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DEF1: much more than an RNA polymerase degradation factor
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Abstract

Degradation Factor 1 was discovered 20 years ago as a yeast protein copurifying with Rad26,

a helicase involved in transcription-coupled DNA repair. It was subsequently shown to control

the ubiquitylation and destruction of the large subunit of DNA damage-arrested RNA Polymerase
I1. Since that time, much has been learned about Defl’s role in polymerase destruction and new
functions of the protein have been revealed. We now understand that Def1 is involved in more than
just RNA polymerase Il regulation. Most of its known functions are associated with maintaining
chromosome and genomic integrity, but other exciting activities outside this realm have been
suggested. Here we review this fascinating protein, describe its regulation and present a hypothesis
that Defl is a central coordinator of ubiquitin signaling pathways in cells.
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Background:

DNA damage elicits cellular mechanisms which minimize transcription errors while also

maintaining genomic integrity. One event occurring is the irreversible stalling or arrest of
the transcriptional machinery comprising RNA polymerase 11 (RNAPII) and transcription
elongation factors at the site of DNA damage, which must be removed from the lesion for
the repair of the damaged DNA strand.[1, 2].

Early research efforts targeted at unraveling the pathways involved in yeast DNA damage
response identified Rad26 as a key player in the transcription-coupled repair (TCR) [3].
TCR preferentially repairs the transcribed strand and is rapid compared to its counterpart
global genomic repair (GGR). GGR requires the ubiquitylation and subsequent degradation
of RNAPII[1, 2, 4]. The interplay between GGR and TCR was suggested by discovering

a large protein that co-purified with the TCR factor Rad26 from chromatin preparations,
which was subsequently named the RNAPII Degradation Factor 1 (DEF1) [5]. This finding
pioneered the investigation of the function of Defl in the ubiquitylation of RNAPII and
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revealed a role for polymerase degradation in GGR. Because Defl is a yeast factor, the next
section of the review will focus on the pathways leading to RNAPII degradation in yeast.
However, later in this review, we will make a case that a functional homolog of Def1 exists
in mammals.

Defl mediates RNA polymerase Il degradation

Three classes of enzymes work in series to ubiquitinate proteins, ubiquitin-activating E1,
ubiquitin-conjugating E2 and ubiquitin-ligase E3 [6]. While yeast only has one E1 protein,
there are multiple E2 and E3 enzymes in this organism. Using a combination of genetic
analysis and /n vitro reconstitution ubiquitylation assays, the enzymes required for the
ubiquitylation of Rpb1l, the largest subunit of RNAPII were identified. The E2 Ubc4/5,
HECT-domain-containing E3 ligase Rsp5, and the cullin-RING domain E3 ligase, Elongin
(Elal/Elc1/Cul3), were shown to be required for UV-induced degradation of Rpb1, through
the ubiquitin-proteasome pathway[2, 7, 8]. Biochemical assays characterized the roles of
each of the two E3 ligases, Rsp5 and Elongin complex, in the polyubiquitylation of Rpbl
[9]. These studies led to a model where Rsp5 initially adds monoubiquitin to RNAPII,

and this monoubiquitin unit is subsequently extended using lysine 48-linked chains by the
Elongin complex [9]. For quite some time, it was not known how the Elongin complex
targets RNAPII. In an elaborate set of experiments, Defl was identified to be that factor
[10]. Recruitment is mediated by a CUE domain contained in the N-terminus of Defl
(Figure 1). Instead of binding ubiquitin, the CUE domain of Defl bound a ubiquitin-like
domain (UBL) in the Elongin subunit Elal. Thus, Defl acts as a bridging factor connecting
the Elongin complex to RNAPII.

Nuclear localization of Defl is dependent on its processing by the

proteasome

A puzzling observation was that Defl is a cytoplasmic protein, yet it regulates the
ubiquitylation of chromatin-bound RNAPII. It is possible that a small fraction of Defl was
nuclear, which was sufficient to degrade RNAPII. However, it is much more interesting than
that. It was later discovered that cytoplasmic Def1 is an inactive form of the protein (at least
in regard to Rpb1 ubiquitylation), and Def1 is processed into a shorter form called processed
Defl (pr-Defl) when transcription stress is induced (Figure 2, right) [10]. The authors
could not precisely map the cleavage site, but molecular genetic experiments estimated it
occurs between amino acids 500-530 (Figure 1). This region contains a short interruption
of the long, very Q/N-rich C-terminus. Cleavage of Defl removes a large portion of the
glutamine- and arginine-rich region (Q/N) located at the C-terminus (more discussion of
the function of the Q/N-rich region is below). Defl processing caused the relocation of
pr-Def1l to the nucleus, where it can interact with RNAPII. The processing and nuclear
accumulation of Defl upon transcriptional stress is the major mechanism regulating its
binding to RNAPII and initiation of the ubiquitin modification cascade. This mechanism
was elegantly shown using an engineered version of Def1 that contained a tobacco-etch
virus (TEV) protease site near the natural site of processing. Induction of processing by
expression of the protease led to Rpb1 ubiquitylation independent of transcriptional stress.
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Interestingly though, the ubiquitylation of Rpb1 resulting from this mode of activation did
not lead to its destruction, indicating transcriptional stress signals have additional roles in
RNAPII degradation. Perhaps stress signals affect the removal of chromatin-bound RNAPII
by Ccd48 or Ino80 complexes, a prerequisite for Rpbl destruction [11, 12].

The processing of Defl occurs by ubiquitin-dependent proteasome cleavage. The
proteasome is widely known for its protein destruction function; however, it also can process
proteins at a precise site, including transcription factors [13, 14]. Surprisingly, Rsp5 was
identified as the E3 ubiquitin ligase that modified Def1 to target it to the proteasome for
cleavage. As described above, /n vitro ubiquitylation experiments determined that Rsp5
monoubiquitylates Rpb1. Therefore, Rsp5 has a dual function in Rpb1 ubiquitylation, the
processing of Defl in the cytoplasm and modification of Rpbl in the nucleus. A few
questions arise from the discovery of Defl processing as a major regulatory step. First, what
E2 is responsible for the processing event? It is likely to be Ubc4/5, but this must be proven
experimentally. Second, and most importantly, how does transcriptional stress in the nucleus
signal to the cytoplasm to initiate the processing of Def1? Defl processing is an early point
of control and a requisite for Rpb1 degradation.

Regulation of Defl expression

The first hint that DEF1 is important for stress responses came from a study showing its
expression is upregulated by 26 different cell-damaging conditions [15]. While a few stress-
regulated transcription factors bind to the promoter of DEFI[16, 17], expression is also
controlled by an interesting transcription attenuation mechanism [18]. This was discovered
by mapping alternative polyadenylation and cleavage sites within the open reading frames
of genes during DNA damage. A promoter-proximal (less than 50nt away from the start
codon) and a promoter-distal poly(A) site were identified in the DEFI gene [18, 19]. In
undamaged cells, the shorter, attenuated transcript predominates, which would not produce
a full-length mRNA or protein. The shift in poly(A) site usage may be caused by reduced
cleavage and polyadenylation factor (CPF-CF) levels in cells. DNA damage causes the
destruction of multiple CPF-CF subunits, and reduced CPF-CF increases the by-pass of the
first noncanonical terminator [18, 20]. The result of by-passing the attenuator is a 2-fold
increase in full length transcript.

Contrary to the rule that transcription attenuation occurs by one of the two major pathways,
Senl-dependent (NNS) pathway or poly (A)-dependent (CPF-CF) pathway [21, 22],
transcription attenuation of DEFI at the proximal terminator requires elements of both
pathways and was hence characterized as a hybrid terminator [19]. Based on the analysis of
mutants in each of the pathway, the attenuator is more strongly influenced by the CPF-CF
than the NNS termination pathway. This explains how reduced levels of CPF-CF in cells
can cause the by-pass of the promoter-proximal termination site and production of more
full-length mMRNA.. Transcription attenuation may be part of a mechanism of controlling the
overexpression of DEFI, which can be toxic to cells (read below).

DNA Repair (Amst). Author manuscript; available in PMC 2022 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Akinniyi and Reese

Page 4

DEF1 in DNA damage resistance and repair pathways

DEF1is required for the resistance of cells to multiple DNA damage agents, including

those that cause replication fork collapse, oxidative damage to bases, bulky lesions, double-
stranded breaks and chromosome rearrangements [5, 23-27]. The sensitivity of defIA cells
to a wide variety of mutagens suggests it does not play a specific role in any one type of
repair. This section of the review will describe its contributions to different repair pathways,
and we provide a hypothesis for why DEF1 mutant cells are sensitive to many types of DNA
damage.

As noted above, Defl was first identified as a protein associating with the transcription-
coupled repair (TCR) factor Rad26 [5]. Rad26 is an ATP-dependent helicase that moves
RNA polymerase Il along DNA, exposing the lesion previously buried in the active site

of polymerase [28, 29]. Even though Defl binds Rad26, it is not required for transcription-
coupled repair [5, 27]. This was demonstrated by T4 endonuclease assays for the repair of
UV damage within the RPB2 gene and genetic epistasis analysis using mutants in TCR and
GGR. Thus, the importance of the Def1-Rad26 interaction in DNA repair is unclear, but
Def1 appears to function in GGR indirectly by removing RNA polymerase. We know that
Rpb1-degradation is not required for the repair of lesions[5, 8]; thus, Defl does more in
DNA repair than initiate the destruction of RNAPII.

Interestingly, deleting RADZ6, which accelerates Rpb1 degradation, can reverse the need
for Def1 to degrade RNA polymerase Il [5]. The result was a striking reversal of the

defect, not a partial suppression. Curiously, deleting RAD26 did not suppress the Rpb1
degradation defect of a not4A mutant (Ccrd-Not subunit) or a conditional mutant of CDC48
(removes polymerase from chromatin) [11, 30]. Genetic and biochemical data suggest that
Ccr4-Not and CDC48function upstream and downstream of Def1, respectively. Thus, the
ability of Rad26 to modulate Rpb1 degradation is specific for Defl. A plausible model

was proposed that Rad26 blocks Defl from initiating Rpb1 degradation to allow for repair
via TCR [5, 28]. Rad26 binds upstream of RNAPII at a location where DNA exits the
polymerase and the transcript emerges [28]. Def1 specifically stimulates Rsp5-dependent
ubiquitylation of Rpb1 incorporated into elongation complexes, suggesting it recognizes
features of the EC absent in free RNA polymerase Il [31]. Interestingly, the N-terminus

of Defl (amino acids 1-207, Figure 1) binds single- and double-stranded DNA [32], a
feature of RNAPII elongation complexes. There is little known about how Defl associates
with RNAPII, other than its binding to RNAPII in cells is DNA damage dependent [33]. It
cannot be ruled out that DNA damage-generated signals influence the interaction, but since
initiating processing in the absence of DNA damage (above) leads to Rpb1 ubiquitylation
and recent data showing recombinant Def1 binds to purified RNA polymerase 11 elongation
complexes [34], the DNA damage -dependent binding of Defl to RNAPII is most likely
explained by the need to process Defl and for nuclear translocation. Additional biochemical
and structural characterization of the Def1-Rad26-RNAPII complex will be very valuable
for understanding the complex relationship between these two factors.

Defl mutants are mildly sensitive to oxidative stress [24]. Hydrogen peroxide does more
than cause DNA damage, but there is evidence that Defl may be important for repairing
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oxidative DNA damage during transcription. Owiti and colleagues used a system to measure
transcription-associated mutagenesis (TAM) that relies on the mutation-induced reversion of
a stop codon within a reporter gene in a strain accumulating unrepairable apurinic sites (AP)
sites [25]. Failure to repair AP sites through the normal pathway leads to the accumulation
of mutations due to error-prone repair DNA polymerase utilization. Deleting DEFI elevated
TAM rate about 15-fold, which was further enhanced in a rad26A mutant background.
Furthermore, repair of the AP-sites was more affected on the transcribed strand. Since
eliminating Rad26 from cells enhanced, rather than suppressed, TAM suggests that Defl’s
Rpb1 degradation function is not required for repair of AP sites. The double defIA/rad26/
has restored Rpb1 degradation [5]. Interestingly, the mutability phenotype of the defiA
mutant was reported to depend on the carbon source used to grow the cells; mutability

was not observed when grown in non-fermentable carbon sources [25]. The authors of that
paper speculated that the metabolic state of the cells regulates Defl by altering the ratio of
reactive oxygen species in the cell. However, it should be noted that TAM was suppressed

in mutants of other repair factors grown in non-fermentable carbon sources and Def1 is
required for mitochondrial maintenance and function [32]. A trivial explanation for the
carbon source dependence is that slowed growth of the defIA mutant, exacerbated by the
growth in glycerol-ethanol due to impaired respiration, reduced transcription rates in the
mutant, and thus, TAM.

Defl mutants are also sensitive to X-rays and zeocin, agents that create double-stranded
breaks (DSBs), and methyl methanesulfonate (MMS) and hydroxyurea that result in DSBs
during replication [23, 24]. A proteomics study first suggested a mechanism for Defl’s
involvement in managing DSBs. Wang and colleagues used a chromatin affinity purification-
mass spectrometry procedure to identify more than 100 proteins, including Def1, recruited
to an HO-endonuclease directed DSB [24]. Surprisingly, while defIA cells were shown to
be sensitive to zeocin in this study, and x-rays in another [23], DEFI was not required to
repair an HO-induced break at the MAT locus or when the break was induced within a
transcription unit. These results suggest that while Def1 is recruited to HO-induced DSB,

it may not be directly involved in break repair. The sensitivity of the mutant strain to
DSB-causing agents can be explained by another phenotype. Pulse-field gel electrophoresis
of yeast chromosomes demonstrated that defZA cells displayed delayed repair of global
DSBs and an increase in chromosome rearrangements [24]. These results suggest that

Def1 plays a broad role in chromosome integrity. This hypothesis is further supported

by two other chromosome maintenance functions of Defl. First, DEF1 is required for
pre-meiotic DNA replication and homologous chromosome pairing during meiosis [23].
This is due partly to the reduced loading of Zip1l. Interestingly, FACS analysis revealed that
def1A cells are prone to aneuploidy and defective nuclear division events. Second, DEF1
mutant cells undergo self-diploidization stimulated by transformation-induced homologous
recombination during mutant construction [26]. An interesting aspect of the latter study

is that the authors correlated the DNA damage sensitivity and mutability phenotypes to

the strain’s ploidy; isolates that underwent diploidization were UV immutable, while true
haploids were mutable. This result suggests caution in working with defIA cells and the
need to use conditional depletion strategies to identify immediate effects of the loss of Defl.

DNA Repair (Amst). Author manuscript; available in PMC 2022 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Akinniyi and Reese Page 6

Can the broad role of DEF1 in the repair of DNA damage be linked to a
common function?

The DNA damage sensitivity of DEFI mutant cells is mild compared to that of mutants

of factors directly involved in repair. At this time, evidence for a direct role of Def1 in

repair is lacking. Def1 is particularly important when canonical, dedicated repair pathways
are inactive or non-functional. For example, when TCR is impaired, Defl is required as a
last resort to destroy RNA polymerase Il by ubiquitin-mediated proteolysis [4]. Unrepairable
DNA damage is dealt with by error-prone replication pathways, translesion DNA synthesis
(TLS) as a “last resort”. Utilizing TLS increases mutations and mutability [35, 36]. An
explanation for the connection between Defl and multiple DNA repair pathways may

hinge upon its control of Pol3 destruction [37]. Pol3 is the catalytic subunit of DNA
polymerase delta, which participates in lagging strand synthesis, DNA replication during
meiosis, recombination, DSB repair, and nucleotide excision repair (NER) [38]. Other
subunits of Pol3-containing complexes include Pol31, Pol32, Rev3, and Rev7. The discovery
that Defl controls the balance of replicative and TLS synthesis through Pol3 was based on
the MMS-dependent association between it and Rad5, an ATPase that mediates the process
of by-passing lesions through template switching [37]. Based on genetic analysis, RAD5
and DEFI function in distinct aspects of DNA repair, with DEFI belonging in the RAD6-
RAD18-regulated DNA damage tolerance pathway that promotes the switch to error-prone
TLS synthesis.

The authors of that paper showed that the ubiquitylation and destruction of the Pol3 after
DNA damage requires Defl. A model was proposed that Defl-dependent destruction Pol3
causes its exchange with error-prone TLS catalytic subunits of DNA polymerase, Rev3

and Rev1l. Blocking Pol3 destruction prevents switching to error-prone polymerases; thus,
account for the reduced mutability in defIA mutants [25, 37]. Interestingly, Rev3 functions
in DSB repair and Rev1 is used to by-pass abasic sites and guanosine adducts [39]. Defl’s
function in regulating the switch to TLS DNA polymerases through Pol3 degradation would
explain the broad DNA damage phenotypes and complex genetic interactions with multiple
repair pathways of the defIA mutant.

Telomere silencing and maintenance

There is information on the role of DEFI in telomere structure and function. The first
evidence of Defl regulating telomeres is based on its co-purification with Rrm3, a

DNA helicase that promotes replication at telomeres and suppresses DNA damage at G4-
quadruplex structures [32, 40]. The most striking result was that defIA cells displayed
shortened telomeres, by ~200 bp. This shortening of telomere length caused a mild
telomeric silencing defect of URAS3-based reporters. The same work confirmed that telomere
shortening was not observed in RAD26 or DST1 mutants, suggesting that this function

of Defl in telomere length control is distinct from its RNA polymerase 1l regulatory
properties. Interestingly, the paper demonstrated that the first 207 amino acids of Defl
binds single-stranded and double-stranded DNA, and Def1 was recruited to telomeres. The
recruitment was relatively weak, but as discussed above, the majority of Defl is sequestered
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in the cytoplasm. Activating DNA damage pathways by UV or disrupted telomeres may be
required to observe robust binding, and it would be interesting to examine if disrupting
telomere structure causes the processing and localization of Def1l to the nucleus and
telomeres specifically.

Rrm3 has a homolog, Pifl, that also promotes genome stability at telomeres by unwinding
G4 structures at telomeres [41]. DEFI and P/FI mutants show negative genetic interactions,
but the nature of this was not explored [42]. The fact that DEF1 shows genetic

interactions with two helicases involved in suppressing DNA damage at telomeric structures
reinforces its many roles in genomic maintenance. The loss of silencing is not unique

to Saccharomyeces cerevisiae DEF1 or telomeres. Schizosaccharomyces pombe DEF1 was
identified in a screen for mutants disrupting heterochromatic silencing at the mating-type
locus using several artificial boundary elements that replaced the natural IR-R+ sequences
[43]. This result suggests that Def1’s role is not telomere specific but maybe a more general
feature of heterochromatic silencing.

Defl role in transcription

Def1 was first implicated in regulating transcription by its observed synthetic enhanced
phenotypes with the gene encoding TFIIS, DST1, and elongation defective mutants of RNA
polymerase 1l [5]. An explanation for these genetic interactions was that RNA polymerase
arrested by non-DNA damage blockage requires Defl processing and Defl-dependent Rpbl
degradation [4, 10, 31]. The failure to clear arrested RNAPII from genes synergized with
the defects brought on by elongation factor mutations. However, there is more to the story
than this. Additional lines of evidence point to a role for Defl in promoting transcription,
independent of its Rpb1 degrading activity. These are presented below.

The most direct evidence came from a more recent study that discovered that Defl
co-purifies with the general transcription factor TFIIH [34]. The same study also found
subunits of the Ccr4-Not complex in these fractions (below). The interaction was mapped
to the N-terminus of Defl using crosslinking-mass spectrometry, which identified contacts
between Defl and the PH domain of Tfbl, Tfb2 and Rad3. Searching for a function of

this interaction, the authors used a highly purified and well-defined transcription system

to identify a role for Defl in transcription. Adding Def1 alone to the reaction had no

effect on initiation or elongation. However, when both TFIIS and Elongin were added, Defl
enhanced transcription initiation from a new initiation site on the SNR20 promoter. The
transcription promoting activity of Defl required the N-terminal half-of the polyQ region,
since a version of the protein containing amino acids 1-380 was inactive, but one containing
1-530 was (see Figure 1). Furthermore, order of addition experiments suggests that Defl
(and Elongin) promote the reactivation of RNAPII after TFIIS-induced cleavage of the
transcript displaced from the active-site of polymerase. This study also demonstrated that
Defl (1-530) can interact directly with purified elongation and pre-initiation complexes,
indicating the direct involvement of Defl in transcription. The interaction between Defl
and the EC, however, was insufficient to re-start transcription in the absence of Elongin

and TFIIS, suggesting Defl performs a recruitment function. Elal, a subunit of the Elongin
complex, contains a ubiquitin-like domain that binds to the CUE domain of Def1[10] to
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promote Rpb1l degradation. The role of Defl in promoting elongation re-start in the absence
of Rpb1 degradation may be to recruit Elongin to the EC. It would be very illuminating to
conduct the transcription assays using a version of Defl with a mutated CUE domain or
Elongin subunit mutants to examine this possibility.

Another factor that connects Def1 function to elongation and Rpb1 degradation is Ccr4-
Not. Ccr4-Not associates with elongation complexes, promotes elongation by preventing
RNAPII arrest and functions with TFIIS [44-46]. Ccr4-Not, Not4 specifically, is required
for Rpb1 destruction of arrested RNAPII[30]. Similar to Defl, Ccr4-Not subunit mutations
display synthetic enhanced phenotypes with a dstZA mutation [46, 47]. Ccr4-Not subunits
co-purified with TFIIH and Defl and BiolD proximity labeling studies indicate that Defl
and Ccr4-Not interact within cells [34]; Pfannenstein and Reese, unpublished). Ccr4-Not
acts upstream of Defl in the Rpb1 destruction pathway by promoting Rsp5-dependent
ubiquitylation. Despite some similarities, two lines of evidence indicate that Ccr4-Not and
Def1 have different functions in the cell. First, defIA and not4A mutations are synthetically
lethal. Second, the Rpb1 degradation defect in the not4A mutant cannot be suppressed by
deleting RADZ6. We have suggested that Ccr4-Not and Def1 reactivate arrested RNAPII,
which explains the synthetic lethality, and they may do so by acting as a scaffold to

recruit and coordinate the actions of other elongation factor such as TFIIS and Elongin.
The reciprocal interactions between Defl, Ccr4-Not, TFIIS and TFIIH suggest that further
examination of the interplay among these factors would be a worthwhile pursuit and
advances in cryo-EM may allow for a structure of these factors and elongation complexes to
be solved.

Defl in proteostasis

A distinguishing feature of Def1 is an extended glutamine- and asparagine-rich region (Q/N)
at the C-terminus of the protein (Figure 1). One role of the C-terminus is to keep Defl in

the cytoplasm until its processing by the proteosome. Q/N-rich proteins have the propensity
to aggregate and form amyloid-like fibrils[48, 49]. The first lines of evidence that Defl
regulates proteostasis, protein aggregation specifically, came from studies reporting that the
toxicity of overexpressed mutant forms of Huntington’s disease proteins (Htt103Q) in yeast
is suppressed by deleting DEFI [50-52]. Overexpressed Defl forms foci similar to other
amyloid forming proteins and co-localized with over expressed human Huntington’s disease
proteins in the cytoplasm [49, 51]. Furthermore, proteomics and genetic studies revealed that
Defl forms SDS-resistant aggregates in cells, a feature of amyloid-forming proteins [49, 53,
54]. Finally, Def1 protein forms amyloid-like aggregates /n vitro, which has been mapped
recently to the N-terminal portion of the Q-rich region (amino acids 371-530) [34, 49].
There are a few points to consider, however. At least one study suggested that the expression
of the Huntingdon proteins, both disease causing (HttQ103) and control (HttQ25), was
reduced in defIA cells [52]. So reduced accumulation of HttQ103 protein can explain the
loss of toxicity in the mutant. Also, the toxicity of HttQ103 proteins requires ”seeding” of
the aggregates by intercellular proteins prone to aggregation and prions, aggregation and
toxicity does not always correlate[51, 55] and the degree of toxicity appears to be strain
dependent [52].
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So, what is the function of the Q-rich domain? Domain mapping studies revealed that
expressing the shortened version of Defl (1-500) is toxic to cells [10]. Toxicity was not
observed when the wild type protein is overexpressed or a version with smaller portion

of the Q-rich domain is removed (1-600), suggesting an extended C-terminus protects

cells from Def1 toxicity [10]. Interestingly, driving the toxic versions of Defl out of the
nucleus by fusing a nuclear export signal to it, suppressed the toxicity. This suggests that
accumulating processed protein in the nucleus is the cause of the toxicity and that the
N-terminal half of the Q-rich domain contributes to this phenotype. Thus, the extended
C-terminus is important for sequestering the protein in the cytoplasm and this mis-regulation
interferes with nuclear functions. This is analogous to how cells contend with accumulation
of other Q/N-rich domain proteins, sequester them in a form that reduces toxicity.

The ability of Defl to form punctate, amyloid-like structures in cells requires
overexpression. This may representant an experimentally visible, exaggerated state of a
structure that forms to a lesser extent under natural conditions. The C-terminus of Defl
undergoes self-oligomerization [10, 32] and likely mediates its association with other

Q/N rich proteins in cell. Indeed, amino acids 381-480 of Defl forms oligomers in

vitro [32]. Shortening of the Q/N-rich region by proteolytic processing of Defl could
shift the equilibrium from forming high-ordered aggregates to restrict its activity, to one
capable of more dynamic interactions with like-structured proteins. Defl may act as a
scaffold for coordinating the recruitment of activities in RNA polymerase Il degradation and
transcription, and recruiting factors with similar Q/N-rich domains may be the mechanism
of action. It is noteworthy that a version of Defl completely lacking the Q/N-rich region
(1-380) did not support transcription reactivation in transcription assays [34]. Thus, the
first half of the Q/N-rich domain may make contacts with components of the transcription
machinery.

Domain mapping experiments demonstrated that the Q/N-rich region is responsible for
keeping Def1l in cytoplasm [10]. Furthermore, the C-terminus of Defl (500-738) is
sufficient to transport GFP into the cytoplasm, despite lacking any known nuclear export
signal (NES). An interesting, but unproven theory is that the C-terminus of Defl associates
with nuclear pore complex (NPC) proteins Nup49, Nup100 and Nu116, which also has
Q/N-rich regions. The propensity of Q/N regions to oligomerize with like domains may be
the basis for how Def1 is recognized by the NPC and transported out of the nucleus.

Is UVSSA the mammalian equivalent of Def1?

Def1 has no identifiable homologs outside of yeast, which raises the question if

Def1’s functions are fungal-specific. However, there are examples where proteins without
detectable sequence homology perform analogous functions in their respective organisms.
Here we make a case that the UVSSA protein is the Defl equivalent.

UV-stimulated scaffold protein A (UVSSA) binds to arrested RNAPII, is required for the
ubiquitylation of Rpb1 and recruits TFIIH to promote TCR [1, 56-59]. The sequential
ubiquitination of RNAPII and UVSSA coordinates the recruitment of TFIIH to damaged
sites [56, 58], which occurs via a physical interaction between UVSSA and the p62
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subunit (TFB1 in yeast) of TFIIH [57]. Overall, UVSSA acts as a scaffold to coordinate
ubiquitylation of arrested EC components and regulates TCR by the recruitment of TFIIH,
functions similar to those of Def1 in yeast (Figure 2).

Let’s draw some parallels between UVSSA and Def1l. First, both Defl and UVSSA are
required for Rpbl ubiquitylation. Second, both are recruited to chromatin-bound RNAPII
by DNA damage. Third, UVSSA binds the TFB1 homolog of human TFIIH, p62, and
crosslinking mass spectrometry studies detected direct interactions between Defl and
TFB1[34, 57]. Fourth, both are regulated by monoubiquitylation. In the case of UVSAA,
ubiquitylation causes TFIIH recruitment to damage sites, but the only known role of Defl
modification is its processing by the proteasome [10, 58]. However, it should be noted that
global proteome analysis detected ubiquitylation sites in Def1 distinct from those required
for its processing [10, 60]. It cannot be ruled out that Defl ubiquitylation has roles in the
TFIH recruitment. Fifth, UVSSA recruits the ubiquitin-specific protease USP7 to protect
ERCC6/CSB/yRAD26 from degradation [61]. Interestingly, the closest yeast homolog to
USP7 is Ubp15, which co-purifies with Defl and TFIIH [34]. Finally, both proteins act as
a scaffold to coordinate the recruitment of activities that remove RNAPII or utilize Rad26/
CSB-dependent TCR [5]. There are functions and activities that set them apart, however.
UVSSA lacks a Q/N-rich motif, is nuclear and not processed like Defl. Sequestration of
Def1 in the cytoplasm may be necessary in fungi to prevent premature Rpb1 degradation
due to yeast’s more compact and transcriptionally active genome. Second, Defl is required
for Rpb1 degradation in yeast cells, while this appears not to be the case for UVSSA.

Cells from patients with UVSSA mutations and cells depleted of UVSSA degrade the
large subunit of RNAPII [59, 61, 62]. In fact, it has been suggested that UVSSA stabilizes
the RNAPII-CSB complex by preventing CSB degradation[62, 63]. Finally, another major
difference is that UVSSA is required for TCR, but Def1 is not[1, 2, 5]. This may reflect
more of a difference in requirement of Rpb1 degradation for TCR between yeast and
mammals, rather than a direct difference in the mode of action of Defl and UVSSA. Rpbl
degradation is not necessary for TCR in yeast, but it is in mammals[1, 2]. Thus, while details
differ, in a broad sense, both Defl and UVSSA play a key role in balancing the use of TCR
and RNAPII degradation pathways and this function centers around recruitment of factors
through ubiquitin-dependent signaling.

Perspectives on Defl function: looking forward

Defl has many functions, but most are centered around maintaining genomic integrity

and chromosome structure. One potential thread that ties Defl’s activities together is
ubiquitylation. As discussed above, destruction of RNAPII and Pol3 to initiate DNA
polymerase switching during damage responses links its regulation of transcription -and
DNA damage-related stresses to protein destruction. The only other distinguishing feature of
Def1, besides the Q/N-rich domain, is the CUE- ubiquitin-like binding domain. The CUE
domain recruits Elongin to arrested RNAPII, but it is feasible that it binds other proteins
with ubiquitin-like domains. Defl can be a “universal scaffold “ that recruits ubiquitylation
machinery to multiple targets throughout the genome. Directed proteomics screens using
the CUE-domain as bait could provide evidence for this hypothesis. Additionally, global
ubiquitylome students in defIA or conditional depletion strains may identify proteins whose
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ubiquitylation is dependent on Defl. Identifying novel targets of Defl has the potential to
link its many functions in genome integrity to ubiquitylation of proteins.

An interesting question is if Defl has specific cytoplasmic functions or if the only reason

its localized there is to prevent it from interfering with nuclear processes. Defl associates
with the Ccr4-Not complex, which is the major mRNA deadenylase. Furthermore, the list of
protein binding partners cataloged in the Saccharomyces Genome Database (SGD) includes
many mRNA binding proteins. Def1 binds nucleic acids, and this activity may suggest a

role in mMRNA regulation in the cytoplasm. However, the co-purification of RNA binding
proteins with Defl may be attributed to nucleic acids dependent interactions during isolation
of the complexes. Nucleases are not used routinely in tandem-affinity purification (TAP)
procedures. Most studies on Def1 thus far examined nuclear functions, and a more thorough
search for cytoplasmic functions is needed. The identification of novel cytoplasmic functions
for Def1 will open new exciting areas of research.
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