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Abstract

The Pafl complex was originally identified over fifteen years ago in budding yeast through its
physical association with RNA polymerase Il. The Pafl complex is now known to be conserved
throughout eukaryotes and is well studied for promoting RNA polymerase Il transcription
elongation and transcription-coupled histone modifications. Through these critical regulatory
functions, the Pafl complex participates in numerous cellular processes such as gene expression
and silencing, RNA maturation, DNA repair, cell cycle progression and prevention of disease
states in higher eukaryotes. In this review, we describe the historic and current research involving
the eukaryotic Pafl complex to explain the cellular roles that underlie its conservation and
functional importance.

1. Introduction

Through the regulation of transcription, cells are able to mount proper responses to
exogenous stimuli, initiate signaling pathways involved in development and differentiation,
and proliferate in complex environments. Regulation of RNA polymerase Il (pol 1)
transcription can occur at each of the four general steps in the transcription cycle: promoter
binding by RNA pol Il and initiation of transcript synthesis, promoter clearance,
transcription elongation, and termination. Proteins that interact with RNA pol Il can control
its activity to facilitate or repress transcription at one or more of these steps. The
organization of eukaryotic DNA into chromatin, the basic element of which is a nucleosome
containing ~147 basepairs of DNA wrapped around an octamer of histone proteins, presents
a barrier to DNA accessibility during transcription. However, alterations to nucleosomes
also provide an opportunity for carefully orchestrated levels of transcriptional regulation.
Given the fundamental importance of transcription and chromatin regulatory factors,
intensive research in a variety of organisms has focused on identifying these proteins and
elucidating their interactions, molecular activities, and gene target specificities.

This review focuses on the eukaryotic Polymerase-Associated Factor 1 (Pafl) complex
(Paf1C), which is a conserved protein complex that acts globally in multiple aspects of RNA
pol 11 transcriptional regulation. First identified and characterized in Saccharomyces
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cerevisiae through an interaction with RNA pol 11, Pafl complexes have now been found in
many eukaryotes. The overlapping functions shared by these complexes demonstrate the
functional significance of the Paf1C. Here we describe the functions of the Paf1C in
promoting histone modifications and regulating transcription elongation and gene
expression. We also discuss less well-understood functions of the Paf1C in RNA 3’-end
formation and non-histone processes. Lastly, we address the importance of the complex in
regulating development and protecting against various diseases. As further research
enhances our understanding of the molecular and cellular functions of the Paf1C, we hope
that the involvement of Paf1C components in disease progression in higher eukaryotes will
be more fully explained.

2. Subunit composition and genetic properties of the Paf1C

To isolate proteins associated with RNA pol 11, an antibody against the conserved C-
terminal repeat domain (CTD) of the largest S. cerevisiaec RNA pol 11 subunit, Rpbl, was
used for affinity purification [1]. These studies revealed a novel protein interacting with
RNA pol I, which was termed Pafl [2]. In addition, Cdc73 (Cell Division Cycle 73), a
protein that had been previously shown to have connections to mating signaling pathways
and cell division, was found to co-purify with Paf1 and RNA pol Il in these studies [3, 4].
Cdc73 was subsequently shown to interact directly with RNA pol 1l jn vitro[3]. Three more
proteins were later identified as being part of the budding yeast Paf1C (yPaf1C): Ctr9, Leol,
and Rtf1 [5, 6]. Ctr9/Cdpl (CIn Three Requiring 9) was genetically identified through its
connections to the cell cycle, including effects on expression of the G1 cyclin genes CLNI
and CLNZ2as well as microtubule formation [7-9]. Whereas the gene encoding Leol (Left
Open Reading Frame 1) was sequenced but not characterized, Rtfl (Restores TBP Function
1) was first identified in a yeast genetic screen for mutations that suppress the transcriptional
effects of a defective TATA-binding protein and was later found to have extensive genetic
interactions with transcription elongation factors [10-12]. Like yeast, the human and
Drosophila Pafl complexes have been shown to interact with RNA pol Il; however, Rtfl is
less tightly associated with the rest of the Paf1C components in higher eukaryotes [13-16].
The human Pafl complex (hPaf1C) also contains another protein, Ski8/Wdr61, which has
been shown to have a role in mMRNA decay as part of the Ski complex [13]. To date,
structural data have been obtained for both the Ras-like C-domain of yCdc73 and the Plus-3
domain of hRtf1 [17, 18]. Extensive sequence similarity exists between Paf1C subunits in
yeast and humans, suggesting conservation of structure and function [Figure 1].

Information on the interactions among members of the Paf1C is emerging. In yeast, the
overexpression or deletion of individual subunits can influence the levels of other complex
members. For example, the overexpression of Cdc73 or Pafl increases the cellular levels of
the other protein by enhancing protein stability [3]. Jaehning and coworkers subsequently
showed that deletion of PAFI decreases the cellular levels of Rtf1, Cdc73, and Ctr9 more
than ten-fold, deletion of CDC73 decreases the levels of Rtfl, Pafl, and Leol at least three-
fold, and deletion of C7R9also decreases the levels of Pafl, Rtf1, and Leol [19]. Consistent
with these findings, knockdown of hCdc73 lowers hPaf1 protein levels in human cells [20].
With respect to inter-subunit interactions, the association of Rtf1 with the rest of the Paf1C
is significantly reduced in yeast cells lacking CDC73[21]. However, in rtfIA or cdc73A
cells, Pafl still interacts with Ctr9 and Leol, and in r#fZA cells, Cdc73 remains associated
with Ctr9, Leol, and Pafl [21]. The interactions between human Paf1C components have
been defined /n vitro, revealing an extensive set of binary interactions between individual
subunits reinforced by the function of the Pafl component as a likely scaffold [16].

Deletion of genes encoding individual members of the yPaf1C causes mutant phenotypes
that vary in their severity. The loss of Pafl or Ctr9 is the most detrimental to cellular growth,
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correlating with the importance of these two subunits for overall complex integrity [22].
While none of the five Paf1C subunits are essential for S. cerevisiae viability, their
functional importance is evident from the range of phenotypes caused by mutations in
individual genes. These phenotypes include the Spt™ (suppression of Ty) phenotype, which
is indicative of defects in chromatin and transcription, sensitivity to the base analog 6-
azauracil, which is frequently used as an indicator of transcription elongation defects, and
sensitivity to compounds that elicit cellular stress responses, including caffeine,
cycloheximide, rapamycin, hygromycin, and high temperature [5, 11, 12, 22, 23]. Loss of
individual yPaf1C components can also alter the phenotypes associated with loss of other
complex members [22]. For example, the deletion of R7F1 can partially rescue the caffeine
and hydroxyurea sensitivity and restore proper mRNA levels of selected genes in pafZA
cells, indicating that the reduced levels of Rtfl in pafiA cells retain some activity outside
the normal complex [6]. Analysis of the gene expression profiles of yeast cells lacking
individual Paf1C components shows some overlap and some differences [24]. Although
these observations indicate that the subunits of the Paf1C may have distinct functions, more
experiments are needed to assign definitive functional classifications to individual Paf1C
components. To date, specific separation-of-function alleles have only been reported for
yeast RTF1, with regions identified as being important for histone modifications,
interactions with other Paf1C subunits, Paf1C association with chromatin, and recruitment
of transcription co-factors [23]. Unlike in S. cerevisiae, Paf1C components in higher
eukaryotes are essential for viability, suggesting that the complex acquired additional
functional roles over the course of evolution or that the recognized functions of the complex
have essential consequences in these organisms [25, 26]. The characterization of the Paf1C
in many eukaryotes has highlighted its conserved roles in transcriptional processes.

3. Connections between the Paf1C and the RNA pol Il transcription
elongation machinery

The initial identification of Pafl as an RNA pol ll-interacting protein implicated the Paf1C
in transcription. Beyond this physical interaction, genetic studies in yeast further suggested a
connection between the Paf1C and RNA pol I transcription. For example, strong synthetic
growth defects were observed in yeast strains simultaneously mutated in a component of the
Paf1C and other important transcriptional regulatory proteins, including subunits of the
Mediator coactivator complex, transcription elongation factors, histone modifying proteins,
the CTD of the Rpb1 subunit of RNA pol I, and proteins regulating CTD phosphorylation,
such as the Ctk1 kinase and Fcpl phosphatase [5, 12, 27, 28]. Subsequently, a convergence
of approaches revealed a prominent role for the Paf1C in the elongation stage of the
transcription cycle.

The work of multiple labs showed that the Paf1C could be purified in association with
highly conserved transcription elongation factors including the Spt4-Spt5/DSIF complex and
the Spt16-Pob3/FACT complex [5, 6, 29, 30]. The Spt4-Spt5/DSIF (DRB Sensitivity
Inducing Factor) complex interacts directly with RNA pol Il and, through regulating RNA
pol Il pausing and processivity, has both negative and positive effects on transcription
elongation [31]. The FACT complex (Facilitates Chromatin Transcription/transactions)
promotes transcription elongation through nucleosomes by functioning as a histone
chaperone [32]. It has been suggested that the Paf1C mediates the optimal interaction
between RNA pol Il and FACT [25]. Furthermore, in HeLa cell nuclear extracts, the binding
of DSIF and Paf1C with RNA pol Il is cooperative [29]. These observations are supported
by studies in yeast showing that while DSIF and FACT can be found at actively transcribed
chromatin in the absence of Paf1C components, their association is slightly reduced
compared to that in wild-type cells [19, 33]. Human Paf1C also shows interactions /n vivo
and /n vitro with the elongation factor TFIIS, which together can bind and stimulate RNA
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pol Il cooperatively [16]. Collectively, the physical and functional interactions with DSIF,
FACT, and TFIIS suggested important roles for the Paf1C in the control of transcription
elongation.

Chromatin immunoprecipitation studies, both on individual genes and on a genome-wide
scale, demonstrated that the yeast Paf1C can be found at active genes from the
transcriptional start site to the poly(A) site [34—36]. Although the yPaf1C was first identified
through affinity purification of RNA pol Il using an antibody directed against the
hypophosphorylated CTD, subsequent work has shown that kinases important for RNA pol
I1 CTD phosphorylation, including Kin28 and Burl-2, stimulate the association of yPaf1C
with coding regions [1, 37-41]. The Burl-Bur2 cyclin-dependent kinase (CDK) complex is
the ortholog of the higher eukaryotic P-TEFb kinase (Positive Transcription Elongation
Factor b). The Cak1 kinase (CDK-Activating Kinase) phosphorylates Burl [42]. Upon its
phosphorylation and activation, Burl-Bur2 targets multiple proteins for phosphorylation,
including Rpb1, Rad6, and Spt5 in its C-terminal region (CTR) [40, 43]. Experiments
indicate that the Burl-Bur2-dependent recruitment of the yPaf1C to chromatin is mediated
in part by Spt5-CTR phosphorylation [37, 39, 40, 43]. Considering that P-TEFb in humans
also phosphorylates the conserved Spt5-CTR, some aspects of Paf1C recruitment may be
conserved [44]. Yet different mechanisms may also be utilized, as Spt5-CTR
phosphorylation is not absolutely required for hPaf1C interaction with DSIF, but is
necessary for stimulating elongation [29].

Within the yeast Paf1C, the Rtfl and Cdc73 subunits play key roles in recruiting the whole
complex to chromatin [17, 19, 21, 23]. The central Plus3 domain of Rtf1, also termed the
ORF Association Region (OAR), contains amino acids important to Paf1C recruitment, as
deletion of those residues greatly impairs chromatin association [23]. The C-terminal
domain of yCdc73 is important for full levels of Paf1C recruitment to active genes, which
may explain why this is the most highly conserved part of the protein [17, 41]. More work,
particularly involving the identification of binding partners, is needed to define how these
members of the yPaf1C ensure proper chromatin association with active open reading
frames (ORFS). Interestingly, in a very recent study, the C-terminal domain of yCdc73 was
shown to bind CTD and Spt5-CTR repeat peptides in a phosphorylation-specific manner,
indicating that both RNA pol Il and Spt5 are directly involved in Paf1C recruitment [41].
There is also some evidence from /n vitro studies that the Paf1C can bind nucleic acids
directly. Through the Leol subunit, the yeast Paf1C can bind RNA /n vitro, and RNase
treatment of extracts reduces the chromatin association of the Paf1C [45]. In addition, the
conserved Plus3 domain of hRtf1 has been shown to exhibit DNA binding activity /in vitro
[18]. Finally, recent work on the hPaf1C has demonstrated a role for the hPafl subunit in
recruiting the complex to chromatin through a specific interaction with histone H3
dimethylated on arginine 17 [46]. Cumulatively, these studies connecting the Paf1C and
transcription components laid the groundwork for experiments that defined what is now the
best-characterized cellular role of Paf1C in promoting histone modifications.

4. Conserved roles of the Paf1C in transcription-coupled histone

modifications

The organization of eukaryotic genomes is subject to dynamic regulation. The positioning of
nucleosomes is not static, as nucleosomes can be actively disassembled and reassembled by
chromatin remodelers and histone chaperones. Canonical nucleosomes contain DNA
wrapped around an octamer of histone proteins (two copies each of histones H2A, H2B, H3,
and H4), the posttranslational modifications of which can alter DNA accessibility. The
Paf1C has been shown to regulate transcription in part by promoting specific modifications
of histones, including the methylation of lysine residues, which can occur in mono, di, or
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trimethylation states. One of the first connections between the Paf1C and histone
modifications was revealed in yeast, based on the findings that rffZA and pafIA cells
showed decreased histone H3 lysine 4 (K4) trimethylation and decreased association of the
Setl histone methyltransferase responsible for this mark at the 5’-ends of genes [47, 48].

The Paf1C is now known to impact the modification of multiple histone residues associated
with active transcription. For example, Paf1, Ctr9 and, to a lesser degree, Cdc73, are
specifically needed for trimethylation of histone H3 K36 by the Set2 methyltransferase
[Figure 2A; [27]]. The Paf1C also promotes the monoubiquitylation of histone H2B K123
by enhancing recruitment of the ubiquitin-conjugating enzyme Rad6 and the ubiquitin
protein ligase Brel to chromatin [Figure 2B; [49-52]]. The Rtf1 subunit of the yPaf1C is
thought to be primarily responsible for this modification, and amino acids 62-152 of yRtf1
are considered the histone modification domain (HMD), as these residues are necessary and
sufficient for H2B K123 ubiquitylation /n vivo [23, 53, 54]. Interestingly, residues within
the yRtf1 HMD that are required for H2B K123 ubiquitylation are conserved across species,
such as the invariant residue Glu104 [53]. H2B monoubiquitylation is a prerequisite for di-
and trimethylation of histone H3 K4 and K79 by the Set1 and Dot1 methyltransferases,
respectively [55-58]. The dependency of these histone modifications on the Paf1C may
explain why the genetic interactions of cells lacking yPaf1C components cluster with those
of cells lacking H3 K4 and H2B K123 modifying proteins [39]. The human Paf1C helps
recruit hRad6 and hBrel/Rnf20 to monoubiquitylate H2B on K120, the residue that is
analogous to S. cerevisiae K123 [59, 60]. An interaction was shown between the hPaf1C and
hBrel /n vivoand in vitro, suggesting that the Paf1C-dependence for Brel-Rad6 recruitment
could be mediated directly by the Paf1C [59, 61]. Similar to yeast, H2B K120
monoubiquitylation facilitates hSet1/MLL1-dependent methylation of H3 K4 and hDot1-
dependent methylation of H3 K79 [59, 62]. Importantly, Paf1C-dependent histone
modifications in both yeast and human cells can influence the recruitment and/or activities
of proteins that further impact chromatin accessibility on active genes, including those that
control histone acetylation levels [63-71].

As described previously, the yeast Paf1C colocalizes with RNA pol Il from the
transcriptional start site to the poly(A) site at all active genes examined [35, 36]. However,
the recruitment of histone modifiers is not uniform throughout the whole gene, but occurs in
distinct patterns along ORFs. Therefore, additional factors must affect the activity and
localization of these enzymes at specific sites. This may be in part due to effects of the
Paf1C on RNA pol 1l CTD phosphorylation. The CTD of Rpb1 consists of tandem repeats
of a heptad amino acid sequence, YSPTSPS, whose serines undergo dynamic changes in
phosphorylation during the transcription cycle [72, 73]. The Rpb1 CTDisin a
hypophosphorylated state when RNA pol 1l is recruited to the promoter, becomes
phosphorylated on serine 5 (Ser5-P) and serine 7 (Ser7-P) residues near the 5 ends of genes
and acquires serine 2 phosphorylation (Ser2-P) later in elongation toward the 3’ ends of
genes [72]. This temporal cycle of phosphorylation represents an essential level of
transcriptional regulation, which is further enhanced by RNA pol Il-interacting proteins that
have preferences for particular CTD phosphorylation states. Most relevant to this review,
deletion of genes encoding certain yPaf1C subunits decreases the levels of Ser2-P on ORFs,
an effect that could in turn impact the downstream recruitment of certain RNA pol 1l-
interacting proteins [21]. For example, the decrease in Ser2-P levels in pafIA cells is likely
to be partially responsible for the decreased chromatin association of Set2 and H3 K36
trimethylation levels measured in these strains [28, 47, 74-76].

The idea of the Paf1C promoting proper localization of histone modifications along a gene is
supported by studies in plants. In Arabidopsis thaliana, the loss of the Paf1C was found to
shift the distribution patterns of H3 K4 trimethylation and H3K36 dimethylation within
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ORFs, especially among highly transcribed genes [77]. Interestingly and unlike in other
eukaryotes, the loss of the Paf1C in plants did not substantially impact global levels of these
modifications, but instead changed histone methylation states at a specific set of FLC family
genes whose expression depends on the Paf1C [77-79]. The Paf1C in plants may also be
needed for proper histone H3 and nucleosome levels in highly transcribed and longer genes
[77]. In support of this observation, the hPaf1C has been shown to bind to histone H3 [80].
A role for the Paf1C in affecting nucleosomes may be conserved, because in yeast the Paf1C
can impact nucleosome occupancy at transcribed regions of the genome [33, 81]. The
observation of altered nucleosome occupancy at an active gene in pafIA and ctr9A cells
could be partially explained through the effects of H2B ubiquitylation on nucleosome
stability [81, 82]. Further connections between the Paf1C and nucleosome dynamics are
illustrated by the interaction with the conserved chromatin remodeling protein Chd1 [Figure
2C]. Specifically, Rtfl is required for full Chd1l recruitment to active genes in yeast [83].
Interestingly, Chd1 was recently shown to be required for full levels of H2B K123
monoubiquitylation [84]. Together these studies support a conserved and important role for
the Paf1C in promoting transcription-coupled histone modifications and impacting
nucleosome dynamics.

5. Transcriptional effects of the Paf1C

Many studies suggest a central involvement of the Paf1C in transcription. Although the
Paf1C interacts with RNA pol 11, the absence of Paf1C subunits does not generally reduce
the levels of RNA pol Il associated with an active gene /n vivo, though sometimes a Paf1C-
dependent change in distribution of RNA pol 11 along a gene can be observed [19, 25, 85,
86]. Evidence supporting a direct role for the Paf1C in promoting transcription elongation
came primarily from biochemical studies in yeast and humans. /n vitro approaches showed
hPaf1C can facilitate elongation and that the absence of yPafl components impaired
elongation efficiency [16, 29, 60, 87]. Furthermore, Paf1C-dependent histone modifications
such as H2B monoubiquitylation facilitate FACT function and transcription elongation [60].
Additional evidence that the Paf1C impacts elongation came from /n vivo experiments
showing elongation defects on reporter templates in the absence of individual yPaf1C
components [88]. These studies defined an important role for the Paf1C in RNA pol Il
transcription elongation.

Although the Paf1C affects transcription elongation efficiency /n vitro, not all genes are
impacted by the loss of the Paf1C in yeast cells. Transcriptome analyses showed that
approximately 15-20% of genes are affected, either positively or negatively, by the deletion
of yPafl [24]. Because pafIA cells have altered levels of some transcription factors and
phenotypes associated with cellular stress, not all of these effects on gene expression are
likely to be direct. In fact the levels of occupancy of Ctr9 and Paf1l at selected genes does
not always correlate with Paf1C-dependent expression changes [81]. Furthermore, while
biochemical studies have demonstrated a stimulatory effect of Paf1C on chromatin
templates, deletion of PAF1 leads to increased expression of several hundred yeast genes,
indicating a role in gene repression [16, 24, 29, 60, 87]. For the yeast ARG gene, the
repressive effects of the Paf1C are mediated, in part, through its histone modification
functions [89, 90]. Identification of RNAs directly dependent on yPafl showed an
overrepresentation of essential genes, which may explain why pafIA cells have
compromised fitness [24]. Very recently, Paf1C homologues have been found to influence
expression of many essential genes in the obligate parasite 7rypanosoma brucei, which
suggests that functions of Paf1C components may be even more broadly conserved then
previously appreciated [91].
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The Paf1C has also been shown to play a role in gene silencing. Certain regions of the yeast
genome are transcriptionally silent and exhibit a chromatin structure similar to
heterochromatin. These regions include the silent mating type cassettes, the ribosomal DNA
(rDNA) locus, and telomeric regions of chromosomes [92]. As measured through a
commonly used reporter assay, proper telomeric silencing is Paf1C-dependent, and this is
likely due to the roles of the Paf1C in Setl-dependent H3 K4 methylation, Dot1-dependent
H3 K79 methylation, and Set2-dependent H3 K36 methylation [48, 49, 93, 94].
Interestingly, telomerase RNA levels are decreased in strains lacking yPaf1C members,
which leads to a shortening of telomere length [95]. Further work is needed to determine
whether the Paf1C-mediated silencing of natural telomere-proximal genes mimics that of the
reporter genes [96, 97]. The Paf1C is also required for H3 K4 methylation-dependent rDNA
silencing [98]. The proteins comprising the yPaf1C are primarily nuclear; however, upon the
loss of other complex members, Paf1C subunits show some nucleolar localization [2, 3, 99].
The nucleolus is the site of both the transcription of rDNA by RNA pol I and the subsequent
assembly of ribosomes. To date, the Paf1C has been shown to associate with rDNA and
impact RNA pol | transcription [100].

6. Participation of the Paf1C in RNA 3’-end formation

Beyond contributing to transcription elongation, the Paf1C also regulates transcript
termination and processing [Figure 2D]. Loss of yPaf1C components results in shorter
poly(A) tail lengths of MRNAs and alternative poly(A) site selection at some genes [19, 24].
This likely stems from decreased recruitment of 3’-end mRNA processing factors such as
the Cftl protein, which is part of the CPF complex (Cleavage and Polyadenylation Factors)
[21]. Although the reduced recruitment of 3’-end processing factors to elongating RNA pol
I1 might be explained by the reduced levels of CTD Ser2-P levels in pafIA cells, physical
interactions between yPaf1C and these factors have also been reported [21]. A conserved
role for the Paf1C in RNA 3’-end formation is suggested from the observations that the
hPaf1C associates with the homologous CPSF complex (Cleavage and Polyadenylation
Specificity Factors) and another RNA processing complex, CstF [101]. Depletion of hPaf1C
components in cells results in decreased mMRNA polyadenylation [102]. Furthermore, a
posttranscriptional role for hCdc73 was found in histone mMRNA 3’-end processing, and in
accordance with this observation, the yPaf1C can affect levels of histone mRNAs [103,
104]. Finally, physical and genetic interactions link the yPaf1C to the CCR4-NOT
cytoplasmic deadenylase complex and the THO-TREX complex, which play important roles
in RNA processing and export [105].

In addition to regulating mRNA processing, the Paf1C is also important for the efficient 3’-
end formation of nonpolyadenylated RNA pol Il transcripts such as small nucleolar RNAs
(snoRNAs), which are one set of non-coding RNAs (hcRNAS) [85]. After being transcribed,
terminated, and processed, SnoRNAs associate with proteins to form small nucleolar
ribonucleoproteins (SnoRNPs) that catalyze essential ribosomal RNA (rRNA) modification
and cleavage reactions during rRNA processing and ribosome biogenesis [106]. To date, the
Paf1C has been shown to be required for proper RNA 3’-end formation at two yeast
SnoRNA genes, SNR13and SNR47[53, 85]. In pafiA cells, transcripts expressed from
these loci have extended 3’ ends [85]. Some Paf1C-dependent histone modifications have
been connected to snoRNA 3’-end formation. For example, H2B K123 ubiquitylation is
required for efficient 3’-end formation of SNR47and SNR13transcripts, and H3 K4
trimethylation promotes proper SNR13termination [53, 107]. Interestingly, the gene
showing the strongest decrease in expression in response to depletion of hCdc73 was a
component of the Integrator complex, which mediates 3’-end processing of ncRNAs [101].
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The yeast Paf1C participates within a larger regulatory pathway to promote proper sSnoORNA
termination, which involves the two essential RNA binding proteins Nrd1 and Nab3 and the
helicase Senl [108-110]. Specific binding sites direct Nrd1 and Nab3 to snoRNA transcripts
where they interact with RNA pol 11 and recruit other proteins involved in processing these
RNAs [111-115]. The exosome complex is recruited to ncRNA targets and cleaves the
extended snoRNA transcripts to their mature length [116]. Therefore, impairing the function
of Nrd1, Nab3, Senl, the exosome, or other proteins involved in termination causes
extended snoRNA transcripts that often continue into the downstream genes. Importantly,
these same proteins were recently shown to be involved in regulation of another class of
ncRNAs in yeast called cryptic unstable transcripts (CUTSs) [117-119]. CUTs are similar to
some short and unstable ncRNA transcripts found in human cells [120]. Even though the
exosome quickly degrades CUTSs in wild-type yeast cells, these transcripts, which occur in
the sense or antisense direction, can influence gene transcription [121]. The use of genomic
assays has made the pace of discovery of CUTSs faster than the detailed understanding of
their molecular regulation. However, one study showed that an interaction conserved from
yeast to humans between the Paf1C and the MAP kinase Mpk1 can influence the
recruitment of Nrd1-Nab3-Senl, providing a possible mechanistic explanation for the
genetic interactions between the Paf1C and Pkc1-Mpk1 kinase cascade in yeast [105, 122].
Understanding if the Nrd1-Nab3-Senl pathway regulates CUTs through mechanisms similar
to those used in sSnoRNA termination may also uncover if and how the Paf1C participates in
the regulation of CUTSs.

7. Connections of the Paf1C to the cell cycle, DNA repair and other

processes

Although the levels of the yeast Paf1C subunits and the mRNASs encoding them appear to be
constant, the expression of hPafl changes during the cell cycle [123, 124]. In fact, the Paf1C
has many interesting connections to cell cycle regulation, beginning with the identification
of CDC73in a yeast genetic screen for cell cycle regulators [4]. Yeast and human cells with
misregulated levels of Paf1C proteins appear to accumulate in the G4 phase of the cell cycle
with a delayed S phase entry, which may be due to the poor expression or activation of
cyclins needed for the transition to S phase [123, 125, 126]. In yeast, CIn3 and Cdc28
activate the SBF (Swi4/6) transcription factor by promoting nuclear export of its inhibitor
Whi5, which allows for synthesis of CIn1 and CIn2. Genetic connections to this process are
found with yPaf1C mutants. Deletion of PAFI or CTR9is synthetically lethal with a
deletion of CLA/3, and in the absence of either SW/4 or SWI6, PAF1is required for viability
[9, 124]. In both yeast and human cells, the Paf1C has been shown to influence expression
of genes involved in the cell cycle [123, 124]. Direct roles for Paf1C components in
regulating c-myc and cyclin D levels, which can influence cell cycle progression, have been
observed in human cells [123, 127-129]. Furthermore, connections of the Paf1C to
chromosome loss and microtubule dynamics have been discovered. Yeast cells containing a
CTR9Imutant allele show substantial increases in chromosome loss and multinucleated cells
[8]. Cells depleted for hPafl show impaired mitotic spindles [123]. In addition to alterations
in gene expression and histone modifications, this may be due to a direct role of the Paf1C
in proper microtubule assembly, as hCdc73 interacts with actin binding proteins [130].

Interestingly, the Paf1C-dependent H2B K123 ubiquitylation mark helps promote Set1-
dependent methylation of a non-histone target, the K233 residue of the kinetochore protein
Daml [131]. The phosphorylation of Dam1 by the Aurora kinase Ipl1 destabilizes improper
kinetochore-microtubule attachments [132]. It remains to be determined if methylation of
K233 on Dam1 contributes to regulation of chromosome segregation during the cell cycle.
More detailed analysis of microtubule assembly in synchronized cells each lacking a
component of the Paf1C may help clarify how the Paf1C impacts the cell cycle and tubulin
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dynamics. It is also currently unclear what non-histone targets of Setl exist in higher
eukaryotes.

Histone modifications dependent on the Paf1C are well documented as being important for
the repair of DNA damage in both yeast and human systems. For example, Dot1 participates
in the repair of DNA double strand breaks (DSBs) and can promote recruitment of
Rad9/52BP1, which is involved in DNA damage checkpoint signaling [133-135]. Rad6 and
Brel also are involved in recruitment of downstream effectors of DSB repair like Rad51 and
Brcal [136, 137]. The repair of DNA damage by nucleotide excision repair (NER) occurs
thorough two major pathways, global genome (GG-NER) repair and transcription coupled
repair (TC-NER). Members of the Paf1C complex, histone modifiers and FACT have all
been implicated to differing extents as participating in these NER pathways [138-140].
Additional studies will be needed to elucidate the contribution of the Paf1C to DNA damage
repair pathways and determine if all of its roles require its histone modifications functions.

Additional evidence implicates the Paf1C in regulating mRNA translation. For example, the
Drosophila Paf1C interacts with cytoplasmic polyadenylation element binding proteins
(CPEB), which are translational regulatory proteins [20]. Also, members of the yPaf1C can
influence nonsense protein suppression by the aggregated prion form of the Sup35
translation termination factor, [PS/7], without completely curing cells of this prion [141].
Future work may provide mechanistic insights into how the Paf1C impacts nonsense
suppression and possibly other events in translation.

8. The involvement of the Paf1C in stem cell biology and development

Embryonic stem (ES) cells are pluripotent and capable of becoming any fetal or adult cell
type through the process of differentiation. The Paf1C has roles in maintaining ES cell
pluripotency and preventing expression of genes involved in lineage specification [Figure
3]. A screen in human ES cells identified hRtf1 and hCtr9 as impacting expression levels of
OCT4/POUSFI [142]. Additional characterization showed that all the other members of the
hPaf1C had similar effects and could be found associated with the promoters of genes
involved in ES cell biology, such as genes encoding Oct4, Nanog, and Sox2 [142]. The
Oct4, Nanog, and Sox2 transcription factors are critically important for ES cell self-renewal.
A physical interaction between murine Paf1C, RNA pol I, and Oct3/4 in ES cells may
implicate the Paf1C in participating in the autoregulatory loop that feeds forward to enhance
transcription of Oct4, Sox3 and Nanog [143]. Importantly, depletion of Paf1C components
in human and murine ES cells leads to a decrease in expression of transcription factors
required for pluripotency and an increase in genes that control lineage specification [142,
143]. Furthermore, it was found that histone modifications may underlie the Paf1C
dependency of ES cell gene expression; upon depletion of Paf1C subunits, pluripotency
gene promoters were downregulated and showed decreased H3 K4 trimethylation, which
normally marks active genes, and upregulated cell fate gene promoters showed decreased
levels of H3 K27 trimethylation, a repressive mark [142]. In agreement with these results,
mammalian Chd1 specifically interacts with H3 trimethylated on K4 and promotes ES cell
pluripotency [144]. These findings, together with the observation that differentiation is
accompanied by a global decrease in Paf1C-dependent H2B ubiquitylation, demonstrate that
the effects of Paf1C on histone modifications can influence the expression of key genes in
ES cells and alter their pluripotency [145].

Another way gene expression is controlled in stem cells is through DNA methylation of
gene promoters, which can be misregulated in human cancer cell lines [146]. An interaction
in murine ES cells between the Paf1C and the de novo DNA methyltransferases DNMT3A
and B suggests that the Paf1C may also be involved in DNA methylation pathways in ES
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cells that influence lineage commitment [147]. Consistent with the idea that the Paf1C has
pluripotency targets that need to be turned off to initiate cellular differentiation, a recent
study showed that expression of hPaf1C components is downregulated during hematopoietic
differentiation [148].

In light of its global roles in gene regulation, it may not be surprising that the Paf1C is
important for the development of multicellular organisms [26, 149, 150]. For example,
Paf1C in zebrafish is required for proper development of the heart, ears, and neural crest
cells [150-152]. Furthermore, homozygous null mice lacking the gene encoding Cdc73,
HRPTZ, are embryonic lethal at day E6.5 [26]. Depletion of HRPT2in adult mice results in
death within approximately 20 days and homozygous null HRPT27~ MEFs undergo
apoptosis [26]. The contributions of the Paf1C to development may be mediated through
effects on key developmental signaling cascades, such as the Wg/Wnt, Hedgehog, and
Notch pathways [Figure 3]. The Drosophila Paf1C can bind the Hedgehog pathway Gli/Ci
transcription factors and influence their effects on downstream gene expression [153]. A
function for Paf1C-dependent histone modifications in transcription of Drosophila Notch
target genes was further solidified by the demonstration of a role for Rtf1 in Notch signaling
[149, 154]. Additionally, Drosophila hyrax (Cdc73) mediates Wg/Wnt signaling through the
key transcription factor p-catenin/armadillo. Components of Paf1C were shown to directly
bind B-catenin/armadillo and recruit other signaling mediators to activate gene expression
[155]. Additional work in human cells suggested that this process may involve a
dephosphorylation event on hCdc73 (parafibromin) [156]. Although the yeast Cdc73 protein
could not rescue defects in fly development, the hCdc73/parafibromin was capable of
restoring proper development [155]. Further underscoring functional conservation in higher
eukaryotes, Drosophila Cdc73 could rescue Wnt signaling defects in cultured human cells
[155]. The importance of these conserved signaling pathways goes beyond developmental
processes, as tumor cells show perturbations in these signaling cascades. In fact, human
parathyroid carcinomas, like those in patients harboring altered hCdc73/parafibromin,
demonstrate aberrant Wnt/B-catenin signaling [157]. Indeed, the Paf1C has important
functions in the prevention of a wide range of diseases, as discussed in greater detail below.

9. The Pafl1C affects immunological responses to disease states and
cancer progression

The Paf1C has general effects on immunological signaling cascades and transcription factors
as well as roles in specific diseases [Figure 3]. The murine Paf1C directly recruits the
STAT3 transcriptional activator to the promoters of IL-6 responsive genes, such as those
encoding cyclin D and c-myc [158]. This IL-6 STAT3 pathway has been implicated in colon
cancer [159]. Furthermore, H2B ubiquitylation is actively regulated at other IL-6 responsive
genes, which are activated by the STAT1 transcription factor [160]. Since hPaf1C is found
expressed in lymphocytic cells, it appears to be in the right place to directly impact
immunological signaling responses [161].

The Paf1C has been implicated in HIV and influenza resistance in humans. Deficiency of
hPaf1C renders cells more susceptible to the influenza virus [80]. hPaf1 binds directly to the
H2N2 influenza subtype NS1 protein, a histone H3 mimic, which prevents the hPaf1C from
activating transcription of antiviral genes [80]. The Paf1C was also isolated in a screen for
resistance factors to HIV-1 replication and was shown to provide resistance to SIV and
HIV-2 infections [161]. The hPaf1C was further shown to affect levels of viral transcription
and integration [161]. The HIV-1 transactivator Tat can bind Paf1C, and these proteins are
recruited together to viral promoters [162]. Further characterization of the role of the Paf1C
in the expression of viral response genes may ultimately reveal therapeutic targets for the
prevention or treatment of viral infections.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Tomson and Arndt

Page 11

Interesting connections exist between the Paf1C and the processes of cellular
transformation. The importance of MLL (Mixed Lineage Leukemia) gene translocations in
leukemogenesis is well established [163, 164]. Normally AMLL 1 encodes a protein with
similarity to ySetl and can promote H3 K4 methylation [165, 166]. After MLL
rearrangement and fusion of N-terminal amino acids with a translocation partner, the
translocation product activates genes, such as the homeotic (HOX) genes, and causes cell
immortalization [164]. The hPaf1C has been shown to interact with the SEC (Super
Elongation Complex) that associates with all MLL chimeras and is required for HOX gene
expression in leukemic cells [164]. In fact, the Paf1C has been shown to interact /n vivo and
in vitrowith an important MLL domain in MLL proteins even after fusion [148].
Importantly this Paf1C interaction seems to stimulate the ability of MLL to activate
transcription by enhancing MLL recruitment to target loci and ultimately is needed for bone
marrow cell transformation by an MLL-AF9 fusion protein [148].

Much additional evidence links the hPaf1C to tumor formation. For example, hBre1l/Rnf20
is thought to function as a tumor suppressor by inhibiting TFI1IS and Paf1C localization at
pro-oncogenic genes [167]. The misexpression of each component of the hPaf1C has been
observed in different cancers, and the overexpression of hPaf1/PD2 promotes tumor
formation both /n vitroand in vivo [168, 169]. However, the hPaf1C subunit with the best-
defined role in cancer progression is the hCdc73/parafibromin subunit, which is encoded by
the hyperparathyroidism 2 gene, HRPT2, and has been classified as a tumor suppressor gene
[168]. Mutations in HRPTZ2are associated with hyperparathyroidism-jaw tumor (HPT-JT)
syndrome, which is one of the most common disorders of the endocrine system and can
frequently present with parathyroid tumors [170, 171]. Mutations that inactivate, truncate, or
reduce the levels of hCdc73/parafibromin account for more than two-thirds of the patients
presenting with parathyroid carcinomas [172]. Furthermore, unlike wild-type parafibromin,
the protein expressed in tumors no longer binds Pafl and RNA pol 11, indicating
misregulation of parafibromin in cancer cells may be in part due to its separation from the
rest of the Pafl complex [15]. hCdc73/parafibromin can suppress tumor formation by
blocking cell proliferation and affecting cyclin D and c-myc expression, which gives it a role
in other cancers as well, including glioblastoma and carcinomas of the liver, stomach, and
breast [156, 168, 173]. Clinical research suggests that the levels of parafibromin could serve
as a prognostic indicator of colon, stomach, and breast cancer [174-176]. Given that the
misexpression of Paf1C subunits other than hCdc73/parafibromin was also observed in
tumor cells, we believe that further research into all components of the Paf1C will better
define the role of this highly conserved complex in cancer and other diseases.

10. Concluding Remarks

Since its initial discovery as an RNA pol Il-interacting complex in yeast, an understanding
of the structure, function, conservation, and cellular roles of the Paf1C has rapidly emerged.
The finding that the Paf1C travels with RNA pol Il on all actively transcribed genes
examined explains the broad effects of this complex on histone modification patterns and
gene expression. Moreover, the physical association of the Paf1C with RNA pol Il from the
beginning of an ORF to the poly(A) site provides insight into how this one complex can
impact multiple steps in RNA synthesis, including transcription termination. Despite a great
deal of progress in recent years, the molecular details of how the Paf1C is recruited to RNA
pol Il and, once there, how it facilitates diverse histone modifications, modulates CTD
phosphorylation levels, and governs RNA 3’-end formation remain unclear. While the
histone modification function of the Paf1C is its most recognized activity, current data
indicate that the complex has functions beyond this role. Consistent with this idea, mutations
that strongly impair Paf1C-dependent histone modifications do not always phenocopy
absence of the entire complex. Likewise, not all functions of the Paf1C, such as its
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connections to DNA damage repair, are directly explained by its association with RNA pol
Il transcription. A challenge for the future will be to elucidate all of the molecular functions
of the Paf1C, determine which of these functions are responsible for its diverse biological
outcomes, and identify therapeutic strategies for overcoming mutations in the complex that
underlie disease states. The importance of this challenge is evident from the large number of
connections that exist between the Paf1C and human health.
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Figure 1. Conservation of the yeast Paf1C subunits
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The five proteins that comprise the Paf1C in budding yeast are depicted. The overall percent
amino acid identity between S. cerevisiae and H. sapiens is listed under each protein name.
The amino acid identity was determined using a global pairwise alignment algorithm within
EMBOSS [177]. Using published literature, regions with defined structures (Rtf1 Plus3 and
Cdc73 C-domain) are indicated within each protein and areas of assigned functions are listed
below. The predicted TPR motifs found within Ctr9 (depicted internally in yellow) were
defined by the SMART domain server [178]. The percent amino acid identity within defined
functional and/or structural domains is depicted by color (see legend). Information on
domains of the human Paf1C components have been described previously [168].
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Figure 2. Molecular activities of the Paf1C

(A) During transcription elongation, Paf1C promotes H3 K36 trimethylation by stimulating
the recruitment of Set2 to ORFs. (B) The Paf1C is required for the proper recruitment and
activity of Rad6-Brel, which targets H2B K123 for monoubiquitylation in yeast. This
modification facilitates di- and tri-methylation of H3 K4 and H3 K79 by the Setl/
COMPASS complex and Dotl, respectively. A functional Paf1C is also required for proper
recruitment of Setl to active genes. (C) The Paf1C recruits the ATP-dependent chromatin
remodeling factor Chdl to ORFs through an interaction site near the N-terminus of Rtf1.
Dotted lines on the nucleosomes represent presumed positional changes that occur as a
consequence of Chd1 action. (D) Toward the 3’ ends of genes, the Paf1C is required for
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optimal Ser2-P levels on the RNA pol I CTD and proper recruitment of several RNA 3’-end
processing and termination factors. Defects in recruiting these factors, as in pafZ mutant
strains, lead to altered poly(A) site selection at some protein-coding genes and
transcriptional read-through into downstream sequences at SnoRNA genes (not depicted).
Bent arrows indicate the start site of transcription. Factors involved in Paf1C recruitment,
such as Sptb, are omitted for clarity.
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Figure 3. Roles of the human Paf1C complex in pathways of development and disease

The Paf1C in higher eukaryotes has been found to influence signaling within Wg/Whnt,
Hedgehog, and Notch pathways of development and IL-6 pathways of immunological
responses. Misregulation of these pathways has been shown to lead to cancer. Additionally,
the Paf1C can promote pluripotency of stem cells through effects on DNA methylation as
well as increasing expression of genes dependent on the Oct4, Nanog, and Sox2
transcription factors involved in ES cell self-renewal. The hPaf1C has been shown to
provide resistance to HIV and SIV infections and can trigger antiviral responses to influenza
unless bound by the H2N2 flu subtype NS1 protein. Mutations in hCdc73/parafibromin can
lead to hyperparathyroidism-jaw tumor (HPT-JT) syndrome. Misregulation of Paf1C
components have been found in tumor cells and direct binding with MLL and the SEC
implicates the Paf1C in pathways of transformation leading to leukemia.
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