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Abstract: Ribosomal RNA synthesis is the rate-limiting step in ribosome biogenesis. In eukaryotes,
RNA polymerase I (Pol I) is responsible for transcribing the ribosomal DNA genes that reside in the
nucleolus. Aberrations in Pol I activity have been linked to the development of multiple cancers and
other genetic diseases. Therefore, it is key that we understand the mechanisms of Pol I transcription.
Recent studies have demonstrated that there are many differences between Pol I transcription in
yeast and mammals. Our goal is to highlight the similarities and differences between the polymerase-
associated factors (PAFs) in yeast and mammalian cells. We focus on the PAF heterodimer A49/34
in yeast and PAF53/49 in mammals. Recent studies have demonstrated that while the structures
between the yeast and mammalian orthologs are very similar, they may function differently during
Pol I transcription, and their patterns of regulation are different.
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1. Introduction

Ribosome biogenesis is the process that produces the machinery responsible for syn-
thesizing all the proteins in a cell. This process is extraordinarily complex. Ribosome
biogenesis requires the coordination of all three nuclear RNA polymerases [1]. RNA
polymerase II (Pol II) is responsible for transcribing the genes that encode for the riboso-
mal proteins and over 200 ribosome assembly factors, including several small nucleolar
(sno)RNAs, such as U3 RNA. RNA polymerase III produces the 5S ribosomal RNA (rRNA)
and other small nucleolar RNAs that are required for ribosome biogenesis. Small nucleolar
RNAs are mainly responsible for guiding rRNA processing and the chemical modification
of rRNA, such as methylation and pseudouridylation. RNA polymerase I synthesizes the
47S precursor rRNA in mammals and the 35S precursor in yeast. The 47S precursor is a
polycistronic transcript that is cleaved and modified into three separate rRNAs: 18S, 5.8S,
and 28S. The rate-limiting step in ribosome biogenesis is rDNA transcription by Pol I [1].
Ribosomal RNA accounts for approximately 80% of the steady-state level of RNA in a
cell. Further, ribosome biogenesis is very costly in terms of energy consumption, and can
account for up to 70% of the cellular RNA synthesis in proliferating cells [1,2]. A proper
balance of ribosomes is required to maintain cellular homeostasis and support cell growth.
Therefore, it is key that ribosome biogenesis be heavily regulated to help maintain cellular
homeostasis and prevent the onset of disease. The dysregulation of ribosome production
contributes to many pathologies, such as cancer, cardiac hypertrophy, and aging, as well as
developmental disorders like ribosomopathies [3–5].

Earlier dogma stated that the rate of Pol I transcription in cells was constant, and
there was no regulation of this process. Over many years, research has shown that many
pathways that regulate cell growth also play roles in regulating rDNA transcription. Both
oncogenes and anti-oncogenes, such as c-Myc and Rb, contribute to the regulation of tran-
scription by Pol I [6–8]. Furthermore, rDNA transcription is regulated via post-translational
modifications of either core subunits of the polymerase or Pol I transcription factors [9–12].
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Similar to the Pol II system, transcription factors are required for promoter recognition,
preinitiation complex (PIC) formation, and progression through the transcription cycle
(initiation, elongation, and termination). Pol I transcription factors can be separated into
two groups: general transcription factors and polymerase-associated factors (PAFs). In
mammals, the general transcription factors include a multi-subunit complex, referred to
as SL1 (selectivity factor 1) and UBF (upstream binding factor) [13]. SL1 promotes Pol
I PIC formation by binding to both the core promoter and upstream promoter elements
in the rDNA repeat; with UBF, it forms a stable interaction with the rDNA promoter to
produce the committed template. In vivo, SL1 and UBF act together to recruit Pol I to the
rDNA and promote efficient PIC formation. In vitro, SL1 is sufficient to direct accurate
transcription initiation. In yeast, there are also two general transcription factors: core
factor (CF) and UAF (upstream activating factor) [14]. Both of these consist of several
subunits. The core factor is the yeast counterpart of SL1 and functions similarly during
promoter recognition, PIC formation, and transcription initiation. UAF is a multimeric
protein complex that is unique to the yeast system. The second group of identified Pol
I transcription factors in mammals, the PAFs, include three dissociable proteins: PAF53,
PAF49, and Rrn3 (also known as TIF-1A). In yeast, the orthologs of PAF53 and PAF49
are A49 and A34, respectively. The yeast homolog of Rrn3 is yeast Rrn3. The goal of this
review is to compare and contrast how the mammalian PAF53/49 heterodimer and the
yeast A49/34 heterodimer function during rDNA transcription. Further, we will consider
mechanisms that regulate the activities of the heterodimers, and how this regulation affects
Pol I transcription.

2. The Rpa49 and Rpa34 Protein Families: Mammalian vs. Yeast Heterodimers

In 1975, Fromageot’s lab identified two forms of yeast RNA polymerase I [15]. The
difference between them was the presence or absence of two polypeptide chains: Rpa49
and Rpa34. These two proteins are the yeast orthologues of PAF53 and PAF49, respectively.
The dissociation of these two proteins from the polymerase caused a reduction in its
ability to transcribe rDNA, but had no effect on its general transcription activity. Similarly,
multiple labs have shown that mammalian RNA polymerase I is also present in two
forms [16–18]. The difference between these two forms has been ascribed to the presence
or absence of the “third-largest polypeptide” of Pol I. Pol IB, containing a putative “third”
polypeptide, is able to support both specific and random transcription, while Pol IA,
missing the “third” polypeptide, is only able to support random transcription in vitro and
was not active in vivo. In 1996, Muramatsu’s laboratory [19] showed that the “third-largest
polypeptide” of mammalian/mouse Pol I could be resolved into three polypeptides: PAF53,
PAF51, and PAF49 (named for their molecular masses). Results from this study concluded
that PAF53 and PAF51 are related, while PAF53 and PAF49 are two distinct, unrelated
proteins. This led to future studies that focused on PAF53 and PAF49. A few years later,
Muramatsu’s lab was able to demonstrate that PAF53 and 49 form a heterodimer [20].
Beckouet et al. also showed that Rpa49 and Rpa34 heterodimerize in vivo [21]. These
studies served as a platform that promoted further research into the roles these dissociable
factors play in facilitating rDNA transcription. While the yeast and mammalian factors
were discovered around the same time, studies on transcription by Pol I were greatly
facilitated by the ability to combine genetics and biochemistry using yeast. Our goal for
this section is to highlight the similarities and differences between the yeast heterodimer
and the mammalian heterodimer, in order to identify the gaps in knowledge that still need
to be explored for mammalian PAFs.

2.1. Structure and Sequence

The sequences of the yeast and mammalian orthologues do not demonstrate signifi-
cant identities. However, focusing on A49/PAF53 and A34/PAF49, the structures predicted
for the mammalian proteins are strikingly similar to those of the yeast protein. This is illus-
trated in Figure 1 for the yeast, human, and mouse orthologues of A49 and A34 (upper and
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lower panels, respectively). The predicted mammalian structures were derived by I-Tasser
or Swiss Model, as indicated [22,23]. The heterodimers bind to the lobe of Pol I (Figure 2).
Strikingly, the dimerization domains of A49/A34 are similar to the triple barrel folds charac-
teristic of the dimerization domains of the Pol II transcription factor TFIIF (Rap74/Tfg1 and
Rap30/Tfg2) and the Pol III heterodimer of C37 and C53 (Figure 3 [24–26]). In yeast, TFIIF
is composed of three subunits: Tfg1, Tfg2, and Tfg3. Tfg1 and Tfg2 are the counterparts of
the human TFIIF subunits Rap74 and Rap30, respectively [27]. Interactions between Rap74
and Rap30 form the dimerization domain of TFIIF. C37 and C53 are two subunits of RNA
Polymerase III that form a heterodimeric complex similar to the A49/34 and RAP74/30
heterodimers of Pol I and Pol II, respectively [24]. Moreover, the dimerization domains
of the orthologues are found at the N-termini of the yeast and mammalian proteins, and
the predicted structures of the mammalian dimerization domains are similar to those of
the deduced yeast proteins [28]. Although the predicted structures of the yeast and mam-
malian orthologues are similar, they did not form heterodimers across species, indicating
sequence-specific protein–protein interactions [28]. Interestingly, the TFIIF, A49/A34, and
C37/C53 heterodimers all bind to the lobes of their respective polymerases, as shown in
Figure 2. Furthermore, the relatively unstructured arm of A34/PAF49 extends along the
same side of the polymerase as the extended flexible linker of TFIIF in recent cryoEMs (see
Figure 2 in [29]).

Genes 2021, 12, x FOR PEER REVIEW 3 of 15 
 

 

2.1. Structure and Sequence 
The sequences of the yeast and mammalian orthologues do not demonstrate signif-

icant identities. However, focusing on A49/PAF53 and A34/PAF49, the structures pre-
dicted for the mammalian proteins are strikingly similar to those of the yeast protein. 
This is illustrated in Figure 1 for the yeast, human, and mouse orthologues of A49 and 
A34 (upper and lower panels, respectively). The predicted mammalian structures were 
derived by I-Tasser or Swiss Model, as indicated [22,23]. The heterodimers bind to the 
lobe of Pol I (Figure 2). Strikingly, the dimerization domains of A49/A34 are similar to the 
triple barrel folds characteristic of the dimerization domains of the Pol II transcription 
factor TFIIF (Rap74/Tfg1 and Rap30/Tfg2) and the Pol III heterodimer of C37 and C53 
(Figure 3 [24–26]). In yeast, TFIIF is composed of three subunits: Tfg1, Tfg2, and Tfg3. 
Tfg1 and Tfg2 are the counterparts of the human TFIIF subunits Rap74 and Rap30, re-
spectively [27]. Interactions between Rap74 and Rap30 form the dimerization domain of 
TFIIF. C37 and C53 are two subunits of RNA Polymerase III that form a heterodimeric 
complex similar to the A49/34 and RAP74/30 heterodimers of Pol I and Pol II, respec-
tively [24]. Moreover, the dimerization domains of the orthologues are found at the 
N-termini of the yeast and mammalian proteins, and the predicted structures of the 
mammalian dimerization domains are similar to those of the deduced yeast proteins [28]. 
Although the predicted structures of the yeast and mammalian orthologues are similar, 
they did not form heterodimers across species, indicating sequence-specific pro-
tein–protein interactions [28]. Interestingly, the TFIIF, A49/A34, and C37/C53 heterodi-
mers all bind to the lobes of their respective polymerases, as shown in Figure 2. Fur-
thermore, the relatively unstructured arm of A34/PAF49 extends along the same side of 
the polymerase as the extended flexible linker of TFIIF in recent cryoEMs (see Figure 2 in 
[29]).  

 
Figure 1. Predicted structural similarities of the A49 orthologs (A) and the A34 orthologs (B). 

A 

B 

Figure 1. Predicted structural similarities of the A49 orthologs (A) and the A34 orthologs (B).



Genes 2021, 12, 620 4 of 15

Genes 2021, 12, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 2. Placement of the RPA34 (blue)–RPA49 (magenta) heterodimer in RNA polymerase I. The 
DNA is orange, and the remainder of the polymerase subunits are grey. Based on PDB5W66. 

 
Figure 3. Structural similarities of the dimerization modules of the homologous subunits of Pol II 
(RAP30/74), Pol I (A49/A34), and Pol III (RPC37/53) [24–26]. 

TFIIF has multiple roles in Pol II transcription. It has been reported to reduce 
non-specific interaction of Pol II with DNA [30] and stabilizes the PIC [31]. TFIIF also 
affects the start site selection, stimulates initial RNA synthesis, stabilizes the transcription 
bubble, and reduces pausing [32–37]. Similarly, Geiger et al. [24] reported that the yeast 
A49/A34 dimerization domain stimulates RNA cleavage activity. They also demon-
strated that a tandem winged helix (tWH) found in the C-terminal domain of A49 had 
DNA-binding activity and increased the processivity of Pol I, both of which are proper-
ties of TFIIE. In their analysis of the domains of PAF53, McNamar et al. [38] found that 
the predicted tWH of mammalian PAF53 also had DNA-binding activity, and that this 
domain was essential for full activity. They also found that both the dimerization domain 

Figure 2. Placement of the RPA34 (blue)–RPA49 (magenta) heterodimer in RNA polymerase I. The
DNA is orange, and the remainder of the polymerase subunits are grey. Based on PDB5W66.

Genes 2021, 12, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 2. Placement of the RPA34 (blue)–RPA49 (magenta) heterodimer in RNA polymerase I. The 
DNA is orange, and the remainder of the polymerase subunits are grey. Based on PDB5W66. 

 
Figure 3. Structural similarities of the dimerization modules of the homologous subunits of Pol II 
(RAP30/74), Pol I (A49/A34), and Pol III (RPC37/53) [24–26]. 

TFIIF has multiple roles in Pol II transcription. It has been reported to reduce 
non-specific interaction of Pol II with DNA [30] and stabilizes the PIC [31]. TFIIF also 
affects the start site selection, stimulates initial RNA synthesis, stabilizes the transcription 
bubble, and reduces pausing [32–37]. Similarly, Geiger et al. [24] reported that the yeast 
A49/A34 dimerization domain stimulates RNA cleavage activity. They also demon-
strated that a tandem winged helix (tWH) found in the C-terminal domain of A49 had 
DNA-binding activity and increased the processivity of Pol I, both of which are proper-
ties of TFIIE. In their analysis of the domains of PAF53, McNamar et al. [38] found that 
the predicted tWH of mammalian PAF53 also had DNA-binding activity, and that this 
domain was essential for full activity. They also found that both the dimerization domain 

Figure 3. Structural similarities of the dimerization modules of the homologous subunits of Pol II
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TFIIF has multiple roles in Pol II transcription. It has been reported to reduce non-
specific interaction of Pol II with DNA [30] and stabilizes the PIC [31]. TFIIF also affects
the start site selection, stimulates initial RNA synthesis, stabilizes the transcription bubble,
and reduces pausing [32–37]. Similarly, Geiger et al. [24] reported that the yeast A49/A34
dimerization domain stimulates RNA cleavage activity. They also demonstrated that a
tandem winged helix (tWH) found in the C-terminal domain of A49 had DNA-binding
activity and increased the processivity of Pol I, both of which are properties of TFIIE. In
their analysis of the domains of PAF53, McNamar et al. [38] found that the predicted tWH
of mammalian PAF53 also had DNA-binding activity, and that this domain was essential for
full activity. They also found that both the dimerization domain and the linker region were
essential for full activity. Analysis of the linker demonstrated the presence of a helix–turn–
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helix (HTH). Further experiments demonstrated that this HTH was a second DNA-binding
domain. The HTH was found to be essential for PAF53 activity, and an analogous domain
in yeast A49 was also essential for cell growth. Both the tWH and the HTH may function in
orienting the polymerase around the transcription start site (Figure 4). The HTH of PAF53
may interact with the transcribed DNA in a position analogous to that of the winged helix
of TFg2 [39].
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Interestingly, the tWH domains of TFIIE and A49 both lie upstream of the transcription
initiation site, and the linker domains of TFIIF and TFIIE appear to span the polymerase
cleft in a manner similar to the HTH of A49. In Pol I, the structure of the tWH and linker
domains of A49 appear to be more dynamic than those of TFIIE, as they were not visible in
the majority of the cryo-EM images captured in the past [40–44].

2.2. The PAFs’ Function as a Heterodimer

A34/PAF49 and A49/PAF53 form a heterodimer complex in both in vitro and in vivo
settings. It has also been hypothesized that these proteins function as a heterodimer. In
Fromageot’s 1975 paper, they demonstrated that upon purification of RNA polymerase
I, there were two forms: Pol IA and Pol IB [15]. The difference between these two forms
was the presence or absence of the heterodimer. The paper did not address whether either
one of the components of the heterodimer could interact with polymerase in the absence of
its partner. Liljelund et al. observed that a complete deletion of A49 from yeast did not
cause A34 to dissociate from the polymerase [45]. Alternatively, ChIP assays performed by
Beckouet et al. demonstrated that when the N-terminal domain of A49 was deleted, A34
was completely lost from the rDNA bound polymerase [21]. Further, Gadal et al. found
that when A34 was deleted, purified RNA polymerase I lacked the A49 subunit [46]. This
observation contradicted the results from their growth assays they performed on both
A49-∆ and A34-∆ yeast strains. The S. cerevisiae A49-∆ strain grew slowly at 30 ◦C and not
at all when grown at 25 ◦C. In contrast, the S. cerevisiae A34-∆ strain grows at normal rates
at either temperature. These observations imply that A49 can be incorporated into the core
polymerase in the absence of A34. The production of a polymerase devoid of A49 when
A34 is deleted demonstrates that the polymerase has a decreased stability in vitro. Thus,
A34 helps stabilize the association of A49 with Pol I. Studies in yeast have demonstrated
that A49 can be recruited to the polymerase independently of A34. For example, the
deletion of the heterodimerization domain does not affect proliferation [21,38]. However,
deletion of the dimerization domain of PAF53 significantly inhibited proliferation [38]. This
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may be due to differences in the interactions between the orthologs and core Pol I in yeast
and mammals.

Until recently, it has been difficult to perform similar studies on the mammalian
RNA polymerase I system, due to an inability to knock out PAF53 and/or PAF49. A
CRISPR study performed by our lab discovered these difficulties [47]. When PAF53 was
CRISPRed to knock out the gene, the cells would undergo recombination in order to
continue expressing a functional PAF53 protein. Knock out of the endogenous gene was
only possible if wild-type PAF53 was ectopically expressed while the cells were being
CRISPRed. Therefore, most previous studies that investigated the functional relationship
between PAF53 and PAF49 were performed via overexpression experiments. Penrod et al.
demonstrated that when PAF53 and PAF49 were both ectopically expressed, there was an
increase in expression levels of both proteins when compared to their levels when each was
expressed individually [9]. They also demonstrated that both overexpressed PAF53 and
PAF49 interacted with endogenous RNA polymerase I. Recently, our lab has developed
a system that allows us to induce and target the degradation of endogenous PAF53 and
PAF49 in HEK293 cells [38,48,49]. Generally, the system allows us to quickly degrade our
target protein. After we induce degradation, we are able to study the effects knockdown
of our target protein has on the composition and function of Pol I, as well as effects on
cellular physiology. With this system, we will be able to perform future studies, in order to
determine if PAF49 can associate with the polymerase in the absence of PAF53 and vice
versa. While we know that both components of the yeast heterodimer can bind to the
polymerase in the absence of its partner, it is still unclear whether PAF49 and PAF53 can
bind to the polymerase independently of each other. Furthermore, based on observations in
yeast that deletion of A34 has no effect on growth rates, the components of the heterodimer
may be able to function individually.

2.3. Are PAFs Necessary for rDNA Transcription? Cell Growth? Cell Viability?

A long-standing question in the field of RNA polymerase I transcription is the neces-
sity of the heterodimer. That is, are A34/PAF49 and/or A49/PAF53 essential for rDNA
transcription, cell proliferation, or cell viability? Many studies performed with S. cerevisiae
report that the A49/34 heterodimer is not essential for cell proliferation or cell viabil-
ity [21,45,46]. This may be due to operational definitions. Studies done in A49-∆ yeast
strains show that these strains grow slowly at 30 ◦C and fail to grow at temperatures of
25 ◦C and 37 ◦C. Furthermore, the ∆A49 mutation causes sensitivity to mycophenolate,
a drug that causes the depletion of guanosine nucleotides, and lethality in cells lacking
the nonessential A14 polymerase subunit or the HMG box protein Hmo1. Interestingly,
RPA51, the functional homolog of A49 found in S. pombe (fission yeast), is also required
for wild-type levels of cell growth [50]. When Nakagawa et al. knocked out RPA51, they
also found that the yeast grew slowly at 30 ◦C and failed to grow at lower temperatures.
Transcription analysis of Pol I isolated from RPA51 null yeast demonstrated that it wasn’t
essential for non-specific transcription, but was required for specific transcription. Fro-
mageot et al. had also demonstrated that Pol I, devoid of the A49/A34 heterodimer, was
capable of non-specific transcription [15]. Therefore, while A49 is technically not essential
for rDNA transcription, viability, and cell growth, it is required for specific transcription
and for normal levels of cell proliferation. In this case, non-specific transcription refers
to the polymerase’s ability to synthesize a strand of RNA from a random sequence of
DNA. On the other hand, specific transcription refers to the polymerase’s ability to initiate
transcription from the rDNA promoter. Therefore, while the enzymatic activity of Pol I
remains unperturbed in the absence of A49, incorporation of A49 into the Pol I holoenzyme
is required to promote transcription at the rDNA promoter. In contrast to the A49 null
mutants, A34-∆ yeast strains grow at wild-type rates and have little to no effect on levels
of rDNA transcription [46]. These results demonstrate that A34 is not required for both
non-specific and specific transcription.
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Muramatsu’s lab was the first to report that PAF53 and PAF49 are required for specific
transcription [19,20]. The results from his lab showed that antibodies to these two proteins
blocked specific transcription of mouse rDNA in vitro, but had no effect on non-specific
transcription. Transcription was rescued when the recombinant protein was added to
the in vitro transcription reaction. Furthermore, the authors performed in vivo primer
extension assays to determine if deleting the N- or C-terminus of PAF49 had any effect
on transcription. Results from these experiments showed that overexpression of the C-
terminus deletion mutant in a wild-type background caused a decrease in pre-rRNA
synthesis. While deletion of the N-terminus had no effect, the results from the in vivo
experiment suggest that the C-terminus deletion mutant might be having a dominant–
negative effect. While the conclusions from these papers had great implications for the
role(s) PAF53 and PAF49 play during rDNA transcription, there are some limitations to
the assays they used that warrant further investigation. First, transcription could have
been blocked due to steric hindrance, not due to the inhibition of the activity of the PAF.
Second, the in vivo primer extension assays were performed in a wild-type background
instead of in a PAF49-null background. It is hard to make solid conclusions about PAF49’s
importance during transcription when mutant proteins are being assessed in the presence
of the full-length protein. Our lab used these experiments as a jumping off point to further
investigate the roles PAF53/49 plays during rRNA synthesis.

To determine if PAF53 or PAF49 are essential for rDNA transcription, our lab utilized
an auxin-inducible degron system, in which the endogenous PAF could be targeted for
rapid degradation in <1 h [38,48,49]. We chose this system because previous experiments
performed by our lab had demonstrated that PAF53 could not be knocked out via CRISPR,
in agreement with genome-wide CRISPR knock out studies [47]. Further, siRNAs for the
PAFs require days of treatment to completely knock down the proteins. Since knockdown
via siRNAs is slow, the cell could compensate for the loss of the protein, and our results
would be skewed because of the compensation. Therefore, we used an auxin-inducible
degron system to target each PAF individually, in order to determine if they were essential
for rDNA transcription, cell proliferation, and cell viability. We demonstrated that PAF53
is essential for rDNA transcription and cell proliferation [38]. Alternatively, knockdown
of PAF53 was not essential for cell viability—i.e., the cells ceased to proliferate, but did
not die for at least seven days. We also demonstrated that ectopic expression of wild-type
PAF53 could rescue proliferation and transcription. Current studies in the lab are focusing
on the role PAF49 plays during rDNA transcription. As shown in Figure 5, we demonstrate
that when PAF49 is knocked down (Figure 5A), rDNA transcription (Figure 5C) and cell
proliferation (Figure 5B) is inhibited. On the other hand, knock down of PAF49 has no
effect on viability (Figure 5B). In Figure 5B, cells were counted via the trypan blue exclusion
assay. It was demonstrated that while the KD of PAF49 inhibits cell proliferation, there is
no decrease in total cell number. Additionally, there was no difference in the percentage of
live cells between the control and the PAF49 KD cells. Furthermore, ectopic expression of
wild-type PAF49 rescues rRNA synthesis (Panel C). The results from our studies confirm
Muramatsu’s conclusions that PAFs are essential for specific rDNA transcription.

The overall conclusion that both PAF49 and PAF53 are essential for rDNA tran-
scription, and that cell proliferation shifts the paradigm that results from experiments
investigating RNA polymerase I transcription in yeast could be used to understand Pol
I transcription in mammals (i.e., humans). Our demonstration that PAF49 is essential
for growth and transcription while its ortholog, yeast A34, is nonessential, highlights the
importance of further studying Pol I transcription in mammals.
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were treated with or without indole-3 acetic acid (IAA) for 3 h. Whole-cell extracts were prepared, and levels of PAF49 were
determined via Western blot analysis. (B) PAF49 is required for proliferation. Cells containing AID-PAF49 were treated
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transcription, wild-type mouse PAF49 (WT PAF49) was ectopically expressed for 24 h before the cells were treated with IAA.

2.4. What Roles Do PAFs Play during rDNA Transcription?

As mentioned above, both the yeast and mammalian heterodimers play an essential
role in facilitating rRNA synthesis. Specifically, in yeast A49 is required for specific tran-
scription, while A34 seems to be dispensable. Alternatively, both PAF53 and PAF49 are
essential to promote rDNA transcription in mammals. A major question in the field of Pol
I transcription is how do the PAFs help facilitate specific rDNA transcription?

Currently, the majority of studies focusing on the function of the PAFs have been
performed in yeast. These have focused on the main steps in transcription: initiation,
elongation, and termination.

2.4.1. Promoter Recognition and Initiation

Just like in the Pol II and Pol III systems, Pol I relies on general transcription factors,
which help it bind to the promoter and form a transcription-competent initiation complex.
In yeast, those GTFs include a core factor (CF) and upstream activation factor (UAF). In
mammals, the GTFs are selectivity factor-1 (SL-1) and upstream binding factor (UBF). In
both the yeast and mammalian systems, the TATA-binding protein (TBP) in CF and SL-1
are essential for recruiting Pol I to the rDNA promoter. Before Pol I binds to the promoter,
it must first form a complex with Rrn3, a polymerase-associated factor that is released once
transcription has been initiated [52]. It has been hypothesized that the heterodimer helps
facilitate interactions between the GTFs and Rrn3 with the core polymerase. Muramatsu’s
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lab demonstrated that PAF53 interacts with UBF and PAF49 interacts with TAFI48, a subunit
of SL-1 [19,20]. Multiple cryo-EM studies that have investigated the mechanisms of RNA
polymerase I promoter recognition and initiation have shown that the tWH domain of A49
may play a role in priming Pol I for promoter escape by displacing CF and Rrn3 from Pol
I [42,53,54]. Previously, Beckouet et al. had reported that deletion of A49 impaired the
recruitment of Rrn3 to the rDNA promoter and significantly reduced the release of Rrn3
from the polymerase [21]. Furthermore, many of the cryo-EM structures of A49 bound
to the polymerase fail to show the full-length protein. This could be due to the dynamic
nature of A49, since multiple studies have shown it to play roles in both initiation and
elongation. Our lab has reported that PAF53 has two DNA-binding regions, one in the
tWH domain and one in the linker region [38]. Cramer’s lab has also shown that the tWH
domain of A49 has DNA-binding activity [24]. Upon further investigation, McNamar
et al. reported that the linker region of PAF53 and A49 was necessary for growth [38]. Our
current model shows that the linker region of PAF53/A49 binds to the DNA in the cleft in
order to help melt and stabilize the DNA. While the linker spans the cleft, conformational
changes in the C-terminal end of PAF53/A49 position the tWH so that it can help the
polymerase switch from its open initiation complex to its elongation complex.

2.4.2. Elongation

RNA polymerase I processivity during elongation plays a key role in successfully
synthesizing a complete rRNA gene. Similarly to Pol II and Pol III, Pol I recruits elongation
factors that help it remain on the DNA until a termination signal is reached [55]. Studies
performed with S. cerevisae have demonstrated that the heterodimer act as built-in Pol I
elongation factors. Cramer’s lab reported that A49/34 is required for normal elongation
activity of Pol I in vitro [24,56]. ∆A34 yeast strains were sensitive to 6-azauracil (6AU)
and showed a slow-growth phenotype. This demonstrates that when the nucleotide
supply was limited by 6AU, Pol I devoid of A34 could not properly elongate. These
results suggest that the heterodimer is required for normal RNA elongation by Pol I
in vitro and in vivo. Specifically, the tWH domain of A49 was found to be required for
processivity. Additional studies need to be performed in mammalian cells to determine the
roles PAF53/49 play during elongation. Since there are differences between the yeast and
mammalian heterodimer, we can only speculate that the mammalian PAFs play similar
roles in Pol I elongation.

2.4.3. Termination

In both yeast and mammals, there are termination factors that bind to the 3’ end of
the rDNA gene [57,58]. During termination, the polymerase dissociates from the DNA
and releases the synthesized rRNA strand. It has been hypothesized that the cleavage
activity of Pol I may be involved during termination. Immediately following termination,
approximately 10 nucleotides are cleaved from the 3’ end of the pre-rRNA [59]. Intrinsic
RNA cleavage activity could be required for this rRNA trimming event. Kuhn et al.
reported that a complete polymerase cleaved RNA more efficiently than a polymerase
devoid of the heterodimer [56]. A follow-up study by Geiger et al. demonstrated that
normal RNA cleavage activity requires a dimerization module between A49/A34 and
either the linker of A49 or the C-terminal tail of A34 [24]. These results suggest that the
dimerization module of the heterodimer is required for full RNA cleavage activity—i.e.,
the heterodimer must be associated with Pol I. More studies need to be performed with the
yeast and mammalian Pol I system to fully understand what role the heterodimer plays
during the termination of Pol I transcription.

2.5. Regulation of the PAFs

It has been reported that there is post-transcriptional regulation of the mammalian
PAFs at several levels. In their initial reports of PAF53 and PAF49, Muramatsu’s laboratory
reported that they could identify two populations of Pol I, one that contained the PAF53/49
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heterodimer and one that did not [19,20]. Hannan et al. reported that the molar ratio of
PAF53 to A127 in affinity-purified Pol I was 0.6, confirming that only some of the Pol I
complexes contained PAF53 [60]. Muramatsu’s laboratory also reported that upon serum
starvation, the two proteins translocated from the nucleoli of NIH 3T3 cells [19,20]. In
contrast, Seither et al. reported the “constitutive and strong association of PAF53 with RNA
polymerase I” [61], and argued that it “is not a loosely associated regulatory factor but a
bona fide subunit of Pol I.” Further evidence in support of the model for the regulation of
the level of PAF53 in the cell was reported by Hannan et al. when they found that insulin
stimulated rDNA transcription in serum-starved 3T6 cells and exponentially growing
H4–E–C3 cells [62]. Moreover, they reported that PAF53 levels increased concomitantly
with rDNA transcription. Interestingly, they reported that serum starvation caused an
80% reduction in the level of PAF53 in the NIH3T6 cells, not just a translocation from
the nucleolus. The apparent discrepancy as to whether serum affected PAF53 levels in
exponentially growing cells was examined by Penrod et al. [9]. They found that serum
deprivation of NIH 3T6 cells resulted in a 70% decrease in the whole cell levels of PAF53
and PAF49. However, this same decrease was not found in NIH 3T3, HEK 293, or CHO cells.
This series of observations led to a quandary. Were the steady-state levels of PAF53/PAF49
subject to regulation? To address this question, Penrod et al. examined the nuclear
distribution of PAF53 and PAF49 in NIH 3T3 cells, a cell line that did not demonstrate a
dramatic change in steady-state levels of the proteins. Their results confirmed those of
Yamamato et al., which were that serum starvation caused a delocalization of PAF53 and
PAF49 from the nucleoli [19,20]. Further, biochemical fractionation of Pol I from those cells
demonstrated the dissociation of PAF53 from core polymerase [9]. These observations raise
two questions: what regulates the association of PAF53 and PAF49 with Pol I, and does the
dissociation of the heterodimer from Pol I regulate rDNA transcription?

The second question is significant, because studies in yeast suggest that while the het-
erodimer may play significant roles in rDNA transcription, it is not essential [21,24,45,46,50,63].
However, genetic screens of the human genome have suggested that both proteins are “es-
sential” for mammalian cell proliferation [64–66]. Our initial attempt to obviate PAF53
expression using CRISPR/Cas9 [47] has demonstrated that the protein was essential. Finally,
a series of experiments in which the endogenous PAF53 gene was modified to include an
inducible degron has demonstrated the essential role for PAF53 in rDNA transcription and
cell proliferation [38]. What regulates the activity of the PAF53/PAF49 heterodimer? The
post-translational regulation of the heterodimer is unknown. The pathway(s) that leads to
the downregulation of steady-state levels or to the dissociation of the heterodimer from Pol I
is not known. Panov et al. reported evidence for growth-regulated tyrosine phosphorylation
of PAF49 (CAST) in initiation-competent Pol I [67]. There are several reports that PAF53 and
PAF49 are acetylated [9,68,69], and the sir 2 analog, SIRT7, has been implicated in the control
of rDNA transcription [69–73]. We found that PAF49 was acetylated. Acetylation did not
affect heterodimerization, but the hypoacetylated forms of PAF49 more strongly interacted
with core Pol I [9]. We also found that while SIRT7 bound to PAF49 (Figure 6A), it did not
bind to PAF53 (Figure 6b). Again, further studies are needed to determine the specific sites of
acetylation, the roles of acetylation in modulating the functions of the heterodimer, and the
enzymes (pathways) that are involved in acetylation and deacetylation. Along these lines, it
should be noted that SIRT1 and SIRT6 are also found in the nucleolus, as are various lysine
acetyl-transferases.
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Figure 6. SIRT7 interacts with PAF49 (A), but not with PAF53 (B). HEK293 cells were transfected with
vectors expressing the indicated proteins. Forty-eight hours following transfection, cell lysates were
prepared, and the ectopically expressed proteins subjected to affinity purification (GSH). The input
(10%) and the proteins that bind to the affinity matrix were analyzed by SDS-PAGE and Western
blotting, as described [9].

Penrod et al. found that ectopic co-expression of PAF53 and PAF49 in HEK293 caused
an increased accumulation of both proteins when compared to ectopic expression of each
protein individually [9]. This led to the hypothesis that heterodimerization of PAF53/49
regulates the stability of the two proteins in vivo. Recently, our lab investigated whether
knockdown of one protein in the heterodimer causes an effect on the levels of the remaining
protein. In Figure 7, we demonstrate that auxin-induced degradation of PAF49 caused the
rapid degradation of PAF53 (Panel A). Alternatively, knockdown of PAF53 via the same
auxin-inducible degron system did not cause the rapid degradation of PAF49 (Panel B).
Currently, we hypothesize that PAF49 is more stable without its partner, because it is able to
interact with polymerase by itself. This interaction may cause PAF49 to be stable for longer
periods of time. On the other hand, PAF53 needs to be dimerized with PAF49, in order
to be able to interact with Pol I. If PAF53 is not able to incorporate into the polymerase,
it might become unstable and be targeted for degradation. Interestingly, studies in yeast
have not reported that the knockout of A34 causes the knockdown of A49. It would be
interesting to see if the knockout of A34 caused an effect on the protein levels of A49, and
vice versa. Future studies need to be performed to test our current model. Additionally,
further studies are needed to determine how PAF49 and PAF53 are co-regulated, and how
they regulate their partner.
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3. Conclusions

While there are similarities between the yeast and mammalian Pol I systems, it is
important that we understand the differences between yeast and mammalian Pol I transcrip-
tion. Understanding these differences will aid in future studies targeting Pol I transcription
in different disease models. In this review, we highlighted some key differences between
the yeast and mammalian PAF heterodimers. Importantly, we demonstrated that while A34
is completely dispensable in yeast Pol I transcription, PAF49, its ortholog, is required for
mammalian Pol I transcription. We also highlighted the differences between yeast A49 and
mammalian PAF53. Specifically, the tWH of A49 is sufficient to rescue rDNA transcription
in yeast, but the tWH of PAF53 does not rescue transcription in mammals. This infers that
recruitment of the heterodimer may differ between yeast and mammals. Lastly, we have
observed that levels of PAF49 and PAF53 in the cell are co-regulated, while there is no
evidence that demonstrates the same regulation between A34 and A49.
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