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The transcription cycle of RNA polymerase II (RNAPII) is
governed at multiple points by opposing actions of cyclin-
dependent kinases (CDKs) and protein phosphatases, in a
process with similarities to the cell division cycle. While
important roles of the kinases have been established,
phosphatases have emerged more slowly as key players
in transcription, and large gaps remain in understanding
of their precise functions and targets. Much of the earlier
work focused on the roles and regulation of sui generis and
often atypical phosphatases—FCP1, Rtrl/RPAP2, and
SSU72—with seemingly dedicated functions in RNAPII
transcription. Decisive roles in the transcription cycle
have now been uncovered for members of the major phos-
phoprotein phosphatase (PPP) family, including PP1,
PP2A, and PP4—abundant enzymes with pleiotropic roles
in cellular signaling pathways. These phosphatases appear
to act principally at the transitions between transcription
cycle phases, ensuring fine control of elongation and
termination. Much is still unknown, however, about the
division of labor among the PPP family members, and
their possible regulation by or of the transcriptional kinas-
es. CDKs active in transcription have recently drawn at-
tention as potential therapeutic targets in cancer and
other diseases, raising the prospect that the phosphatases
might also present opportunities for new drug develop-
ment. Here we review the current knowledge and out-
standing questions about phosphatases in the context of
the RNAPII transcription cycle.

Transcription in eukaryotes relies on RNA polymerases I,
II, and III to synthesize different types of RNA molecules
encoded in the nuclear genome. RNA polymerase II
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(RNAPII) transcribes the majority of genes, including
those encoding proteins, long noncoding RNAs
(IncRNAs), microRNAs (miRNAs), enhancer RNAs
(eRNAs), and most small nuclear RNAs (snRNAs) (Hsin
and Manley 2012; Cramer 2019a). Transcription by
RNAPII can be modeled as a cycle comprising discrete
stages of initiation, elongation, 3’ end formation and ter-
mination, and, finally, recycling of RNAPII to restart the
process (Fig. 1). Transcription is strictly regulated, as befit-
ting its critical role in determining levels of gene expres-
sion and, thus, virtually all aspects of cellular identity,
fate, and metabolism. Initiation was long considered the
major, rate-limiting step in transcriptional regulation—a
paradigm first established in prokaryotic systems and
seemingly validated by the large numbers and important
roles of transcriptional activators that help recruit RNA-
PII to eukaryotic promoters. A more complex picture
has now emerged, in which elongation, termination, and
recycling are also subject to regulation, which in many
cases is determinative of transcriptional outputs (Sansé
and Fisher 2013; Cramer 2019b).

The control of transcription initiation by RNAPII gen-
erally involves the regulation of DNA accessibility by
chromatin-modifying and remodeling enzymes, binding
to exposed regulatory elements by sequence-specific tran-
scriptional activators, engagement of a multisubunit
coactivator complex called the Mediator, and the stepwise
association of general transcription factors (GTFs) and
RNAPII to assemble a competent preinitiation complex
(PIC) at the transcription start site (TSS) (Cramer 2019b;
Schier and Taatjes 2020). In budding yeast, initiation is
generally rate-limiting for the productive transcription
of protein-coding genes. At a majority of genes in metazo-
ans, however, transcription by RNAPII, once initiated, is
paused ~50-100 nt downstream from the TSS and requires
additional signaling to resume processive elongation
(Adelman and Lis 2012; Core and Adelman 2019). Both
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Figure 1. Protein phosphatases and kinases involved in the
RNAPII transcription cycle. The protein phosphatases and cy-
clin-dependent kinases (CDKs) with their cognate cyclins (Cyc)
associated with the sequential stages of the RN APII transcription
cycle are depicted. Horizontal arrows indicate specific intervals
in which individual cyclin/CDKs act; analogous assignments of
phosphatases remain imprecise. For PPPs, catalytic subunits are
depicted in gray and regulatory subunits in colors.

Recycling

modes of transcription by RNAPII—initiation-limited
and pause-regulated—are coordinated by the phosphoryla-
tion of RNAPII and its accessory proteins.

Protein phosphorylation is the reversible, covalent addi-
tion of a phosphate group to side chains of phospho-acceptor
amino acid residues—predominantly serine, threonine, or
tyrosine in eukaryotes. Phosphorylation at specific residues
can alter the function of a protein by directly (i.e., electro-
statically) promoting or disrupting intermolecular interac-
tions or by allosterically altering conformation of the
modified protein and thereby influencing its activity, posi-
tively or negatively (Beltrao et al. 2013). High-throughput,
mass spectrometric analyses mapped nearly 300,000 phos-
phorylation sites in the human proteome, whereas ubiqui-
tylation and acetylation—the second and third most
common post-translational modifications (PTMs) readily
detectable by mass spectrometry—occur at ~110,000 and
~40,000 sites, respectively (Hornbeck et al. 2015). Protein
phosphorylation is also perhaps the most ancient PTM,
ubiquitous throughout evolution and in all kingdoms of
life, and is believed to have played an important role in
the first living organisms (Beltrao et al. 2013).

Phosphorylation is dynamic and, like other PTMs, is
controlled by the coordinated action of “writers” and
“erasers”’—the protein kinases and phosphatases, respec-
tively. For reasons we discuss below, the kinases that
place phosphorylation marks have received more atten-
tion than the phosphatases that remove them, but both
classes of enzymes are, obviously, equally important
(Gelens et al. 2018). Pathways regulated by phosphoryla-
tion need phosphatase activity to maintain signaling pro-
teins in their unmodified state in the absence of the
appropriate signal and to reset the system after activation
so that it can respond again when restimulated. Moreover,
because signaling proteins are commonly regulated by
multisite phosphorylation, with readouts that depend on
precise, combinatorial modification patterns, phosphory-
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lation and dephosphorylation must be executed with sim-
ilar levels of precision (Smoly et al. 2017).

Cotranscriptional phosphorylation of RNAPII and its
accessory factors is predominantly catalyzed by the cy-
clin-dependent kinases (CDKs) (for a recent review, see
Parua and Fisher 2020). In a current model, different
CDKs are recruited or activated in a stage-specific manner
to phosphorylate substrates in, or associated with,
RNAPII transcription complexes (Fig. 1). CDK-dependent
phosphorylation generally acts after initiation to promote
transitions between phases of the transcription cycle and
to coordinate these transitions with cotranscriptional
events such as RNA-processing and chromatin modifica-
tion (Buratowski 2009; Hsin and Manley 2012; Sansé
and Fisher 2013; Cramer 2019b). This is in many ways
analogous to the cell division cycle, another process driv-
en largely by CDK activity (Swaffer et al. 2016; Ord and
Loog 2019). As discussed below, this resemblance goes be-
yond broad similarities of regulatory logic and includes
examples of entire signaling modules being duplicated
or repurposed in cell division and transcriptional machin-
eries (Malumbres 2014).

Although the functions and relevant protein substrates
of CDKs in transcription are still being deciphered, work
in diverse systems has provided a robust framework for
ongoing investigations. Importantly, the temporal se-
quence in which different CDKs act during the RNAPII
cycle appears to be conserved in evolution, so that we
have a good idea of which steps in transcription are affect-
ed when one or another CDK is disabled (Parua and Fisher
2020). There is less clarity regarding the phosphatases
(Fig. 1). This is largely due to impediments to the study
of dephosphorylating enzymes, which we discuss below.
Over the last several years, however, there has been re-
newed interest in the transcriptional phosphatases, with
concomitant development of new tools for their genetic
and biochemical analysis. Here we review insights re-
vealed by these studies, from which a more complete pic-
ture is beginning to emerge of kinases and phosphatases
working in concert.

The biology of protein phosphatases

Protein kinases are among the most intensely studied en-
zyme classes, owing to their near ubiquity in cellular sig-
naling pathways and their potential for therapeutic
targeting in diseases including cancer. Phosphatases
help determine the balance between phosphorylation
and dephosphorylation of myriad proteins in vivo but
are relatively refractory to many of the genetic and bio-
chemical tools used to dissect and characterize the
kinome. Much of this difficulty stems from peculiarities
and complexities of phosphatase biology and regulation,
for which a specialized toolkit is still being developed.

Kinases vs. phosphatases: a contrast in regulatory style

Functional diversity among protein kinases has evolved
mainly through iterative gene duplication and
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specialization of kinase catalytic subunits, such that ge-
netic ablation or chemical inhibition of any one member
typically affects relatively few signaling pathways in
vivo (although there are important exceptions to this gen-
eralization). It has been possible, moreover, to achieve
some measure of kinase selectivity with active site-direct-
ed small-molecule inhibitors that discriminate among
subtle variants of the ATP-binding pocket and surround-
ing surface features (Wu et al. 2015; Parua and Fisher
2020). In contrast, genes encoding catalytic subunits of
phosphatases are relatively few in number but are heavily
transcribed and translated to maintain an overall abun-
dance similar to that of kinases (Gelens et al. 2018). More-
over, the catalytic subunits of many phosphatases have
little intrinsic substrate selectivity and are instead direct-
ed to dephosphorylate specific substrates and eschew oth-
ers by interacting with accessory proteins. Although
kinases can also be targeted to specific substrates or sub-
cellular locations by binding to regulatory subunits
such as cyclins, the catalytic subunits themselves typical-
ly have strong preferences for conserved motifs within
their substrates. This difference has spawned a miscon-
ception that protein phosphatases are promiscuous in
comparison to kinases; on the contrary, phosphatases
can achieve exquisite substrate specificity in vivo through
their quaternary interactions with regulatory partners
(Virshup and Shenolikar 2009). Relative to kinases, how-
ever, it has been more difficult to identify protein sub-
strates of specific phosphatases or to reconstitute and
characterize the selective phosphatase holoenzymes that
exist in cells.

The human genome encodes ~500 kinases (Manning
et al. 2002) and 189 protein phosphatases (Chen et al.
2017), but ~90% of cellular dephosphorylation events are
catalyzed by the phosphoprotein phosphatase (PPP) sub-
class, composed of 13 pSer/pThr phosphatases including
the broadly active PP1 and PP2A (Fig. 2; Heroes et al.
2013). Consistent with its heavy workload in cells, PP1
is an abundant protein, with a cellular concentration of
~0.2 uM (Verbinnen et al. 2017). PP2A is similarly abun-
dant, reportedly accounting for up to 1% of total cellular
protein and the majority of pSer/pThr phosphatase activity
in some tissues (Shi 2009; Sangodkar et al. 2016). Striking-
ly, the abundance of PPPs is typically orders of magnitude
higher than those of transcription-related, non-PPP phos-
phatases, as determined by proteomic analyses (Fig. 2). In
aggregate, the intracellular abundance of phosphatases
has been estimated to be twice that of kinases (Smoly
et al. 2017). The disproportionate numbers of kinase and
phosphatase isoforms are evolutionarily conserved: The
genome of the budding yeast Saccharomyces cerevisiae
encodes 129 kinase catalytic subunits but only 30 phos-
phatases, of which 13 are the PPPs (Breitkreutz et al.
2010; Chen et al. 2017). Similar numbers have been report-
edin fission yeast, mouse, fly, and plant systems (Morrison
et al. 2000; Schweighofer and Meskiene 2015; Smoly et al.
2017).

Kinases and phosphatases differ in other important
ways. Whereas kinases often undergo large fluctuations
in expression and activity in response to stimuli, phospha-
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tase holoenzymes, with some exceptions, tend to be sta-
ble in vivo and more constant in their specific activity.
This may reflect the canonical roles of dephosphorylation
in kinase-dependent signaling: setting thresholds for ini-
tial pathway activation, ensuring timely shutoff to pre-
vent tonic activation, and buffering noise by suppressing
activation in response to weak or transient stimuli (Ceule-
mans and Bollen 2004; Smoly et al. 2017).

How phosphatases achieve specificity

PPPs attain a target specificity comparable to that of ki-
nases by acting as obligate heteromers in vivo (Fig. 3).
For example, despite its abundance, PP1 is probably never
present in the cell as a monomer (Virshup and Shenolikar
2009); physiologically relevant, active PP1 holoenzymes
are composed of catalytic and regulatory subunits. In
vivo, relatively few PP1 catalytic subunits achieve func-
tional diversity by combining with a multitude of regula-
tors that confer distinct localizations and substrate
specificities (Bertolotti 2018).

PP1 holoenzymes are composed of a catalytic subunit
encoded in humans by one of three paralogous genes,
PPPICA, PPPICB, and PPPICC (encoding PPla, PP1p,
and PPly, respectively), with a large exposed surface
able to bind one or more PP1-interacting proteins (PIPs),
giving rise to both dimeric and higher-order complexes
(Fig. 3). Identified PIPs currently number >200 and are rel-
atively divergent, apart from short motifs that mediate
binding to the catalytic subunit. Two such motifs contain
the consensus sequences RVxF and S/GILK, both found in
a large number of PIPs (Moorhead et al. 2008; Verbinnen
et al. 2017). In contrast, PP2A holoenzymes are composed
of a core heterodimer, including one catalytic (“C”) sub-
unit encoded by the paralogous PPP2CA and PPP2CB
genes and one “A” scaffold subunit (also known as PR65
and encoded by the PPP2R1IA and PPP2R1B genes), to
which a third regulatory partner, the B subunit, can bind
to generate functional diversity (Fig. 3; Kauko et al.
2020). Compared with PIPs, PP2A B subunits are more
structurally related and can be clustered in four families
(B/B55, B'/B56, B”, or B"’). B subunits are also fewer in
number (two to five per family), potentially giving rise
to ~80 canonical PP2A holoenzymes (Sangodkar et al.
2016). PP2B, PP4, and PP6 share a similar assembly strat-
egy, although the known interactors for these phosphatas-
es are fewer. Other phosphatases covered in this review
belong to classes distinct from the PPPs and function as
monomers (Fig. 3). FCP1 (encoded in humans by the
CTDP1 gene) and the related small CTD phosphatases
(SCPs) were founding members of a new class of enzymes
belonging to a broader superfamily of phosphotransferases
and phosphohydrolases (Kamenski et al. 2004). SSU72 and
Rtrl (and its human ortholog RPAP2) also have active
sites that are unique among pSer/pThr phosphatases
(Meinhart et al. 2003; Irani et al. 2016). Detailed descrip-
tions of their modes of action or catalytic mechanisms
can be found elsewhere (Pons et al. 2014; Mayfield et al.
2016).
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Specialized phosphatases help drive RNAPII transcription

The importance of protein phosphorylation in governing
the RNAPII transcription cycle first became apparent
with the identification and characterization of the C-
terminal domain (CTD) of RPBI, the largest subunit of
RNAPII (encoded by the POLR2A gene in humans). The
RPB1-CTD is composed of variable numbers of heptad re-
peats (52 in humans, 26 in S. cerevisiae, 29 in S. pombe) of
the consensus sequence Tyrl-Ser2-Pro3-Thr4-Ser5-Pro6-
Ser7 (Corden 1990). Most or all residues in the CTD are
subject to PTM—most commonly phosphorylation but

@ @

>

protein abundance (ppm)

S.pombe

&

also glycosylation, prolyl isomerization, and, in noncon-
sensus repeats containing Lys or Arg substitutions at posi-
tion 7, methylation (Sims et al. 2011}—in stereotypical
patterns correlated with transcription cycle stage (Fig.
4). These patterns have been proposed to constitute a
“CTD code” that is read by RNAPII-interacting factors
to coordinate transcription with cotranscriptional events
(Buratowski 2003; Egloff and Murphy 2008; Schwer and
Shuman 2011). There are examples in which a specific
mark (“letter”) or combination of marks (“word”) is
known to elicit a particular downstream effect, but CTD
lexicography remains a work in progress. The most

Figure 3. PPPs act as obligate heteromers.
In order to specifically catalyze a large num-
ber of reactions, the catalytic subunit of a
PPP (“C”) must interact with one or more
regulatory subunits. C subunits are encoded
by paralogous genes and therefore are depict-
ed as invariable (gray). PP1 C subunits can
interact with a large range of PP1-interact-

O
=

PP2A

ing proteins (PIPs) in both heterodimeric
and higher-order complexes. In canonical
PP2A holoenzymes, C subunits always in-

non-PPP

teract with one scaffold A subunit (encoded by two similar genes, also depicted as invariable; gray) and one B subunit (encoded by multiple

genes). Non-PPPs generally act as monomers.
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extensively investigated modifications are phosphoryla-
tions of the Ser5 (pSer5) and Ser2 (pSer2) positions, which
predominate in RNAPII complexes sampled early and late
in transcription, respectively (Fig. 4).

Multiple kinases, including a subset of the CDK family
comprising at least seven members in humans, have been
implicated in CTD phosphorylation (Parua and Fisher
2020). It is now clear that many of these kinases phosphor-
ylate components of the RNAPII machinery besides the
CTD and can thus influence the transcription cycle
through diverse mechanisms beyond recruitment of fac-
tors to the RNAPII complex (Larochelle et al. 2006; Poss
et al. 2016; Sansé et al. 2016; Rimel et al. 2020). For exam-
ple, the major substrate of positive transcription elonga-
tion factor b (P-TEFb, a complex of CDK9 and cyclin T1)
is SPT5, the essential subunit of the conserved SPT4/
SPT5 complex also known in metazoans as DRB sensitiv-
ity-inducing factor (DSIF). CDK9 phosphorylates SPT5 on
multiple sites (Fig. 4) to regulate RNAPII pause release and
processive elongation, as described in more detail below
(Yamada et al. 2006; Booth et al. 2018; Vos et al. 20183,
b). Similarly, while many of the phosphatases that act dur-
ing transcription were first identified by virtue of activity
toward the RPB1-CTD, new targets and functions of these
enzymes are emerging. Self-evidently, all phosphoryla-

TSS PAS

Elongation

Mark Phosphatase References

tions of transcription-related proteins must be removed,
at some point, by one or more phosphatases. For example,
loss of PP1 results in increased phosphorylation of multi-
ple residues of the transcription factor and proto-oncogene
product MYC (Dingar et al. 2018). Nevertheless, we focus
here on phosphatases that work on the core transcription
machinery to regulate progression through the RNAPII
cycle, as opposed to accessory factors such as activators
or coactivators. We begin with the specialized or dedicat-
ed enzymes that were identified in targeted biochemical
and genetic studies, and conclude with the PPP family,
the transcriptional roles of which were initially obscured
by their functional pleiotropy.

FCP1 and family: the original CTD phosphatases

The emergence of RPB1-CTD phosphorylation as a key
regulator of transcription set off hunts for the kinases
and phosphatases involved. Purification of the major
CTD phosphatase detectable in whole-cell extracts led to
the identification of budding yeast Fcpl. Mass spectromet-
ric characterization of Fcpl-containing complexes re-
vealed an interaction with the Rap74 subunit of the GTF
TFIIF, which functions in both initiation and elongation;
a vyeast two-hybrid interaction screen with TFIIF

Figure 4. Phosphatases target the RNAPII CTD
and SPT5 throughout the transcription cycle.
(Top) Typical profiles of indicated RNAPI and
SPT5 phosphorylation marks along the bodies of
genes in higher eukaryotes. Due to the high vari-
ability of pTyrl profiles across species, the one de-
picted is based on the distribution reported in
metazoans (Descostes et al. 2014). (Bottom) For
each mark, proposed phosphatases are indicated.
For PPPs, only catalytic subunits are reported.
(TSS) Transcription start site, (PAS) polyadenyla-
tion signal.

Termination Rec.
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subsequently identified human FCP1 (Chambers and Dah-
mus 1994; Chambers et al. 1995; Chambers and Kane
1996; Archambault et al. 1997, 1998). Fcpl is encoded by
an essential gene in budding yeast, and thermal inactiva-
tion of a temperature-sensitive mutant variant produced
decreases in mRNA levels and RNAPII occupancy on chro-
matin consistent with transcription failure (Kobor et al.
1999). More than two decades later, the mechanistic basis
for this requirement remains only partly understood. Early
studies in vitro indicated a role for human FCP1 in reinitia-
tion by RNAPII after completing a round of transcription;
in a defined system consisting of purified factors, the addi-
tion of FCP1 allowed the formation of a competent PIC
when the only source of RNAPII was the hyperphosphory-
lated Iy form, consistent with an ability of FCP1 to dephos-
phorylate the CTD of RNAPII while it is off chromatin
(Cho et al. 1999). Similarly, Fcpl depletion by RNA inter-
ference (RNAIi) in Drosophila S2 cells selectively de-
creased RNAPII density and mRNA synthesis at the
heavily transcribed heat shock genes; phosphorylation in-
creased on both Ser2 and Ser5 residues, specifically in the
chromatin-free fraction (Fuda et al. 2012). These and other
studies suggest that an important function of FCP1 is to
ensure a supply of unphosphorylated RNAPII (I, form)
to initiate at promoters of highly expressed genes.

Multiple studies suggest additional, albeit less clearly
defined, roles for FCP1 during the elongation phase. In vi-
tro, human FCP1 stimulated elongation, although this ef-
fect was independent of its phosphatase activity (Cho et al.
1999; Mandal et al. 2002). In vivo, FCP1 can be cross-linked
to chromatin throughout the bodies of genes in both yeast
and metazoan systems (Fuda et al. 2012; Zhang et al. 2012).
In budding yeast (as in other systems), pSer5 plays a con-
served, essential role in recruitment of the mRNA 5’ end
capping enzymes, and Fcpl is needed to promote CTD
dephosphorylation and, possibly as a consequence, the
timely release of capping enzymes from the elongating
RNAPII complex (Schroeder et al. 2000). In another study
in budding yeast, shifting an fcpI-ts mutant to restrictive
temperature diminished total RNAPII occupancy but
selectively increased pSer2—a mark associated with elon-
gation—on chromatin of active genes, suggesting a contin-
ued requirement for Fcpl activity even after initiation
(Cho et al. 2001). That effect of Fcpl inactivation on
pSer2 was unchanged by mutation of kin28 or srb10 (en-
coding the CDK7 or CDKS8 ortholog, respectively) but
was abolished by the deletion of ctk? (CDK12 ortholog).
Interestingly, Ctkl, like Fcpl, cross-links along the
lengths of gene coding regions, suggesting that the lack
of spatial correlation between Ctkl and its product
pSer2, which increases toward 3’ ends (Fig. 4), might be
due to Fepl removing this mark as quickly as it is placed
by Ctk1 in more upstream regions.

A preference for pSer2 over pSer5 as a substrate is deter-
mined by unique structural features of FCP1. Budding
yeast Fcpl contains at its C terminus a BRCA1 C-terminal
(BRCT) domain, which is essential for viability and re-
quired for activity in vitro (Kobor et al. 2000). Typically,
BRCT domains occur in tandem pairs that form phospho-
protein-binding motifs (Manke et al. 2003). In the X-ray
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crystal structure of fission yeast Fcpl, the single BRCT
domain forms one wall of a deep canyon with the active
site at its floor (Ghosh et al. 2008) and confers a strong, al-
beit not absolute, substrate preference for pSer2-contain-
ing repeats. Amino acid substitutions in Fcpl that
enhance this preference and virtually abolish the ability
of the enzyme to dephosphorylate pSer5-containing sub-
strates had no obvious phenotypic effects in S. cerevisiae
(Ghosh et al. 2008) but were lethal in S. pombe and sup-
pressed by mutations that shorten the Rpb1-CTD (Schwer
etal.2015). Neither an rpb1-S2A mutation that replaces all
Ser2 positions with Ala (and is viable in fission yeast) nor
an rpb1-S5A-MCE mutation in which the lethality of the
Ser5 — Ala substitution is suppressed by fusion of Rpbl
to mammalian capping enzyme obviated the essential re-
quirement for Fepl function. Therefore, lethality due to
loss of Fepl in fission yeast cannot be ascribed solely to
dysregulation of either pSer2 or pSer5. FCP1 has also
been implicated in dephosphorylation of pThr4 of the
CTD in human cells (Hsin et al. 2014) and might have tran-
scriptionally relevant substrates apart from RNAPII, pos-
sibly including Spt5 (Schwer et al. 2015). Therefore,
although FCP1 clearly has a conserved function in remov-
ing pSer2 and facilitating recycling of RNAPII after rounds
of productive elongation, there is abundant evidence—
both genetic and biochemical—hinting at a more expan-
sive portfolio for this phosphatase during the transcription
cycle.

The SCPs (encoded in human by the genes CTDSPI,
CTDSP2, CTDSPL, and CTDSPL2) were identified on
the basis of homology with FCP1 and shown to have
CTD phosphatase activity in vitro, but with a preference
for pSer5 over pSer2 (Yeo et al. 2003). Human SCP1/
CTDSPI is similar in structure to FCP1 but lacks a
BRCT domain, allowing a different mode of phospho-
CTD substrate binding and likely accounting for the dif-
ferent specificities of the two enzymes for pSer2 versus
pSer5 (Kamenski et al. 2004; Ghosh et al. 2008). SCPs do
not appear to play a major role in transcription, as suggest-
ed by early loss-of-function studies (Yeo et al. 2005). Inter-
estingly, SCP expression is restricted to nonneuronal
lineages, where they promote the silencing of a specific
subset of genes involved in neuronal development, pre-
sumably by locally maintaining RNAPII in unphosphory-
lated form (Yeo et al. 2005; Xue et al. 2013; Nesti et al.
2014).

Rirl and RPAP2: founding members of a new
phosphatase family

Wild-type FCP1 has only weak activity toward pSer5 in vi-
tro, and in most studies, inactivation or depletion of FCP1
preferentially affected pSer2 (and pThr4) levels in vivo,
leaving open a role for a pSer5 phosphatase. Such an activ-
ity might be needed to (1) remove phosphates from the
CTD of RNAPII after escape from the promoter region,
where pSer5 generally peaks (Fig. 4; Kim et al. 2010; Mayer
et al. 2010; Tietjen et al. 2010; Bataille et al. 2012), or (2)
promote reinitiation by dephosphorylating pSer5 of solu-
ble RNAPII, possibly in conjunction with a pSer2-specific

GENES & DEVELOPMENT 663



Cossa et al.

enzyme such as FCP1 (see above). One candidate emerged
with the identification and characterization of Rtrl, the
budding yeast ortholog of the human RNAPII-associated
protein 2 (RPAP2), which had been detected, but not func-
tionally characterized, in an earlier proteomic analysis
(Jeronimo et al. 2007). The RTR1 gene of S. cerevisiae
was implicated in transcription and stress tolerance and
shown to interact genetically with components of the
RNAPII machinery including Mediator, Spt4/Spt5, and
the PAF complex (Gibney et al. 2008). Its protein product
bound both RNAPII and pSer5-containing phosphopepti-
des, and cross-linked to chromatin of active genes
between the peaks of pSer5 and pSer2 (Fig. 4), suggesting
a role in cotranscriptional pSer5 removal (Mosley et al.
2009). In rtrl deletion strains, pSer5 levels increased
both in extracts and on chromatin, and there was evi-
denceof transcriptional impairment—reductions in spe-
cific mRNAs coinciding with decreased occupancy by
RNAPII, and readthrough transcription of certain genes
suggestive of a termination defect. This study detected a
pSer5-specific phosphatase activity associated with Rtrl
purified from yeast extracts, but a structural and biochem-
ical analysis of the Kluyveromyces lactis enzyme raised
doubts about whether it possessed an identifiable active
site or intrinsic phosphatase activity (Xiang et al. 2012);
another study suggested that K. lactis Rtrl might be espe-
cially prone to inactivation during purification (Hsu et al.
2014). A structure of the S. cerevisiae Rtrl resolved this
uncertainty by revealing a novel active site for phosphoryl
transfer, definitively demonstrating intrinsic activity in
vitro and firmly establishing Rtr]l and RPAP2 as founding
members of yet another class of non-PPPs involved in
transcription (Fig. 2; Irani et al. 2016).

In vitro, activity of the purified Rtrl monomer toward
model substrates was weak (Irani et al. 2016), suggesting
that additional protein—protein interactions or accessory
subunits might facilitate its function in vivo. Additional
complexity was also suggested by studies implicating
RPAP2 in 3’ end processing of snRNA genes via its associ-
ation with the Integrator complex; RPAP2 specifically
binds pSer7, previously known to promote Integrator re-
cruitment, and depletion of RPAP2 mimicked effects of
Ser7 — Ala substitutions in the CTD by increasing levels
of pSer5, both in extracts and on chromatin at the gene en-
coding U2 snRNA (Egloff et al. 2012). Importantly, pSer7
was not required for RPAP2 occupancy of the ACTB gene
(where pSer5 also increased upon RPAP2 knockdown), in-
dicating that there are multiple mechanisms for recruit-
ment of the phosphatase to RNAPII transcribed genes.
Beyond pSer5, pTyrl might be a target of Rtrl (Hsu et al.
2014). Moreover, two CTD-interacting domain (CID)-con-
taining proteins, RPRD1A and RPRDI1B, were shown to
form both heterodimers and homodimers that bind prefer-
entially to pSer2- or pSer7-containing repeats in vitro,
erecting a “scaffold” to recruit RPAP2 and thereby stimu-
late it to dephosphorylate pSer5 on an adjacent repeat;
depletion by RNAi indicated that the RPRDs also mediate
RPAP2 interaction with RNAPII in vivo (Ni et al. 2014).

Even harder to pin down than their enzymatic activity
have been the precise functions of Rtrl and RPAP2 in
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gene expression and cellular physiology. A recent study
combining proteomics, genomics, and bioinformatics sug-
gested roles of Rtrl and pSer5 in determining termination
pathway choice at genes transcribed by RNAPII in bud-
ding yeast (Victorino et al. 2020). In rtr1 deletion strains
with elevated levels of pSer5, interactions of the CTD
with cleavage factor Ia (CFla) were diminished, while
those with another termination factor—Nrd1, which pref-
erentially binds pSer5-containing repeats—were in-
creased. Nrd1 is required, together with Nab3, Senl, and
additional factors, in the NNS pathway, an alternative ter-
mination mechanism in yeast. Loss of Rtr1 altered the dis-
tribution of RNAPII on protein-coding genes, shifting it
toward the TSS, consistent with premature termination,
possibly via engagement of NNS factors. Interestingly,
loss of Ssu72, another pSer5-specific phosphatase residing
in the cleavage and polyadenylation factor (CPF) required
for termination of polyadenylated transcripts (discussed
in the next section), has roughly the opposite effect: im-
paired, rather than premature, termination. A clear mes-
sage that emerges from this cloudy picture is that the
function of transcription-associated phosphatases is not
dictated solely by their specificities for positions within
the CTD repeat.

SSU72 links the beginning and end of transcription

Ssu72 is a pSer5-specific phosphatase, which was affinity-
purified as a stoichiometric subunit of the CPF in budding
yeast (Dichtl et al. 2002) and fission yeast (Vanoosthuyse
etal. 2014). Interestingly, the SSU72 gene was first charac-
terized on the basis of a genetic interaction with a GTF re-
quired for initiation, TFIIB, encoded by the SUA7 gene in
budding yeast; an ssu72 mutation enhanced a defect in
TSS specification of a sua7 mutant, presaging a linkage be-
tween the initiation and termination steps of transcrip-
tion (Sun and Hampsey 1996). Ssu72 is essential for
viability in S. cerevisiae (but not in S. pombe), and temper-
ature-sensitive or inducibly degraded mutant variants
elicit a constellation of transcription-associated pheno-
types: extensive readthrough transcription indicative of
a general termination defect (Dichtl et al. 2002), a specific
defect in snRNA termination similar to that seen in NNS
pathway mutants (Ganem et al. 2003), increased pSer5
(but not pSer2) (Krishnamurthy et al. 2004; Reyes-Reyes
and Hampsey 2007), and a loss of the transcription-depen-
dent physical interaction between promoter and termina-
tor regions, or “gene looping,” detected by chromosome
conformation capture (3C) analysis (Ansari and Hampsey
2005; Tan-Wong et al. 2012).

Ssu72 can also remove pSer7, another phosphate mark
on the RNAPII CTD that is placed by both Cdk7 and
Cdk9 orthologs (Glover-Cutter et al. 2009; St. Amour
et al. 2012; Zhang et al. 2012). In budding yeast, both
pSer5 and pSer7 decrease ~350 bp upstream of the polya-
denylation signal (PAS) (Fig. 4) but persist beyond the
PAS in ssu72 mutants (Bataille et al. 2012). Failure of
pSer7 dephosphorylation in ssu72 mutants was suggested
to contribute to their associated defects in transcription
termination (Zhang et al. 2012).



Ssu72 contains a CXs;R motif typically found in
protein tyrosine phosphatases (PTPases); mutation of
the catalytic Cys residue abolished activity toward p-
nitrophenylphosphate and CTD-derived substrates in vi-
tro (Meinhart et al. 2003; Krishnamurthy et al. 2004). A
Cys — Ser substitution at this position was lethal in S. cer-
evisiae (Sun and Hampsey 1996). A catalytically dead
C15S variant also failed to restore normal levels of
pSer5 after depletion of an Ssu72-degron fusion protein
but was able to rescue 3’ end processing of transcripts in
an Ssu72-depleted extract, possibly reflecting a structural
role of the protein in maintaining CPF integrity. In con-
trast, Ssu72 depletion impaired promoter-dependent tran-
scription in yeast extracts, with a concomitant increase in
pSer5 and depletion of RNAPII,, and these defects were
rescued by wild-type but not catalytically inactive
Ssu72 (Krishnamurthy et al. 2004). Similarly, gene loop-
ing depends on Ssu72 catalytic activity and on the core
CPF subunit Ptal, both of which associate with promoter
and terminator regions but not with intervening gene
bodies (Ansari and Hampsey 2005). In yeast, gene loop-
ing—and the cis and trans regulators that enforce it,
which include the promoter, PAS, TFIIB, and CPF—is pro-
posed to enforce directionality of transcription from in-
trinsically bidirectional promoters and thereby prevent
transcriptional interference in tandem gene pairs (Tan-
Wong et al. 2012). More generally, juxtaposing termina-
tors and promoters would be an efficient means to recycle
RNAPI for new rounds of transcription—a role that
might require CTD phosphatases such as Ssu72 to erase
phosphate marks placed in the previous cycle. Gene loop-
ing per se has not been observed in metazoans, but it
seems likely that phosphatases such as SSU72 will play
prominent roles in RNAPII recycling mechanisms yet to
be uncovered.

PPPs emerge as key regulators of RNAPII transcription

Ssu72 is only one of the two phosphatases resident in the
CPF,; both budding and fission yeast CPF complexes also
contain a PP1 holoenzyme (Dichtl et al. 2002; Vanoos-
thuyse et al. 2014). This was the first demonstration of a
PPP family member associating with the core transcrip-
tional machinery and was a harbinger of the central roles
of these enzymes now emerging throughout the RNAPII
cycle. The budding yeast genome encodes a single, essen-
tial PP1 catalytic subunit, Glc7, which, together with the
regulatory subunit Ref2 and other factors, forms a sub-
complex within the CPF (Fig. 2; Nedea et al. 2003). Glc7
has been implicated in transcription termination, and pu-
tative targets of the phosphatase include Senl in the NNS
termination pathway (Nedea et al. 2008) and pTyr]1 of the
Rpb1-CTD, removal of which is important for recruit-
ment of the cleavage factors Rtt103 and Pcfl1 (Schreieck
et al. 2014). Depletion of the PP1 nuclear targeting sub-
unit (PNUTS) led to RNAPII readthrough of termination
signals in mouse cells, also consistent with a role for a
PP1 holoenzyme in 3’ end formation (Austenaa et al.
2015). S. pombe has two genes encoding PP1 catalytic iso-
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forms, dis2* and sds21*, neither of which is essential for
viability (Fig. 2; Ohkura et al. 1989). Only Dis2, however,
is found, together with its regulatory subunits Ppnl
(ortholog of PNUTS) and Swd2.2, in the CPF, where it
plays nonredundant roles in chromosome condensation
and transcription termination (Vanoosthuyse et al. 2014;
Parua et al. 2018). Inactivation of Dis2 in a cold-sensitive
lethal dis2-11 mutant did not affect levels of Rpb1-pTyrl
on chromatin but increased levels of phosphorylation on
the C-terminal repeats (CTRs) of Spt5 and led to read-
through transcription extending beyond normal termina-
tion zones, genome-wide, detected by precision run-on
transcription and sequencing (PRO-seq) (Parua et al.
2018). The Spt5 CTRs are phosphorylated by Cdk9 to ac-
celerate elongation by RNAPII (Booth et al. 2018); their
PP1-dependent dephosphorylation downstream from the
PAS (Fig. 4) appears to apply a brake, leading to RNAPII ac-
cumulation in a 3’ paused complex prone to termination
—a mechanism conserved between S. pombe (Kecman
et al. 2018; Parua et al. 2018) and human cells (Fig. 5; Cor-
tazar et al. 2019; Eaton et al. 2020; Parua et al. 2020).

PP1 regulates the RNAPII transcription cycle
at multiple steps

Whereas the defined functions of yeast PP1 are executed
near the end of transcription, critical roles have been as-
cribed to metazoan PP1 throughout the cycle. All of these
functions involve the same regulatory subunit, PNUTS,
encoded by PPP1R10 (Fig. 5). A role of PP1-PNUTS during
early elongation was first suggested by the apparent influ-
ence of mouse PNUTS on RNAPII transcriptional polari-
ty; the depletion of PNUTS and of an interactor, Wdr82,
induced antisense transcription from bidirectional pro-
moters (Austenaa et al. 2015). This study did not identify
the relevant PP1-PNUTS substrate, but antisense tran-
scription induction might involve the known target
Spt5, which in its unphosphorylated form restrains move-
ment of RNAPII both upstream of and downstream from
the TSS on human genes (Brannan et al. 2012} and has
been implicated in suppression of antisense transcription
initiating at intragenic sites in S. pombe (Shetty et al.
2017; Sans6 et al. 2020). A role for PP1 in the promoter-
proximal region is also consistent with recent ChIP-seq
analysis of PNUTS, which revealed a distribution similar
to that of RNAPII between the TSS and pause site (Cossa
et al. 2020).

In ChIP analysis, PNUTS cross-links between the
RNAPII pause site and the first exon-intron boundary.
PNUTS becomes phosphorylated dependent on the ki-
nase NUAKI1 and thus more prone to bind and recruit
PP1 catalytic subunits. The incoming PP1 is mainly com-
plexed to the nuclear inhibitor of PP1 (NIPP1), a PP1 reg-
ulatory subunit involved in splicing (Fig. 5). Therefore, a
NIPP1-PNUTS switch might couple splicing to RNAPII
pause release in a temporally and spatially coordinated
manner (Cossa et al. 2020). The NUAK1-PP1 interaction
also affects later events in transcription; NUAKI inhibi-
tion led to a loss of PNUTS binding to chromatin at
both upstream sites and the 3’ ends of genes, where
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nascent RNA-seq analysis indicated transcriptional read-
through, in keeping with results of PNUTS depletion in
mice and with a role of PP1 in termination (Fig. 5; Auste-
naa et al. 2015; Cortazar et al. 2019; Eaton et al. 2020;
Parua et al. 2020).

Other reports have suggested a role of PP1-PNUTS as a
CTD phosphatase. Embryos lacking Drosophila PNUTS
(dPNUTS), which colocalizes and interacts with RNAPII,
had increased pSer5 and impaired gene transcription
(Ciurciu et al. 2013). In two recent studies, PNUTS pull-
down from human cell extracts coprecipitated RNAPII,
and phosphatase assays indicated selectivity for pSer5 in
vitro (Wu et al. 2018; Landsverk et al. 2020). The fission
yeast Dis2-Ppnl holoenzyme has also been suggested to
dephosphorylate the Rpb1-CTD, albeit on a different res-
idue, Thr4 (Fig. 4; Kecman et al. 2018). It is unclear in ei-
ther organism whether these phosphorylations increased
as direct or indirect results of PP1 inactivation in vivo,
and thus, the status and specificity of PP1-PNUTS as an
RNAPII-CTD phosphatase remain uncertain.

RNAPII pausing and elongation control: a job opening
for PPP family phosphatases

After initiation and promoter clearance on a large fraction
of human genes, RNAPII transcribes ~50-100 nt and be-
comes stably paused, awaiting additional signals to trig-
ger resumption of processive elongation. This promoter-
proximal pausing underlies a distinctive feature of
RNAPII ChIP profiles in metazoans: a sharp peak in occu-
pancy just downstream from the TSS on pause-regulated
genes. Different organisms and cell types have different
proportions of paused versus nonpaused genes (at which
RNAPII recruitment or initiation is limiting for expres-
sion), typically differentiated by the ratio of RNAPII in
the TSS region versus the gene body, known as a pause in-
dex (Core and Adelman 2019). Promoter-proximal paus-
ing is nonetheless a pervasive feature of gene regulation
in metazoans and also occurs in fission yeast (but not bud-
ding yeast), albeit at a smaller fraction of genes (Booth
et al. 2016). Importantly, the machinery that governs
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Figure 5. The PP1-PNUTS holoenzyme acts at mul-
tiple steps of transcription. (Top) PP1-PNUTS activity
couples transcription to splicing. PNUTS is recruited
to RNAPII paused at the first exon—-intron boundary
but lacks the PP1 catalytic subunit. Concomitantly,
PP1 joins another holoenzyme (likely with the
NIPP1 splicing factor) and inhibits the U2 spliceo-
some. The NUAKI1 kinase phosphorylates PNUTS
and triggers a PP1 subunit switch to bind PNUTS,
thereby promoting both pause release and splicing ac-
tivation (Cossa et al. 2020). (Bottom) PP1-PNUTS is
required for efficient termination. PP1-PNUTS de-
phosphorylates SPT5, slowing RNAPII elongation
and ensuring proper, spatially precise termination
(Kecman et al. 2018; Parua et al. 2018; Cortazar
et al. 2019; Cossa et al. 2020; Eaton et al. 2020; Parua
et al. 2020). (Yellow circles) Phosphorylation.

pausing—pause-inducing and -releasing factors, and the
kinases and phosphatases that modify them—is con-
served in all eukaryotes, including fungi that lack detect-
able pausing (with the exception of the negative
elongation factor NELF, which is absent in yeast, plants,
and worms). Moreover, that machinery appears to be en-
gaged—and Cdk9 activity is required for normal elonga-
tion—at virtually all genes transcribed by RNAPII,
whether or not release from the pause is the rate-limiting
step in their expression (Jonkers et al. 2014; Booth et al.
2018; Luse et al. 2020). The significance of pausing in reg-
ulating gene expression has been inferred mainly from the
classes of genes most likely to harbor a paused RNAPII
elongation complex; highly paused gene subsets are typi-
cally enriched for ones involved in stimulus responses or
cell cycle regulation, possibly because the release of
paused RNAPII, rather than recruitment and initiation
de novo, allows a faster or more switch-like (“all or
none”) transcriptional response (Core and Adelman
2019).

The mechanisms underlying pausing and pause
release have been extensively studied. Both steps—estab-
lishment and release—are phosphorylation-dependent
and thus regulated by kinases and phosphatases in
vivo. A paused RNAPII ternary complex was reconstitut-
ed in vitro by addition of DSIF and NELF (Vos et al.
2018b). This complex was severely impaired for tran-
script elongation, relative to the one containing RNAPII
alone, but could be activated by the addition of P-TEFb
together with the elongation-promoting factors SPT6
and the PAF complex. This activation, which is likely
to mimic pause release in vivo, was accompanied by
CDK9-mediated phosphorylation of RNAPII (on both
the CTD and a linker region connecting the CTD to
the rest of RPB1), DSIF, NELF, SPT6, and PAF complex
subunits. Phosphorylated DSIF, SPT6, and PAF were all
retained in the active elongation complex, whereas
NELF was released (Vos et al. 2018a).

After pause release and during elongation in vivo, Ser5
becomes progressively dephosphorylated (Fig. 4), making
pSer5 phosphatases candidates for a role in pause release.
No added phosphatase was needed, however, to convert a



paused RNAPII elongation complex to an actively elon-
gating one in a defined system comprising purified compo-
nents (Vos et al. 2018a). Moreover, in ChIP analysis, pSer5
undergoes a gradual decrease rather than a sharp drop in
occupancy downstream from the pause site, suggesting
that pSer5 removal is not a strict prerequisite for efficient
elongation (Bataille et al. 2012). To date, studies of the
dedicated pSer5 phosphatases SSU72, Rtr1/RPAP2, and
the SCPs have left uncertain their functional relevance
to RNAPII pausing and elongation control. It is now clear,
however, that other phosphatases—and other targets—
play decisive roles in these events. In particular, PPPs
have emerged as the major phosphatases that oppose ki-
nase-driven elongation by RNAPIIL These studies specifi-
cally implicate PP1, PP4, and PP2A, acting through the
CTD, SPT5, and possibly other targets, as gatekeepers of
RNAPII pause release and brakes on RNAPII elongation
(Fig. 4).

PP4 and PP2A keep RNAPII in the starting blocks

Beyond PP1, two other PPP family phosphatases have re-
cently emerged as regulators of early steps in the RNAPII
transcription cycle: PP4 and PP2A. By orthogonal ap-
proaches in different organisms, two groups independent-
ly identified PP4 as a phospho-SPT5 phosphatase. In the
worm Caenorhabditis elegans, expression of certain
stress-resistance and longevity-promoting genes driven
by the transcription factor DAF-16 is dependent on
SMK-1, which is a regulatory subunit of a PP4 holoen-
zyme (ortholog of the human PPP4R3B gene product).
Depletion of PP4 subunits by RNAi led to increased phos-
phorylation on multiple sites in SPT-5 and impaired tran-
scription of specific DAF-16 target genes, although the
block appeared to be at initiation rather than during elon-
gation (Sen et al. 2020). Independently, a human PP4 com-
plex was shown to be a target of negative regulation by
CDKY, through an inhibitory phosphorylation on another
regulatory subunit, PPP4R2, first detected in a chemical-
genetic screen for CDK9 substrates (Sansé et al. 2016).
Both PPP4R2 and -3 were previously shown to be phos-
phorylated by a cell cycle CDK to inhibit PP4 and regulate
microtubule nucleation at centrosomes (Voss et al. 2013).
Treatment of human cells with a CDK9 inhibitor dimin-
ished PPP4R2-Thr173 phosphorylation on chromatin,
and increased phosphatase activity recovered in anti-PP4
immunoprecipitates, relative to mock-treated controls.
Conversely, treatment of PP4 complexes with purified
P-TEFb inhibited their dephosphorylating activity toward
phosphopeptide substrates. In vitro, PP4 dephosphorylat-
ed a site on SPT5 that was refractory to PP1 (Parua et al.
2020). Both that site—pSer666 (Fig. 4), within a linker con-
necting conserved KOW4 and KOW5 motifs—and sites
within CTR1 were phosphorylated when paused com-
plexes were converted to actively elongating ones by P-
TEFD in vitro (Figs. 4, 6; Vos et al. 2018a). PP4 complex
subunits cross-linked to the promoter-proximal regions
of human genes, and their depletion by RNAi increased
SPT5 phosphorylation on Ser666 (and CTR1) and caused
changes in RNAPII distribution, suggesting attenuation
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of promoter-proximal pausing. This pattern, detected on
three highly paused genes, suggests that human PP4 is a
negative regulator of RNAPII entry into processive elonga-
tion and a potential enforcer of promoter-proximal paus-
ing (Parua et al. 2020). Taken together, the results in
worms and humans indicate a conserved function of a
PP4 holoenzyme in dephosphorylating SPT5 and possibly
other components of the paused complex to regulate early
steps in RNAPII transcription.

Now, three independent and mutually reinforcing stud-
ies have implicated PP2A in key aspects of RNAPII tran-
scription, including pause regulation, elongation, and
termination (Huang et al. 2020; Zheng et al. 2020; Vervoort
et al. 2021). One analysis, in Drosophila cells in culture,
uncovered a large number of protein-coding genes that
were derepressed by depletion of INTSS, a subunit of the
Integrator complex (Huang et al. 2020). Proteomic analysis
revealed an interaction of INTS8 with both the A (PR65)
and C subunits of PP2A (as well as other Integrator sub-
units) but no identifiable, regulatory B subunit. Instead,

PP1/4 Q
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Figure 6. Different PPP holoenzymes cooperate during RNAPII
pausing. (Left) Relevant phosphorylation sites on SPT5 and RNA-
PII. SPT5 C-terminal repeat region 1 (CTR1) typically contains
Thr-Pro repeats, where Thr can be phosphorylated by CDK9
(e.g., Thr806 in human SPT5). SPT5 contains another region—
the KOW4-KOWS5 linker—with multiple Ser residues phosphor-
ylated by CDK9 (including Ser666 in human SPT5). The RNAPII
CTD contains multiple heptad repeats, which include phosphor-
ylated residues Ser2, Ser5, and Ser7 (Tyrl and Thr4 are omitted for
clarity). Different PPP family phosphatases have been proposed to
act at the promoter-proximal pause, as indicated at right. We
speculate that these enzymes might act at different, hypothetical
gene classes: “PP1/PP4 genes,” at which PP4 targets SPT5 (Parua
et al. 2020) and PP1-PNUTS dephosphorylates pSer5 (Wu et al.
2018; Landsverk et al. 2020); “PP2A genes,” at which PP2A-
PPP2RI1A, associated with the Integrator, targets both SPT5 and
RNAPII residues (Huang et al. 2020; Zheng et al. 2020; Vervoort
et al. 2021), and “mixed genes,” where RNAPII and SPT5 are tar-
geted by PP1, PP2A, and PP4 holoenzymes.
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INTSS8 appears to provide surrogate B subunit function
within the Integrator-PP2A complex; mutating four resi-
dues in a short PP2A-recruiting motif of INTS8 (WFEF) to
Ala led to up-regulation of Integrator target genes, mimick-
ing knockdown of INTS8, PP2A-C, or PP2A-A or inhibition
of PP2A with small molecules. The mechanism of in-
creased transcription appeared to be enhanced release
from the promoter-proximal pause; of the most highly
paused genes (top decile of genes ranked by pause index),
over half were induced by shRNA targeting INTSS, and
PRO-seq analysis revealed redistribution of RNAPII away
from the pause site when PP2A recruitment was prevented.
Similar results were obtained in human embryonic kidney
(HEK) 293T cells. Interestingly, perturbation of Integrator—
PP2A activity or integrity in cells caused selective increases
in SPT5 phosphorylation on Ser666 (or its equivalent resi-
due in Drosophila SPT5), but not on C-terminal repeat re-
gion 1 (CTR1), and on both Ser5 and Ser7 (but not Ser2) of
the RNAPII CTD (Fig. 4; Huang et al. 2020).

In a parallel study, a proteomic search for binding part-
ners of nuclear PP2A in human cells yielded subunits of
the Integrator (Zheng et al. 2020). In agreement with the
previous work, this Integrator-PP2A complex (termed
“INTAC”), recovered from human cell extracts, contained
A and C but not B subunits. Moreover, in a cryo-electron
microscopy (cryo-EM) structure of Integrator bound to
PP2A-A and -C subunits, the possibility of a “missing” B
subunit was effectively excluded due to steric constraints.
Instead, the canonical functions of the B subunit in sub-
strate selection are likely to be performed by the Integrator
subunits that directly contact PP2A: INTSS, which pro-
vides a PP2A-docking site on Integrator, and INTS6, which
is even more intimately associated with the PP2A core in a
phosphatase module that occupies one side of a cruciform
structure comprising backbone and (INTS8-containing)
shoulder subcomplexes. The endonuclease subunit
INTSI11, implicated in premature termination of promot-
er-proximally engaged RNAPII and in snRNA 3’ end forma-
tion (Elrod et al. 2019; Tatomer et al. 2019), binds to the
other side of the cruciform. In ChIP-seq analysis, PP2A re-
cruitment to chromatin was dependent on the Integrator
subunits but not vice versa. Specific loss of PP2A recruit-
ment led to up-regulation of Integrator target genes, but a
preferential effect on pausing or elongation was not detect-
ed in this study. In vitro, the purified INTAC holoenzyme
dephosphorylated pSer2, pSer5, and pSer7 of RNAPII phos-
phorylated by TFIIH, whereas in vivo, depletion of PP2A or
INTSS subunits increased pSer2 and pSer5 ChIP signals at
target genes. SPT5 was not evaluated as a PP2A target in
this study, either in vivo or in vitro.

A third study reinforces the central observation of an In-
tegrator-PP2A holoenzyme with key roles in the RNAPII
transcription cycle while providing strong evidence that
this complex works in specific opposition to P-TEFb (Ver-
voort et al. 2021). Approaching the question from yet a
third angle, the investigators performed screens of
CRISPR-mediated gene knockouts in leukemia-derived
cell lines to identify mechanisms of resistance to CDK9 in-
hibitors. Among the top hits were both INTS6 and INTSS.
After identifying, validating, and characterizing an Inte-
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grator-PP2A complex in human-cell extracts (also lacking
any evidence of a B subunit), the investigators implicated
this complex in regulation of RNAPII transcription ge-
nome-wide. In ChIP-seq analysis, RNAPII, Integrator,
and PP2A colocalized at all active genes, and PP2A was re-
cruited de novo to stimulus-responsive genes concomitant
with their transcriptional activation by lipopolysaccha-
ride or epidermal growth factor treatments. These results
suggested a specific role of PP2A in antagonizing CDK9;
impairing PP2A function, through knockout or knock-
down of INTS6 or INTSS8 or through pharmacological
phosphatase inhibition, overcame effects of CDK9 inhibi-
tors on target protein phosphorylation—including Ser2,
Ser5, and Ser7 of the CTD and CTR1 of SPT5—and on tran-
scription by RNAPIL Preventing PP2A recruitment res-
cued the decreased levels of nascent transcription and
attenuated the enhancement of promoter-proximal paus-
ing elicited by CDK9 inhibition, likely explaining the
CDK9 inhibitor resistance conferred by INTS6 or INTS8
knockouts. Conversely, treating cells with a small-mole-
cule activator of PP2A (SMAP) further enhanced pausing
due to CDKO9 inhibition and synergized with CDK9 inhib-
itors in killing human tumor cells both in culture and in
mouse xenograft models.

The pause-enforcing functions and phosphoprotein sub-
strates assigned to the Integrator-PP2A complex overlap
with those inferred for PP4 complexes in human cells
(Parua et al. 2020). The simplest way to rationalize the ex-
istence of two pause-enhancing phosphatases is that each
acts at a distinct subset of genes, possibly to promote tran-
scriptional responses to different environmental stimuli
(Fig. 6, top and middle). Different analyses have led to sub-
tly different conclusions about the ubiquity of PP2A on
protein-coding genes, and genome-wide analyses of PP4
occupancy have yet to be reported. Another, more inter-
esting (and maybe more likely) possibility is that PP2A
and PP4 might cohabitate on many or even most genes, ei-
ther to respond to different stimuli or to work together
(Fig. 6, bottom). In this light, it is intriguing that immuno-
precipitates of SMK-1 from C. elegans extracts contained,
in addition to PP4 subunits, the PP2A scaffold subunit
PAA-1 (Sen et al. 2020). Future investigations should
aim to reveal the division of labor among different PPP
family members in restraining elongation at the promot-
er-proximal pause and, possibly, other transitions in the
RNAPII cycle.

Taken together, these recent studies implicate both PP4
and PP2A in promoter-proximal pausing, but it has yet to
be determined whether dephosphorylating enzymes are
needed in vivo to establish or maintain the stably paused
complex (or both). Whereas the P-TEFb-dependent activa-
tion of RNAPII elongation complexes reconstituted in vi-
tro is likely to resemble physiologic pause release, the
paused complex on which CDK9 acted was assembled
with the constituent proteins purified in their unphos-
phorylated form (Vos et al. 2018a,b). It seems highly likely
that phosphatases of the PPP family will prove to be in-
strumental, either individually or in combination, in op-
posing kinase functions in both promoter-proximal
pausing and pause release in vivo, but definitive tests of



these requirements might only come from more complex
systems that can recapitulate phosphoregulation of both
steps in vitro.

Next steps: challenges met and unmet in the study
of PPPs

The unique strategies by which PPPs achieve functional
specificity and their ubiquitous roles in cell physiology
render them particularly challenging to study, in contrast
to non-PPPs such as FCP1, Rtrl/RPAP2, and SSU72, with
more restricted or even dedicated roles in the RNAPII
transcription cycle. These phosphatases are not as abun-
dant as PP1 or PP2A (Fig. 2), but their manipulation led
to phenotypes more readily interpreted as owing to tran-
scriptional perturbation.

A more surgical approach to dissection of PPP function
might be achieved through targeting individual regulatory
subunits, but here too, there are challenges. First, the sheer
number of PIPs that associate with PP1 appears to be huge
and may be underestimated; lack of sequence conservation
makes their identification difficult (Verbinnen et al. 2017).
Contrast this situation with that of kinases that depend on
binding to a regulatory subunit for biological activity: a
typical CDK partners with only one or a few cyclins, which
in most cases are readily identifiable as such by structural
homology. In addition, the depletion of one phosphatase
regulatory subunit affects the balance of others, such
that the liberated catalytic subunit is redistributed among
other partners, potentially influencing unrelated cellular
events. One recent advance on this front is the develop-
ment of expression systems comprising a catalytic subunit
covalently linked to a regulatory one (Wu et al. 2018). This
approach allows the study of individual regulatory sub-
units without unbalancing endogenous holoenzymes and
was recently used to address the role of human PP1-
PNUTS in termination (Cortazar et al. 2019).

Another key difference between kinases and phosphatas-
esisin their “druggability”;i.e., their susceptibility to selec-
tive inhibition by small molecules. Compounds such as
okadaic acid and calyculin A have been used to dissect
the functions of different PPPs, but their specificity is limit-
ed: Whereas both compounds preferentially target PP2A
over PP1, they are likely to inhibit both enzymes at the con-
centrations typically used in cell-based experiments. More-
over, active site-directed compounds cannot distinguish
among different holoenzymes containing the same catalyt-
ic subunit. Attempts to use PPP inhibitors therapeutically
are also problematic, as targeting of the PP1 or PP2 A catalyt-
ic center can have pleiotropic, potentially toxic effects. A
more promising approach, with molecules targeting specif-
ic holoenzymes, has been pioneered by several laboratories
in recent years and is explored below.

Can phosphatases in transcription be targeted
therapeutically?

The RNAPII machinery is an attractive target for cancer
therapeutics, because cancer cells can become dependent

Phosphatases of the RNAPII transcription cycle

on high-level transcription driven, for example, by onco-
genic transcription factors (Bradner et al. 2017). That
CDKs acting in the transcription cycle might be targeted
therapeutically was first indicated by the cancer-specific
cytotoxic effects of the covalent kinase inhibitor THZ1,
which is specific for CDK7, CDK12, and CDK13 (Chipu-
muro et al. 2014; Christensen et al. 2014; Kwiatkowski
etal. 2014; Wang et al. 2015). Small molecules more selec-
tive for CDK7 were less effective on their own but could
be combined with compounds targeting other CDKs, or
other pathways, to achieve synergistic effects, suggesting
that multiple enzymatic activities might need to be ablat-
ed for the best therapeutic effects (Kalan et al. 2017; Min-
zel et al. 2018; Olson et al. 2019). Similarly, new insights
into transcriptional phosphatase function might be har-
nessed to target cancer, for example, with inhibitors of
NUAKI, the kinase that regulates activity of PP1 in splic-
ing (Cossa et al. 2020).

Although compounds directly targeting the catalytic
centers of PPPs are likely to have wide-ranging effects in
cells and toxicity in clinical settings, alternative strategies
have recently been developed to target PP2A, and promis-
ing approaches have been proposed for PP1 inhibition.
PP2A dysregulation in multiple diseases is well estab-
lished. For example, levels of PP2A are commonly de-
creased in cancer or neurodegenerative diseases, and
compounds have been developed that boost its activity
(Sangodkar et al. 2016). PP2A is inactivated by interacting
proteins such as SET and CIP2A. Several compounds have
been identified on the basis of their ability to disrupt SET/
PP2A or CIP2A/PP2A complexes. This disruption is typi-
cally an indirect effect of molecules targeting other activ-
ities; for example, the proteasome inhibitor bortezomib or
the EGFR inhibitor erlotinib, both of which induce
CIP2A down-regulation. An additional approach is the
targeting of PMEI, an esterase that counteracts a carbox-
ymethylation reaction required for PP2A activation
(O’Connor et al. 2018).

An exciting recent advance was the development of
SMAPs (see above)—derivatives of phenothiazines
(PPZs), compounds historically used for neurological or
psychiatric illnesses, which displayed the off-target ef-
fect of activating PP2A. PPZs were therefore optimized
to remove their psychotropic activity and increase selec-
tivity for PP2A (Sangodkar et al. 2017). A recent report
investigated the mechanism of SMAP action, taking ad-
vantage of a cryo-EM structure of a PP2A trimer contain-
ing the prototypical SMAP DT-061 (Leonard et al. 2020).
Interestingly, DT-061 bound a pocket composed of resi-
dues in all three subunits, suggesting that SMAPs can
act as “molecular glue,” promoting the allosteric activa-
tion of PP2A holoenzymes (Leonard et al. 2020; Wester-
marck and Neel 2020). A concurrent report
independently described iHAP1, a SMAP mechanistical-
ly distinct from DT-061 with promising efficacy in T-cell
lymphoblastic leukemia models (Morita et al. 2020).
These studies show the potential of SMAPs for therapeu-
tic PP2A reactivation. Indeed, as described above, the
reactivation of Integrator-PP2A complexes with a
SMAP was recently shown to synergize with CDK9
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inhibitors to trigger apoptosis in cancer cells (Vervoort
et al. 2021).

The development of drugs targeting PP1 holoenzymes
lagged behind similar efforts aimed at PP2A. Attempts to
target PP1 catalytic subunits with derivatives of natural
compounds such as calyculin A were largely unsuccessful,
indicating that selective PP1 inhibition might not be feasi-
ble (Vagnarelli and Alessi 2018). PP1 holoenzymes are
structurally and functionally more diverse than PP2A com-
plexes, which have a more constant quaternary structure
(although the Integrator-PP2A complex is a clear excep-
tion). Moreover, the pervasive role of PP2A in restraining
proliferation provided a stronger impetus to PP2A targeted
drug discovery. There is no such unity of function among
different PP1 holoenzymes, which play disparate roles in
diverse cellular pathways; it remains unclear whether
drug development campaigns should aim for inhibitors or
activators. Nevertheless, PP1 holoenzymes are clearly rel-
evant in human disease, as a recent review of genetically
engineered mouse models (GEMMs) of PP1 isoforms or
PIPs revealed (Ferreira et al. 2019). Dozens of the GEMMs
had disease-associated phenotypes. Different diseases
were associated with PP1 activation or inactivation, and
there was specificity in both the tissues and cellular com-
partments involved (Ferreira et al. 2019). Moreover, the
diversity of PP1 holoenzymes augurs accessibility to phar-
macophores that target less-frequented patches or pockets
that constitute protein—protein interaction surfaces, rather
than the catalytic centers. A recent success story that illus-
trates this point is the development of Raphinl, a com-
pound specifically targeting the holoenzyme PPI-
PPP1R15B (but not the highly similar PP1-PPP1R15A),
which controls the phosphorylation status of the transla-
tion initiation factor elF2a (Krzyzosiak et al. 2018).

Conclusions and perspective: kinase and phosphatase
circuits and cycles in transcription

Work over nearly three decades has produced a detailed
timeline of kinase functions needed in transcription, and
an extensive but still growing inventory of the phosphatas-
es with which kinases collaborate to drive the RNAPII cy-
cle. The cell cycle is also driven by coordinated action of
CDKs and opposing phosphatases and provides precedents
and paradigms for studying transcription; deeper under-
standing will emerge as we learn how the key regulatory
enzymes signal to the core machinery and to each other.
Examples of CDK-CDK cross talk in transcription include
a function of the Mediator-associated CDKS8 in recruiting
CDK7 and CDK9 to initiation or elongation complexes
(Donner et al. 2010), the direct activation of CDK9 by
CDK?7 (Larochelle et al. 2012), and substrate “priming”—
the preference of certain CDKs for the CTD previously
phosphorylated by a different CDK (Viladevall et al. 2009;
Czudnochowski et al. 2012; St. Amour et al. 2012; Bosken
et al. 2014; Greifenberg et al. 2016; Mayfield et al. 2019).
Connections have also been uncovered between CDKs
and phosphatases. Phosphorylation of CDK9 within its ac-
tivation loop (T-loop) is required for full activity but also
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for binding to an inhibitory 7SK-HEXIM1/2 ribonucleo-
protein (RNP) complex; PP1, PP2A, and PP2B have been
implicated, directly or indirectly, in regulating CDK9 T-
loop phosphorylation and thereby the distribution of
CDK9 between RNP-bound and RNP-free forms (Ammo-
sova et al. 2005; Chen et al. 2008). Conversely, CDK9 plac-
es inhibitory phosphorylations on PP1 catalytic subunits
in fission yeast and human cells, thereby preventing
dephosphorylation of another CDK9 target, the SPT5
CTRs, and maintaining a rapid elongation rate (Sansé
et al. 2016; Parua et al. 2018, 2020). A nearly identical sig-
naling module, comprising PP1 and CDKI1, controls the
switch-like entry to and exit from mitosis in both fission
yeast and metazoans (Grallert et al. 2015). Similarly, a
CDK9-PP4 circuit duplicates one previously found to
contain a cell cycle CDK and PP4 (Voss et al. 2013). More-
over, just as kinases are often arranged in linear cascades,
phosphatase relays play decisive roles in cell signaling
pathways; a relevant example occurs during mitotic exit,
when PP1 autodephosphorylates to become active and,
in turn, dephosphorylates and activates PP2A (Grallert
et al. 2015). Similar phosphatase cascades are likely to
emerge in the RNAPII transcription cycle, given the re-
cently documented involvement of both PP1 (Kecman
etal.2018; Parua et al. 2018, 2020; Cortazar et al. 2019; Ea-
ton et al. 2020) and PP2A (Huang et al. 2020; Zheng et al.
2020; Vervoort et al. 2021) and the reported interaction of
PP4 and PP2A subunits in C. elegans (Sen et al. 2020).

Both the CDK9-PP4 and CDK9-PP1 interactions are
likely to make transcription cycle transitions—between
promoter-proximally paused and elongating RNAPII and
between elongating and 3’ paused RNAPII, respectively
—more switch-like and spatially precise (Parua et al.
2020). Moreover, a network in which different phospha-
tases (PP1, PP2A, and PP4) oppose the actions of a single
kinase (CDK9) can achieve spatial and temporal complex-
ity in the modification patterns it creates on multisite
phosphorylation substrates such as RNAPII and SPT5, an-
other regulatory strategy previously uncovered in the cell
cycle (Swaffer et al. 2016).

An important question still to be addressed is whether
phosphatase activity is truly regulatory under physiologic
conditions. Transcriptional CDKs have attracted intense
interest not only because of their inherent druggability,
but also because of their roles in transducing extrinsic sig-
nals to the RNAPII machinery to promote or repress gene
expression. For example, CDK9 can be induced by geno-
toxic stress or co-opted by viral or oncogenic trans-activa-
tors to drive specific transcription programs (Bacon and
D’Orso 2019). We are not aware of a clear example of phos-
phatases acting in such a decisive way, but the involve-
ment of PPl holoenzymes in the control of RNAPI
elongation rate (Parua et al. 2018, 2020; Cortazar et al.
2019; Eaton et al. 2020) suggests where we might look to
find one. In yeast and metazoans, nutrient-sensing and oth-
er signaling pathways use transcriptional interference be-
tween neighboring genes as a regulatory switch
(Kaikkonen and Adelman 2018; Shuman 2020). In fission
yeast, key genes encoding proteins needed for organic phos-
phate acquisition (pho genes) are arranged in tandem with



IncRNA genes; under phosphate-replete conditions, read-
through transcription driven by the upstream IncRNA pro-
moters disrupts DNA binding by an activator of the
downstream protein-coding genes, limiting their expres-
sion. Upon phosphate starvation, the IncRNA transcripts
terminate farther upstream, and expression of the pho
genes—phol®, pho84*, and tgpl*—is induced (Shuman
2020). This control can be disrupted by a mutation in
rpb1 that decreases the intrinsic rate of elongation by RNA-
PII, favoring termination of IncRNA transcripts near a
more upstream PAS and derepressing tgp1* under phos-
phate-replete conditions (Yague-Sanz et al. 2020). Con-
versely, hyperrepression of pho genes was elicited by
mutations that impair 3’ end processing or termination: a
CTD-T4A substitution in the rpbI gene, and mutations
in subunits of CPF, including ssu72 and ppnl (Sanchez
et al. 2018). In contrast to the slow rpb1 mutant described
above, loss of CPF-associated PP1 is likely to attenuate or
delay the deceleration of RNAPII that promotes termina-
tion downstream from the PAS (Kecman et al. 2018; Parua
et al. 2018), possibly contributing to pho gene hyperrepres-
sion. The choice of a IncRNA 3’ end processing site is re-
sponsive to cellular levels of specific inositol
pyrophosphates (IPPs) (Sanchez et al. 2019; Garg et al.
2020); it will be interesting to map the downstream targets
of this signaling, which might include transcriptional ki-
nases, phosphatases, or both.

It is a safe bet that more regulatory circuits, involving
other kinases and phosphatases, will emerge in the next
few years. We predict the traffic will flow both ways,
with phosphatases also signaling to kinases, and include
all permutations of negative and positive regulation. An in-
triguing question for the future is how phosphatases coor-
dinate with the CDKs to regulate liquid-liquid phase
separation as RNAPII transits in and out of condensates
with different proteins (Cramer 2019b). Phosphorylation
by CDKs can dissolve transcription “hubs” containing
RNAPII and PIC components and facilitate formation of
distinct condensates containing RNAPII and splicing fac-
tors (Boehning et al. 2018; Lu et al. 2018; Guo et al.
2019). It seems nearly inevitable that phosphatases will
play complementary roles as “cogatekeepers” controlling
ingress and egress at these assemblies. Given the rapid re-
cent progress in the field, moreover, a final, seemingly
safe prediction is that there will be more surprises, and
new players enlisted—including other, “famous” phospha-
tases such as the tumor suppressor PTEN (Steinbach et al.
2019)—in a truly comprehensive model of the RNAPII
transcription cycle.
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