUT snoRNA Count 
cluster	1 4 14 11 28 32 0 43 
cluster	2 11 9 11 36 18 0 86 
cluster	3 10 41 36 72 77 0 103 
cluster	4 4 8 11 31 24 0 65 
cluster	5 4 33 13 37 30 0 50 
sum 33 105 82 204 181 0 347 
	 	 	 	 	 	 	 	
Input:	Upregulated	Antisense	Transcripts	(n=353)	
	 SRAT	 CUT	 SUT	 NUT	 XUT	 snoRNA	 Count	
cluster	1	 25	 6	 2	 19	 14	 0	 94	
cluster	2	 35	 10	 13	 21	 33	 0	 84	
cluster	3	 20	 12	 12	 31	 21	 0	 95	
cluster	4	 44	 2	 9	 16	 21	 0	 110	
cluster	5	 15	 8	 7	 16	 36	 0	 75	
sum	 139	 38	 43	 103	 125	 0	 458	
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SUPPLEMENTAL FIGURE LEGENDS 
 
Figure S1.  Examples of the steps taken in the de novo differential expression 

analysis. (A) List of steps taken to identify differentially expressed transcripts using the 

de novo analysis. (B) Genome browser tracks generated using IGV showing step by 

step how differentially expressed transcripts are identified by the de novo analysis. 

Browser tracks show tiling array data from the paf1∆ and WT datasets. Numbers 

corresponding to steps listed in A are shown on the right. (C) Same as A at a different 

genomic location. 

 

Figure S2.  Comparison of the annotation-guided and de novo differential 

expression analyses. (A) Venn diagram comparing differentially expressed transcripts 

that overlap with mRNA annotations in the paf1∆ trf4∆ strain (KY2016) identified by de 

novo analysis (1.5-fold cutoff and length greater than 80bp) and differentially expressed 

mRNAs identified in our annotation-guided analysis (1.5-fold cutoff). When more than 

one differentially expressed transcript, as identified by de novo analysis, overlapped 

with the same mRNA, the overlap was only counted once in the intersecting region of 

the Venn diagram. (B) Violin plots showing the distribution of transcript lengths for 

mRNA annotations in SGD and the de novo annotations from this study. (C) Venn 

diagram showing overlap between all differentially expressed transcripts identified by de 

novo analysis of paf1∆ and paf1∆ trf4∆ strains (KY1702 and KY2016, respectively).  
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Figure S3.  Analysis of antisense transcription in the paf1∆ trf4∆ mutant. (A and B) 

Heatmaps and average gene profiles for clusters generated by k-means clustering of 

the sense and antisense strands of protein-coding regions that experience changes in 

antisense transcription in the paf1∆ trf4∆ vs trf4∆ shown in Figure 2B. Protein-coding 

genes with decreased and increased antisense transcription are shown in panels A and 

B, respectively. (C and D) Vertically stacked bar graphs showing the percentage of 

regions antisense to mRNAs overlapping with various noncoding transcript classes. 

Clusters were taken from the analyses in A and B. (E) Heatmaps and average gene 

profiles of tiling array data (log2(paf1∆ trf4∆) – log2(trf4∆)) on the sense and antisense 

strand of all protein-coding genes. These data are scaled over the gene body and an 

additional 500 bp upstream and downstream are shown. These data were separated 

into clusters using k-means clustering.  

 

Figure S4.  Differentially regulated protein-coding genes shown by tiling array, 

NET-seq, and ChIP-exo across three different studies. (A) Heatmaps of genes that 

increased expression by 1.5-fold or more in the paf1∆ strain relative to WT. (B) 

Heatmaps of genes that decreased expression by at least 1.5-fold in the paf1∆ strain 

relative to WT. Gene lists were determined by selecting genes that decreased or 

increased expression by at least 1.5-fold in the tiling array data presented here. 

Heatmaps were sorted by the tiling array data values. NET-seq data were taken from 

(Harlen and Churchman 2017) and ChIP-exo data were taken from (Van Oss et al. 

2016). All heatmaps are plotted relative to the transcription start site (TSS). Regions 1kb 

upstream and downstream of the TSS are shown. 
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Figure S5.  The positions of Paf1-regulated transcripts are not strongly biased 

toward the telomere. Non-overlapping bins of 2000 bp were generated working in 

toward the centromere from both ends of each yeast chromosome. Bins were 

intersected with transcript annotations to generate count tables. Bar graphs show the 

number of transcripts within each bin that increased (red) or decreased (blue) in the 

paf1∆ background. (A) Counts of differentially expressed mRNAs in a paf1∆ strain 

relative to WT. (B) Counts of differentially expressed transcripts identified in the de novo 

analysis comparing paf1∆ to WT. (C) Counts of differentially expressed transcripts 

identified in the de novo analysis comparing paf1∆ trf4∆ to trf4∆. 
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