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The transcription cycle of RNA polymerase II (Pol II) is regulated at discrete transition points by cyclin-dependent
kinases (CDKs). Positive transcription elongation factor b (P-TEFb), a complex of Cdk9 and cyclin T1, promotes
release of paused Pol II into elongation, but the precise mechanisms and targets of Cdk9 action remain largely
unknown. Here, by a chemical genetic strategy, we identified ~100 putative substrates of human P-TEFb, which
were enriched for proteins implicated in transcription and RNA catabolism. Among the RNA processing factors
phosphorylated by Cdk9 was the 5'-to-3’ “torpedo” exoribonuclease Xrn2, required in transcription termination by
Pol II, which we validated as a bona fide P-TEFb substrate in vivo and in vitro. Phosphorylation by Cdk9 or phos-
phomimetic substitution of its target residue, Thr439, enhanced enzymatic activity of Xrn2 on synthetic substrates

in vitro. Conversely, inhibition or depletion of Cdk9 or mutation of Xrn2-Thr439 to a nonphosphorylatable Ala
residue caused phenotypes consistent with inefficient termination in human cells: impaired Xrn2 chromatin
localization and increased readthrough transcription of endogenous genes. Therefore, in addition to its role in
elongation, P-TEFb regulates termination by promoting chromatin recruitment and activation of a

cotranscriptional RNA processing enzyme, Xrn2.
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In eukaryotes, regulation of gene expression depends on
coordination of transcription with mRNA maturation.
Oneintegrator of these processesis the C-terminal domain
(CTD) of Rpb1, the largest subunit of RNA polymerase II
(Pol II). During transcription, multiple cyclin-dependent
kinases (CDKs) phosphorylate the CTD, a tandem array
of heptad repeats of the sequence Y;S,P3T4S5PsS, to re-
cruit factors and enzymes involved in sequential steps of
RNA processing (Hsin and Manley 2012).

The CDKs active in transcription play discrete, special-
ized roles, with little evidence of the plasticity ascribed to
CDKs in the cell cycle machinery (Malumbres and Barba-
cid 2009). For example, Cdk7 (the kinase associated with

Corresponding author: robert.fisher@mssm.edu
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.269589.
115.

the transcription initiation factor IIH [TFIIH]) and Cdk9
(the catalytic subunit of positive transcription elongation
factor b [P-TEFb]) perform essential, nonredundant func-
tions despite their shared substrates and similar dis-
tributions on transcribed chromatin (Gomes et al. 2006;
Larochelle et al. 2012). Signaling between TFIIH and P-
TEFb ensures that they act sequentially; in human cells,
the activation of Cdk9 on chromatin, but not its recruit-
ment, requires active Cdk7 (Larochelle et al. 2012). This
ordering of functions suggests that distinct CDKs govern
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discrete “phases” of the transcription cycle through
unique sets of substrates, analogous to the way different
CDK/cyclin complexes act on targets specific to DNA
synthesis (S) phase or mitosis.

The canonical function of P-TEFD is to overcome pro-
moter-proximal Pol I pausing induced by the DRB sensi-
tivity-inducing factor (DSIF; a heterodimer of Spt4 and
Spt5) and the negative elongation factor (NELF) (Nechaev
and Adelman 2011), recruitment of which depends on
Cdk7 (Glover-Cutter et al. 2009; Larochelle et al. 2012).
The exact molecular mechanism underlying this switch
remains to be determined, but, in vitro, Cdk9 phosphory-
lates both DSIF and NELF (Kim and Sharp 2001; Fujinaga
et al. 2004) in addition to the Ser2, Thr4, Ser5, and Ser7
residues of the Pol I CTD (Ramanathan et al. 2001; Glov-
er-Cutter et al. 2009; Hsin et al. 2011). Phosphorylation by
Cdk9 of the Spt5 C-terminal repeat (CTR) regions poten-
tiates the elongation stimulatory activity of DSIF in vitro
(Yamada et al. 2006). P-TEFb has also been reported to
modify transcriptional activators and coactivators (Alar-
con et al. 2009; Dobrovolna et al. 2012) and a component
of a histone modification pathway (Shchebet et al. 2012).
However, as in the case of pause release, the precise tar-
gets and mechanisms through which P-TEFDb regulates
gene expression are largely undefined. Systematic identifi-
cation of Cdk9 substrates should help to elucidate those
mechanisms and determine the division of labor among
different CDKs active during the Pol I transcription cycle.

Many of the functions described above were uncovered
with mutant CDK variants sensitized to inhibition by
bulky, nonhydrolyzable adenine analogs that do not in-
hibit wild-type kinases. The same active site alteration
enables an analog-selective (AS) CDK to use unnatural
ATP analogs as phosphate donors and provides a general
strategy to identify protein targets—and thus predict func-
tions—of a particular kinase (Alaimo et al. 2001). Here, by
a chemical genetic screen, we identified ~100 potential
substrates of human Cdk9 that were enriched for proteins
implicated in transcription or processing of RNA. We
validated the 5'-to-3’ “torpedo” exoribonuclease Xrn2
(Kim et al. 2004b; West et al. 2004; Brannan et al. 2012)
as a bona fide Cdk9 substrate. Inhibition or depletion of
Cdk9 in human cells diminished Xrn2 phosphorylation
on the site identified in the screen. In vitro, phosphoryla-
tion by Cdk9 or Asp substitution of the Thr439 residue of
Xrn2 enhanced exonucleolytic activity on synthetic sub-
strates. In vivo, Cdk9 inhibition or depletion or a T439A
mutation of XRN2 led to increased readthrough transcrip-
tion consistent with a termination defect. Therefore, in
addition to its elongation-promoting function, P-TEFb
can directly regulate cotranscriptional events such as ter-
mination by phosphorylating components of the relevant
RNA processing machineries.

Results

Identification of Cdk9 substrates

To identify substrates of human P-TEFDb, we leveraged the
ability of Cdk9 to accommodate bulky ATP analogs after
expansion of the active site by mutation of the gatekeeper
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residue Phel03 to Gly (Larochelle et al. 2012). We tested
the activity of purified human Cdk9"" or Cdk9F!9*¢
(Cdk9?®) in complex with cyclin T1 toward the Pol II
CTD in the presence of ATPyS or N°-substituted analogs.
The thiophosphate added to protein substrates was re-
cognized after alkylation with p-nitrobenzylmesylate
(PNBM) by anti-thiophosphate ester immunoblotting (Al-
len et al. 2007). Cdk9™ T was able to use ATPyS but not N°-
modified ATPyS in vitro. In contrast, Cdk9*® efficiently
thiophosphorylated the CTD with N°-(phenethyl)-ATPyS
(Supplemental Fig. 1A).

We next sought to identify proteins labeled by exoge-
nous, purified Cdk9® with N°(phenethyl)-ATPyS in total
HCT116 cell lysates (Fig. 1A). After incubation, a portion
of the reaction was treated with PNBM and analyzed by
immunoblotting. We detected labeling above background
by Cdk9* but not Cdk9"?, indicating thiophosphoryla-
tion of specific substrate proteins (Fig. 1B). The remainder
was digested with trypsin without prior alkylation; the
resulting thiophosphopeptides were affinity-purified by
covalent capture and release, and the liberated phospho-
peptides were analyzed by mass spectrometry, as de-
scribed (Blethrow et al. 2008). The data were filtered to
exclude common contaminants based on a combined set
of available experimental data from multiple AS kinase
substrate capture experiments to yield 295 peptides spe-
cifically phosphorylated by Cdk9?®, derived from 172 dif-
ferent proteins (Supplemental Table 1).

The majority of phosphorylations occurred at Ser or Thr
residues, usually with Pro in the +1 position—the mini-
mal consensus recognition site for CDKs. In addition,
Cdk9 preferred Arg at +2 and +3 and Leu in the —1 position
relative to the site of phosphorylation (Fig. 1C). Because
this consensus sequence closely resembles that of Cdkl
and Cdk2 (pS/T-P-X-K/R) (Songyang et al. 1994), we
were concerned about a possible lack of specificity. We
therefore compared Cdk9 substrates labeled in HCT116
cell extracts with proteins labeled by similar methods in
extracts of different human cell types by Cdk1?*/cyclin
B1 (Blethrow et al. 2008) or Cdk2%*/cyclin A2 (Chi et al.
2008). First, we derived a consensus motif from published
Cdk1?® labeling data (Supplemental Fig. 1B) that was in
agreement with one derived from phosphorylation of syn-
thetic peptides by Cdk1"" (Songyang et al. 1994). Next,
we compared Cdk9 and Cdkl substrate sets and found
only five identical peptides, derived from nine proteins
in common. A similar comparison between Cdk9 and
Cdk2 yielded 11 proteins but only three peptides in com-
mon, whereas the overlap between Cdkl and Cdk2 com-
prised 30 proteins and 44 peptides (Supplemental Fig.
1C). The minimal overlap between Cdk9 and the cell
cycle CDKs indicates that we can reliably distinguish sub-
strate sets of closely related kinases with similar recogni-
tion sequences but disparate functions.

We recovered phosphopeptides derived from Cdk9 and
cyclin T1, none of which had +1 Pro residues, possibly
reflecting relaxed substrate recognition in autophosphory-
lation. We did not detect phosphorylation of Thr186
in the activation loop of Cdk9. This residue is mostly
phosphorylated in Cdk9/cyclin T1 complexes purified
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Figure 1. Identification of P-TEFb sub-
strates. (A) Schematic diagram of AS label-
ing and substrate identification protocol.
(B) Detection of substrates thiophosphory-
lated by Cdk9. (Lanes 1,2) Lysates of
HCT116 cells were incubated in duplicate
with Cdk9WT/cyclin T1, Cdk9*/cyclin
T1, or no added kinase, as indicated, in
the presence of N°(phenethyl)-ATPyS. Af-
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from insect cells (Li et al. 2005; Baumli et al. 2008; Laro-
chelle et al. 2012), but the result is consistent with our
previous observation that Cdk9 is incapable of autoactiva-
tion (Larochelle et al. 2012).

Cdk9 targets proteins involved in RNA metabolism

To uncover regulatory roles of P-TEFDb, we grouped high-
confidence Cdk9 substrates—i.e., those with S/T-P
sites—on the basis of function. In cases of proteins impli-
cated in multiple processes, we assigned them to the one
most often cited in the literature. Two categories account-
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ed for ~50% of the substrates: transcription and RNA me-
tabolism and splicing (Fig. 1D). Unbiased gene ontology
(GO) term enrichment corroborated the manual analysis
(Supplemental Fig. 1D). Of the previously known or sus-
pected targets, we detected Spt5, BRD4, and AFF1 (Bitoun
et al. 2007; Devaiah et al. 2012). We missed Rpb1 (which
we previously identified as a Cdk9*® substrate in cell ex-
tracts by radiolabeling with N°-(benzyl}-ATP) (Larochelle
et al. 2012), possibly because its CTD has relatively few
sites for tryptic cleavage, all of which are in a C-terminal
portion that contains degenerate, noncanonical repeats.
Therefore, the yield of the unbiased chemical genetic
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screen might still represent only a subset of P-TEFb
targets.

The substrate set contained several proteins previously
linked functionally or physically to Cdk9: AFF1, which is
part of the P-TEFb-containing superelongation complex
(SEC) (Lin et al. 2010); the bromodomain-containing
protein BRD4, which recruits P-TEFb to chromatin con-
taining acetylated histones (Jang et al. 2005; Yang et al.
2005); and the RNA methylphosphate capping enzyme
(MEPCE), which is part of the inhibited 7SK RNA/
HEXIM1/P-TEFb complex (Jeronimo et al. 2007). To per-
form the labeling, we added purified dimeric Cdk9*°/
cyclin T1 complexes to whole-cell extracts, so the modifi-
cation of AFF1, BRD4, and MEPCE in this setting indi-
cates “reconstitution” of these higher-order complexes
and a high degree of specificity of P-TEFb in both its pro-
tein—protein interactions and phosphorylation reactions.

Cdk9 modified proteins implicated in RNA 5" end pro-
cessing, splicing, and transcription termination. Among
these was Xrn2, the nuclear 5'-to-3' exoribonuclease re-
quired for Pol II termination (Kim et al. 2004b; West
et al. 2004). Cdk9?* also labeled Dcpla and EDC4, nonca-
talytic subunits of the decapping complex, which severs 7-
methyl-guanosine caps from 5’ ends of Pol II transcripts
(van Dijk et al. 2002; Fenger-Gron et al. 2005) to generate
a 5 monophosphate end favored by Xrn2 or its cytosolic
paralog, Xim1. Dcpla and EDC4 were previously detected
as Xrn2-interacting proteins, as were three other potential
Cdk9 substrates: SRRM2, CCDC6, and MEPCE (Brannan
et al. 2012). The labeling of multiple proteins thought
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to work in the same pathway or complex prompted us to
investigate a possible connection between P-TEFb and
termination.

Xrn2 is a CDK substrate

We generated antibodies specific for the phosphorylated
residue Thr439 (Fig. 2A); purified, Escherichia coli-ex-
pressed Xrn2 was recognized by the antibody only after
phosphorylation in vitro by Cdk9 (Supplemental Fig.
2.A). We also tested antibody specificity in extracts of cells
depleted of endogenous Xrn2 by expression of shRNA
(Brannan et al. 2012) in which we transiently expressed
Flag-Xrn2—either wild type, a T439A mutant to mimic
the unphosphorylated state, a phosphomimetic T439D
mutant, or an E203G mutant that lacks catalytic activity
(Fig. 2B). We incubated each immunoprecipitated Flag-
X2 isoform with purified Cdk9/cyclin T1 but detected
increased immunoblot signals after Cdk9 treatment
only for the wild-type and E203G variants (Fig. 2C). There-
fore, we conclude that (1) the antibody is specific for Xrn2
phosphorylated at Thr439, and (2) Cdk9 phosphorylates
Xrn2-Thr439 in vitro.

Next, to ask whether Xrn2 is a specific target of Cdk9 or
a general CDK substrate, we measured the activity of pu-
rified Cdk7, Cdk12, or Cdk13 (Supplemental Fig. 2B) to-
ward Flag-Xrn2. Cdk12 and Cdk13 form complexes with
cyclin K and are thought to be Ser2 kinases (Bartkowiak
et al. 2010) with roles in elongation and 3’ end formation
(Davidson et al. 2014). The amount of each CDK was

Figure 2. Xrn2 is a CDK substrate. (A)
Schematic diagram of Xrn2. Reported
phosphorylations and potential CDK sites
(S/T-P) are indicated with black and gray
vertical lines, respectively. (B) Silencing
250 aa of XRN2 and expression of Flag-tagged
wild-type or mutant Xrn2. Immunoblot of
equal amounts of protein from cells in-
fected with lentivirus expressing shRNA
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tro. Flag-Xrn2 (wild type, T439D, T439A,
or E203G) was expressed in cells depleted
of endogenous Xrn2, immunoprecipitated
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normalized based on activity toward the Pol II CTD (Sup-
plemental Fig. 2C; data not shown). Cdk7 phosphorylated
Xrn2-Thr439 but was less efficient than Cdk9. There was
little or no phosphorylation above background by either
Cdk12 or Cdk13 (Fig. 2D). In parallel, we performed kinase
assays with radiolabeled ATP and Hiss-Xrn2(1-782) puri-
fied from bacteria. By this measure also, Cdk9 and
Cdk7, but not Cdk12 or Cdk13, were Xrn2 kinases (Sup-
plemental Fig. 2D). Xrn2 has 13 S/T-P sites, mostly clus-
tered in the catalytic domain within a linker region that
includes Thr439 (Fig. 2A). Mutation of Thr439 reduced
but did not abolish phosphorylation by Cdk9 (Supplemen-
tal Fig. 2E). The additional sites of phosphorylation are
also likely to be in the linker because removal of this re-
gion nearly abolished labeling by Cdk9. Phosphorylation
of purified Xrn2 by Cdk7 was more strictly dependent
on an intact Thr439 residue. Therefore, Thr439 was phos-
phorylated approximately equally well by Cdk7 and Cdk9
in the context of a purified, truncated Xrn2 expressed in
bacteria but preferentially by Cdk9 in full-length Flag-
Xrn2 isolated from human cells.

Phosphorylation of Xin2 occurs on chromatin
and depends on Cdk9

We next asked whether Xrn2 is phosphorylated in vivo at
this site. We detected Xrn2-Thr439 phosphorylation ex-
clusively in a low-salt-insoluble fraction enriched for
chromatin-associated proteins (Fig. 3A, left panel). When
we normalized loading by cell equivalents (i.e., at a five-
fold mass excess of soluble proteins), total Xrn2 was
roughly equally distributed between soluble and insolu-
ble fractions, but Thr439 phosphorylation was only appar-
ent in the latter (Fig. 3A, right panel). Therefore, Thr439
appears to be modified mainly or exclusively when
Xrn2 is bound to chromatin, consistent with a cotran-
scriptional function and possible regulation of that func-
tion by Cdk9.

To test a possible requirement for Cdk9 in Xrn2 phos-
phorylation in vivo, we first treated HCT116 cells with
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available Cdk9 inhibitors: flavopiridol (FP); 2-fluoro-
phenyl-flavopiridol (2-FP-FP), an FP analog with increased
selectivity for Cdk9; or 5,6-dichloro-1-p-D-ribofuranosyl-
benzimidazole (DRB) (Marshall et al. 1996; Chao and Price
2001; Ali et al. 2009). In cells treated with 1 uM FP or 2-FP-
FP or 50 pM DRB for 4 h prior to harvest, Xrn2-T439-P sig-
nals were diminished relative to DMSO-treated controls
(Fig. 3B; Supplemental Fig. 3A). Therefore, phosphoryla-
tion of Xrn2-Thr439 was acutely sensitive to multiple in-
hibitors that target Cdk9 in human cells.

In vitro, Xrn2-Thr439 is phosphorylated by either Cdk7
or Cdk9 (Fig. 2D; Supplemental Fig. 2D,E), and Cdk7 is
also inhibited by FP (but not by DRB or 2-FP-FP) at the
concentrations used in the previous experiment. We
therefore asked whether Cdk7 contributes to Xrn2 phos-
phorylation in vivo by immunoblot analysis of Xrn2-
T439P after selective inhibition of Cdk7 in CDK7%/%
HCT116 cells (Larochelle et al. 2007). In contrast to re-
sults with Cdk9 inhibitors, there was little or no effect
on Xrn2-T439P when these cells were treated for 4 h
with 10 uM 3-MB-PP1, a bulky adenine analog that inhib-
its Cdk7?® with an ICsg of ~1 nM (Supplemental Fig. 3B),
suggesting that the direct contribution of Cdk7 to Xrn2-
Thr439 phosphorylation in vivo, if any, is minor.

Although FP, 2-FP-FP, and DRB have Cdk9 as a com-
mon, primary target and differ in their secondary tar-
get profiles, we cannot rule out contributions by other
kinases with these drugs alone. There is no CDK9“ cell
line available at present, so, as a complementary, specific
test of a Cdk9 requirement in Xrn2 phosphorylation, we
depleted Cdk9 in HCT116 cells with shRNA and analyzed
target protein phosphorylation (Fig. 3C). In multiple ex-
periments, Cdk9 depletion led to modest reductions, if
any, in Pol Il CTD Ser2 phosphorylation, consistent with
the ability of multiple kinases to generate this modifica-
tion. To develop a more specific marker of Cdk9 activity,
we raised phosphospecific antibodies against two Spt5 res-
idues labeled by Cdk9?® (Supplemental Table 1): Thr806,
within the CTRI1 region; and Ser666, located in a region
not previously known to harbor Cdk9 phosphorylation

Figure 3. Phosphorylation of Xrn2 occurs on chroma-
] tin. (A) Immunoblot analysis of soluble and chromatin-

associated protein fractions. Soluble and insoluble pro-
— teins were loaded in equal amounts (left panel) or in
fivefold excess of soluble protein (right panel). Pol II
and a-tubulin were controls for insoluble and soluble
fractions, respectively. (B) Immunoblot analysis per-
formed as in A, (left panel) after 4 h of treatment with
1 pM flavopiridol (FP), 50 uM 5,6-dichloro-1-p-D-ribo-
furanosyl-benzimidazole (DRB), or DMSO. Lamin B
was used as a loading control for the insoluble protein
fraction. (C) Depletion of Cdk9 causes loss of Xrn2
and Spt5 phosphorylation. Extracts of HCT116 cells in-
fected with lentivirus expressing shRNA targeting
CDK?9 (shCdk9) or empty vector (shEmpty) were frac-
tionated as in A and analyzed by immunoblotting for
the indicated proteins.
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sites, between conserved Kyrpides-Ouzounis-Woese
(KOW) motifs (Supplemental Fig. 4A). We confirmed an-
tibody specificity in vitro; purified full-length Spt5 ex-
pressed in E. coli (Supplemental Fig. 4B) was recognized
only after treatment with purified P-TEFDb (Supplemental
Fig. 4C). Both antibodies recognized proteins of mobility
consistent with full-length Spt5 in chromatin-enriched
fractions of mock-treated but not Cdk9-depleted
HCT116 cells (Fig. 3C). Depletion of Cdk9 likewise di-
minished phosphorylation of Xrn2-Thr439 without affect-
ing the levels or chromatin association of total Xrn2.
Taken together, these results suggest that three residues
identified by an unbiased chemical genetic screen—
Spt5-Ser666, Spt5-Thr806, and Xrn2-Thr439—are specific
targets of phosphorylation by Cdk9 in human cells.

Cdk9 activity and Thr439 phosphorylation promote
Xrn2 binding to chromatin

To discern a possible function of Xrn2-Thr439 phosphory-
lation during the transcription cycle, we first analyzed its
distribution by chromatin immunoprecipitation (ChIP).
On MYC and CCNBI (Fig. 4A), Xrn2 binding peaked near
the transcription termination site (TTS), but there was
also cross-linking to promoter-proximal regions, which
was more prominent on CCNB1 (Fig. 4B). ChIP analysis
with the anti-Xrn2-T439P antibody also produced peaks
over both the transcription start site (TSS) and down-
stream regions (Fig. 4C). The ChIP signals are specific:
Both total Xrn2 and Xrn2-T439P signals were diminished
when Xrn2 was depleted with shRNA (Supplemental
Fig. 5A,B). We performed a metagene analysis of ChIP-
seq (ChIP combined with deep sequencing) data reported
by Bentley and coworkers (Brannan et al. 2012), which
suggested that this bimodal distribution, with peaks
over the TSS and TTS, occurs genome-wide (Supplemen-
tal Fig. 5C), perhaps consistent with a proposed Xrn2 func-
tion in premature termination of divergent transcription.

To ask whether Cdk9 inhibition altered these patterns,
we treated cells for 1 or 4 h with 150 nM FP—treatments
that appeared to interfere with P-TEFDb function, as indi-
cated by increased Pol I accumulation in promoter-prox-
imal regions and depletion from gene bodies (Fig. 4D). A
marker of elongating Pol II, CTD Ser2 phosphorylation
(Ser2P), was decreased in the CCNB1 gene body (most
clearly at 4 h) but obeyed different kinetics on MYC,
where it was diminished at 1 h but recovered by 4 h of
FP treatment (Fig. 4E; Supplemental Fig. 5D). This behav-
ior is consistent with a recent report of selective reacti-
vation of MYC transcription by a BRD4-dependent and
P-TEFb-dependent mechanism in the presence of low to
moderate doses of Cdk9 inhibitors (Lu et al. 2015). On
both genes at both time points, Xrn2 cross-linking was
diminished by FP treatment relative to a DMSO-treated
control, particularly in the TTS regions (Fig. 4B). Taken
together, these results suggest a requirement for Cdk9
in Xrn2 recruitment and/or retention. ChIP signals for
Xrn2-T439P were also reduced by 150 nM FP (Fig. 4C) dis-
proportionately compared with those of total Xrn2; we ob-
served statistically significant decreases in the ratio of
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phospho-Xrn2 to total Xrn2 in termination regions of
both genes and in the promoter-proximal region of MYC
(Fig. 4F). Even when Ser2P returned to near pretreatment
levels (in downstream regions of MYC after 4 h of FP treat-
ment) or at positions where Ser2P is normally low (in pro-
moter-proximal regions), Xrn2-T439P signals were
diminished, suggesting that the decrease is not due to
loss of Pol II phosphorylation. The effect is specific to
Cdk9: Cdk7 inhibition attenuated promoter-proximal
Pol II pausing, as previously reported (Larochelle et al.
2012), but had little or no effect on the phospho-Xrn2:total
Xrn2 signal ratios on the MYC or CCNB1 genes (Supple-
mental Fig. 6A,B).

To exclude any confounding effects of Cdk9 inhibitors
on Pol II occupancy and test directly whether Thr439
phosphorylation promotes Xrn2 recruitment to chroma-
tin, we performed ChIP analysis of ectopically expressed
Flag-Xrn2—wild-type, T439A, or T439D—in cells deplet-
ed of endogenous Xrn2 by shRNA. Expression of Flag-
Xrn2W7T generated a ChIP profile on MYC qualitatively
similar to that of endogenous Xrn2; peaks and troughs
were positioned identically, although the promoter-prox-
imal peak was higher, perhaps due to higher ChIP efficien-
cy with the anti-Flag antibody (Fig. 4, c¢f. G and B). The
T439A variant produced significantly lower signals in
both TSS and TTS regions, whereas cross-linking of the
T439D mutant did not differ significantly from that of
wild-type Flag-Xrn2 (Fig. 4G) even though all three were
expressed at similar levels (Fig. 2B). We conclude that
phosphorylation of Xrn2 by Cdk9 is likely to contribute
directly to its chromatin localization.

Xrn2 phosphorylation enhances enzymatic activity

Thr439 resides in a poorly conserved insert domain that
was disordered in the crystal structure of yeast Xrn2,
also known as Ratl (Xiang et al. 2009). To test whether
this residue or its phosphorylation influences enzymatic
activity, we measured degradation of a 30-nucleotide (nt)
RNA, fluorescently labeled at its 3’ end and hybridized
toa 17-nt DNA 5’ end-labeled with a fluorescence quench-
er (Sinturel et al. 2009). Degradation of the RNA to mono-
nucleotides activates the fluorophore, which can be
quantified in real time. We first asked whether activity
was affected by preincubation of full-length Xrn2"7T with
Cdk9. This produced an ~1.5-fold stimulation, which de-
pended on duration of Cdk9 treatment (Supplemental
Fig. 7A) and on ATP, which was not required for Xrn2 ac-
tivity per se (Supplemental Fig. 7B), but was diminished by
FP addition, indicating a requirement for Cdk9 catalytic
activity (Supplemental Fig. 7C).

These results were consistent with enhancement of
Xrn2 activity by Thr439 phosphorylation, but Cdk9 can
also modify other sites in the linker. Moreover, full-length
Xrn2 was prone to degradation in bacteria, and much
of the labeling by Cdk9 occurred on proteolytic fragments
that might not be active (data not shown). To circum-
vent these problems and test directly whether Thr439 in-
fluences enzymatic activity, we purified Xrn2 isoforms
stabilized by C-terminal truncation (Supplemental Fig.
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Figure 4. Cdk9 inhibition impairs Xrn2 recruitment
to and phosphorylation on chromatin. (A) Schematic
diagram of MYC and CCNBI genes with positions
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Figure 5. Thr439-to-Asp substitution enhances Xrn2 activity. (A) Exonucleolytic activity of 250 nM Xrn2AC—wild-type (blue), T439A
(red), T439D (green), E203G (purple), and -L (orange)—and mock treatment (black) on 500 nM RNA:DNA substrate (30-nt RNA hybridized
to 17-nt DNA). Data were collected in three separate experiments with three different preparations of each enzyme, each performed in
duplicate (+SEM). (B) Same as A except that substrate was 30-nt RNA hybridized to 17-nt RNA. (C) Gel-based exonuclease assay of
250 nM Xrn2AC—wild-type, E203G, -L, T439A, and T439D—on 500 nM 30-nt ssRNA substrate. The right panel shows quantification
of the released FAM-labeled mononucleotide. (D) Exonuclease assay on 30-nt RNA hybridized to 17-nt DNA substrate, performed as
in C. (E) Exonuclease assay of Xrn2AC—wild type and T439D—on 30-nt or 19-nt RNA hybridized to 17-nt DNA, as indicated. Note
that a fraction of the 17-nt DNA is degraded through an unknown mechanism and might account for the ~1-nt fluorescent signal that

accumulates even when the RNA cannot be degraded.

Xm2WT, whereas the T439D variant was approximately
twice as active (Fig. 5A; Supplemental Fig. 7D). The
T439D mutation similarly increased activity on a sub-
strate containing 17 base pairs (bp) of RNA:RNA duplex
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(Fig. 5B). These results suggest that Xin2 activity is stim-
ulated by a negatively charged residue at position 439. To
investigate the mechanism of stimulation, we directly vi-
sualized reaction products in sequencing gels. In contrast



to results with the duplex-containing substrates, the wild-
type, T439A, and T439D enzymes were about equally
active toward the 30-nt RNA in ssRNA form, whereas
E203G and linker deletion mutants were again nearly in-
active (Fig. 5C; Supplemental Fig. 7E). This suggested that
Thr439 substitutions did not alter catalytic activity per se
but rather the ability to negotiate duplex regions, which
might be encountered in an RNA with strong secondary
structure or a naturally occurring RNA:DNA hybrid
(R loop). Indeed, when we analyzed products generated
from the RNA:DNA substrate used in the real-time assay
(Fig. 5D; Supplemental Fig. 7F), we observed progressive
accumulation of ~19-nt RNA fragments in reactions
catalyzed by Xrm2W" and Xr27**°4, indicating that these
isoforms, but not Xrm2™3°P were stopped at or near the
junction between single-strand and duplex regions.

The impediment to Xrn2™*** or Xrn2"7 entering the
duplex region is behavior expected of a distributive en-
zyme, based on previous analysis of Drosophila Xrnl.
In order to begin degrading RNA:DNA hybrids, Xrnl
required >2 nt of overhanging ssRNA due to its active
site architecture—a tunnel ~3 nt deep with an entrance
wide enough for ssSRNA but not dsRNA to pass (Jinek
et al. 2011). Once initiated on a favorable substrate, how-
ever, the intrinsically processive Xrnl was able to unwind
duplex regions and degrade the RNA to completion. We
asked whether human Xrn2 had a similar overhang re-
quirement by comparing activity toward the 30-nt RNA
and a 19-nt RNA, both hybridized to the same 17-nt
DNA (Fig. 5E). Neither the wild-type nor the T439D
form of Xrn2 was able to degrade the shorter RNA, imply-
ing an inability to unwind the duplex, as was the case for
Xrnl (Jinek et al. 2011). Although we cannot formally ex-
clude unwinding by a cryptic helicase activity, we consid-
erit unlikely due to the lack of (1) ATP-dependence and (2)
fluorophore release in reactions containing Xrn2E203¢
with a point mutation in the nuclease active site. Taken
together, the results suggest that a T439D mutation or
phosphorylation by Cdk9 enhances Xrn2 activity to facil-
itate degradation of substrates with extensive secondary
structure, possibly by increasing processivity.

CDKs and Xrn2 phosphorylation promote
transcription termination

To test whether this enhancement contributes to efficient
termination in vivo, we first quantified levels of read-
through transcripts by quantitative RT-PCR (qQRT-PCR)
with primers downstream from the annotated polyadeny-
lation site (PAS) of MYC, FRAT2, or CCNB1, normalized
to an amplicon in the body of the same gene (Fig. 6A). To
test requirements for Cdk9, we treated cells with 50 pM
DRB, 150 nM FP, or 150 nM 2-FP-FP for 1 or 4 h; these
drugs caused approximately twofold to 10-fold increases
in readthrough transcripts of all three genes (Fig. 6B). As
was the case for Ser2P ChIP signals, both total and read-
through MYC transcript levels returned to near the pre-
treatment baseline after 4 h of treatment with all three
drugs (Fig. 6B; data not shown). At the two other genes
that we analyzed or at higher doses of FP or 2-FP-FP (500
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nM), this restoration did not occur; readthrough transcript
levels remained elevated even after 4 h of drug treatment
(Fig. 6B; Supplemental Fig. 8A). The effects are Cdk9-spe-
cific: When we depleted Cdk9 with shRNA, we likewise
detected increases in readthrough transcripts (Fig. 6C), al-
beit of lower magnitude, possibly reflecting the incom-
plete knockdown (Fig. 3C). To determine the extent of
readthrough transcription after Cdk9 inhibition, we per-
formed conventional RT-PCR with primer pairs located
progressively further downstream from the CCNB1 PAS;
500 nM FP treatment extended the region in which we
could detect transcripts by ~2 kb (Supplemental Fig. 6B).
We also tested requirements for Cdk7, which is required
to establish the promoter-proximal pause and activate
Cdk9 (Larochelle et al. 2012). Selective inhibition of
Cdk7 in CDK79/4 HCT116 cells led to more modest,
dose-dependent increases in readthrough transcripts of
all three genes (Fig. 6D).

The qRT-PCR analysis suggested defects in termina-
tion due to inhibition of Cdk9, but increased steady-state
levels of readthrough transcripts would also be consis-
tent with post-transcriptional stabilization of RNAs that
are normally rapidly degraded. To quantify nascent tran-
scripts emanating from regions downstream from the
PAS relative to the gene body, we isolated nuclei from
HCT116 cells treated with 150 nM FP or 2-FP-FP for 1 h
or from DMSO-treated control cells and performed nucle-
ar run-on transcription in the presence of 4-thio-UTP (Da-
vidson et al. 2012). At MYC and FRAT2 (two genes with
high steady-state levels of readthrough transcripts after
FP or 2-FP-FP treatment) (Fig. 6B), we detected approxi-
mately twofold to fourfold increases in nascent read-
through transcripts (Fig. 6E), consistent with a primary
defect in termination when Cdk9 is inhibited.

Although the effects of small-molecule inhibitors indi-
cated a requirement for Cdk9 in termination, they did not
establish that Xrn2 is a relevant target. To address this
question, we performed qRT-PCR analysis in cells deplet-
ed of Xrn2 by shRNA. Under these conditions, we detect-
ed increased readthrough transcripts of MYC and FRAT2
(Fig. 6F), consistent with previous reports (West et al.
2004; Mikula et al. 2013). We also saw increased transcrip-
tion past normal CCNB1 termination signals by conven-
tional PCR—with a forward primer upstream of the
PAS and reverse primers at increasing distances down-
stream—after Xrn2 depletion or CDK inhibition (Supple-
mental Fig. 8C). Therefore, CDK activity and Xrn2 might
be needed for efficient cleavage of the transcript, reminis-
cent of the Ratl-dependent recruitment of cleavage factors
in budding yeast (Luo et al. 2006). Expression of Xrn2F203¢
exacerbated the readthrough phenotype elicited by
shRNA targeting XRN2, suggesting a dominant-negative
effect of a catalytically inactive mutant. Expression of
Xrn2WT or Xrn2 T3P largely suppressed readthrough tran-
scription induced by the knockdown, whereas Xrn2 4394
was unable to rescue the defect (Fig. 6F). Taken together,
the data suggest that Cdk9, in addition to its previously de-
fined role in elongation, directly regulates Xrn2 function in
transcription termination through phosphorylation of
Thr439.
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Figure 6. Cdk7,Cdk9, and Xrn2 regulate transcription termination. (A) Schematic representation of MYC, FRAT2, and CCNB1 loci with
primer positions relative to the PAS (vertical arrow). Unless otherwise noted, all graphs show mean of n=3-4, +SEM. (B) Readthrough
transcription after treatment with 150 nM 2-FP-FP, 150 nM FP, or 50 uM DRB for 1 or 4 h, expressed as fold change relative to DMSO-
treated cells. (C) Readthrough transcription is increased by Cdk9 depletion with shRNA. (D) Readthrough transcription is increased by
Cdk7 inhibition. CDK7%/% cells were treated with the indicated concentrations of 3-MB-PP1 for 4 h and analyzed as in B. Readthrough
transcription is expressed as fold change relative to DMSO-treated cells (dashed line). (E) Increased nascent RNA synthesis past normal
termination signals, detected by nuclear run-on (NRO) transcription in the presence of 4-thio-UTP, in nuclei from cells treated for 1 h with
150 nM FP or 2-FP-FP. n =2, +SEM. (F) Readthrough transcription is increased by Xrn2 depletion or mutation. Readthrough is rescued by
expression of Xrn2WT or Xrn2 ™3P but not X234 or Xr2E2%3C, P-values are included for each condition compared with cells trans-
fected with empty plasmid (shEmpty). (n.s.) Not significant; (*) P <0.05; (**) P <0.01; (***) P <0.001, by Student’s t-test.

Discussion
Targets of P-TEFDb revealed by a chemical genetic strategy

Here we report the systematic identification of Cdk9 sub-
strates in a complex protein mixture that preserves impor-
tant features of biological context; among the labeled
proteins were known partners of P-TEFDb in higher-order
complexes and ~50 proteins involved in transcription
and RNA metabolism. Only a small fraction (<10 %) is pri-
marily implicated in cell division—the functional catego-
ry most enriched among substrates of the cell cycle CDKs
identified by similar analyses (Blethrow et al. 2008; Chi
et al. 2008). This dichotomy is further evidence of specif-
icity, given the similarity in the sequences recognized by
Cdkl, Cdk2, and Cdk9. We validated Xrn2 and Spt5 as
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bona fide substrates: Both were phosphorylated in vivo
on chromatin at the same sites labeled by Cdk9*, two of
which were previously detected by proteomics in HeLa
cells (Dephoure et al. 2008), and the modifications were
diminished upon inhibition or depletion of Cdk9. Finally,
mutation of the Xrn2 phosphorylation site that we iden-
tified produced transcriptional derangements that were
phenocopied by CDK inhibitors.

Cdk9 directly regulates a transcription

termination pathway

This analysis reveals that Cdk9 activity, thought to
be rate-limiting for transcription elongation, also reg-
ulates a pathway needed for efficient termination. A



requirement for Xrn2 in termination was the basis for the
torpedo model, in which, after transcription past a PAS,
the primary transcript is cleaved, but RNA synthesis con-
tinues until Xrn2 degrades the downstream fragment and
collides with Pol II to induce its dissociation from the
template DNA (Kim et al. 2004a; West et al. 2004). The
precise mechanism of release remains elusive (Dengl
and Cramer 2009; Pearson and Moore 2013).

How termination might be regulated is also obscure,
but a linchpin of the torpedo model is the ability of Xrn2
to degrade nascent RNA faster than Pol II synthesizes it.
Recently, this model gained support from a demonstra-
tion that the termination zone, deduced from genome-
wide ChIP-seq profiles of Pol IT occupancy, could be shift-
ed downstream from the PAS by Xrn2 depletion and
simultaneous expression of a dominant-negative mutant
(distinct from E203G) or by expression of a “fast” Pol II
mutant variant (Fong et al. 2015). Here we provide the
reciprocal demonstration that a constitutively “slow”
Xrn2—the T439A mutant—failed to rescue termination
defects due to Xrn2 depletion in human cells. Our results
suggest, moreover, that the effective rate of degradation by
X2 can be regulated by Cdk9-dependent phosphoryla-
tion of Thr439 (Fig. 7). Previous studies suggested that,
compared with Xrnl, Xrn2 orthologs have trouble degrad-
ing substrates with extensive double-stranded character
(Poole and Stevens 1997; Xiang et al. 2009). Phosphoryla-
tion by Cdk9 or a phosphomimetic substitution at Thr439
helps to alleviate this difficulty in vitro, and effects of
T439D and T439A mutations on readthrough transcrip-
tion suggest that this mechanism might operate in vivo.

Unphosphorylated Xrn2-T439

Figure 7. Direct regulation of transcription termination by
CDKs. Unphosphorylated Xrn2 is inefficient at degrading RNA
within an RNA:DNA hybrid, suggesting difficulty in the process-
ing of naturally occurring secondary structures such as dsSRNA or
R loops. A T439D mutation or phosphorylation of Xrn2-Thr439
by Cdk9 enhances Xrn2 activity on such substrates in vitro, pos-
sibly through increased processivity, and might support efficient
termination of Pol II transcription in vivo.

P-TEFb regulation of transcription termination

In vitro, even Xrn2T*°P degraded oligoribonucleotides
slowly, however, and appeared to pause transiently at
the junction between ssRNA and the RNA:DNA duplex.
This might be due to the lack of a regulatory subunit; ac-
tivity of yeast Ratl toward the same substrate was weaker
in the absence of its partner, Rail (Sinturel et al. 2009). Al-
though several Xrn2-associated proteins have been identi-
fied (Brannan et al. 2012; Miki et al. 2014), none has yet
been shown to perform an analogous stimulatory func-
tion. The phosphorylation state of Xrn2 might also influ-
ence its recruitment to transcription complexes; Cdk9
inhibitors or T439A mutation impaired Xrn2 cross-link-
ing to chromatin. An interesting possibility is that the
two defects might have a single explanation: the inability
of unphosphorylated Xrn2 to remain stably associated
with RNA substrates.

CDK roles in transcription beyond regulated recruitment

A principal mechanism by which CDKs influence cotran-
scriptional events is phosphorylation of the Pol Il CTD
to recruit factors that regulate elongation, RNA process-
ing, and chromatin modification (Hsin and Manley 2012;
Sansoé and Fisher 2013). Here we provide evidence for di-
rect regulation of those factors by Cdk9. Effects on binding
and phosphorylation of Xrn2 occurred under conditions
that preserved Ser2 phosphorylation, which probably de-
pends on Cdk12 and Cdk13 in addition to Cdk9 (Davidson
et al. 2014). Consistent with a specific requirement for
Cdk9 in Xrn2 regulation, Cdk12 and Cdk13, which are
~10-fold less sensitive than Cdk9 to FP and insensitive
to DRB (Bosken et al. 2014), did not phosphorylate Xrn2
in vitro, and deletion of CTK1, which encodes the budding
yeast Cdk12 ortholog, did not impair recruitment of Ratl
(Kim et al. 2004b). Taken together, the results suggest that
Cdk9 specifically and directly regulates the recruitment
and activation of Xrn2 independent of the Pol I CTD.
The preponderance of transcription and RNA process-
ing factors among the Cdk9 targets that we identified sug-
gests that the direct mode of regulation is prevalent:
Future studies are indicated to test roles of Cdk9 in splic-
ing (SF1, SF3B1, SRRM2, and CDC5L) (Kramer 1996; Ajuh
et al. 2000) and pause regulation (TRIM28 and YAPI1)
(Bunch et al. 2014; Estaras et al. 2015; Galli et al. 2015).
Moreover, we uncovered Cdk9 phosphorylation sites in
catalytic and regulatory subunits of protein phosphatase
1 isoforms, yeast orthologs of which were implicated in
cotranscriptional recruitment of cleavage factors (Vanoos-
thuyse et al. 2014). Recently, activity of DRB-sensitive ki-
nases was reported to prevent premature transcription
termination on some genes (Laitem et al. 2015); this sug-
gests that CDKs might regulate 3’ end formation positive-
ly or negatively, with the net outcome—readthrough or
premature termination—determined by a balance of in-
puts at specific genes. The apparent restoration of efficient
termination despite a persistent deficiency of Xrn2 re-
cruitment at MYC after 4 h of low-dose FP treatment
also implies additional complexity such as redundant ter-
mination pathways and might reflect a role for Cdk12 or
Cdk13, possibly acting through Ser2P (Davidson et al.
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2014). Finally, we identified components of both active
and inhibited P-TEFb complexes as Cdk9 substrates
(AFF1, BRD4, and MEPCE), suggesting potential autore-
gulatory mechanisms.

In summary, we began with an unbiased chemical
genetic search for Cdk9 substrates and proceeded to
define, both biochemically and genetically, a pathway
that regulates transcription termination. When Cdk9
was inhibited or phosphorylation of Xrn2-Thr439 was
prevented by mutation, readthrough transcription in-
creased at multiple genes. Given the number of potential
P-TEFb targets implicated in RNA quality control, we ex-
pect an even more complex picture of Cdk9 function and
regulation to emerge as more of them are validated and
characterized.

Materials and methods

Cell culture, drug treatments, and extract preparation

HCT116 cells were grown as previously described (Larochelle
etal. 2012) to ~70%-80% confluence and subjected to drug treat-
ments with 3-MB-PP1, 2-FP-FP (Ali et al. 2009), FP (Sigma), or
DRB (EMD). Cells were lysed in RIPA buffer (50 mM Tris-HCl
at pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% Na-deoxycholate,
0.1% SDS) plus 2 mM EDTA, 50 mM NaF, 1 mM DTT, 1 mM
PMSF, and 4 ng/mL leupeptin. Chromatin fractionation was per-
formed as described (Mirzoeva and Petrini 2003).

Kinase assays

One 15-cm dish of HCT116 cells was transfected with 20 pg
of plasmid encoding Flag-Xin2 using Lipofectamine 2000 (Life
Technologies). After 24 h, cells were collected and lysed in
RIPA buffer. Anti-Flag immunoprecipitates from 1 mg of extract
were washed three times with RIPA buffer; once with 25 mM
HEPES (pH 7.4), 150 mM NaCl, 1 mM DTT, and 1 mM PMSE,
and once with kinase buffer (25 mM HEPES at pH 7.4, 10 mM
NaCl, 10 mM MgCl,) and incubated in 30 uL of kinase buffer
plus 1 mM ATP and the indicated amount of CDK/cyclin for
1 h at 25°C, and reactions were terminated by addition of
20 mM EDTA.

Protein thiophosphorylation and phosphopeptide
identification

HCT116 cell extracts prepared in RIPA buffer containing 2 mg of
protein were incubated with 0.5 % (w/w) Cdk9/cyclin T1 and 0.1
mM N°(phenethyl)-ATPyS in a 300-pL reaction volume with fi-
nal concentrations of 25 mM HEPES (pH 7.4), ~30 mM Tris-HCl
(pH 8.0), 115 mM NaCl, and 10 mM MgCl, plus an ATP-regener-
ating system (1 mM ATP, 40 mM creatine phosphate, 0.2 mg/mL
creatine phosphokinase). Reactions were carried out for 1 h at
24°C and stopped by addition of 20 mM EDTA. A portion
(2.5%) was incubated with 50 mM PNBM (Epitomics) for 30
min at 24°C and analyzed by immunoblot; the remainder was
flash-frozen and thawed, and thiophosphorylated proteins were
trypsinized for subsequent analysis as previously described
(Blethrow et al. 2008). Two biological replicates with technical
duplicates of each were performed. Recovered peptides were ana-
lyzed by nanoscale liquid chromatography coupled to a Thermo
Orbitrap Velos mass spectrometer, with one technical replicate
analyzed by HCD fragmentaion and the other analyzed by ETD
fragmentation. Peptide assignments to liquid chromatography-
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tandem mass spectrometry (LC-MS/MS) data were made against
the human Swiss-Prot database using Protein Prospector. Phos-
phopeptides specific to AS-labeled samples were collated using
an in-house R script.

Exonuclease assay

The indicated amounts of enzyme were incubated at 37°C with
modified RNA and DNA probes synthesized by IDT Technolo-
gies (Supplemental Table 2), as described (Sinturel et al. 2009). Re-
action buffer contained 30 mM Tris-HCI (pH 8.0), 2 mM MgCl,,
50 mM NH,CI, 0.5 mM DTT, and 20 pg/mL acetylated bovine se-
rum albumin (BSA). Fluorescence due to degradation of RNA to
completion was measured in real time in a Synergy H1 plate read-
er (BioTek). Products were analyzed in 20% polyacrylamide gels
containing 7 M urea in 45 mM Tris-borate (pH 8.3) and 1 mM
EDTA, scanned on a Typhoon FLA9500 to detect fluorescence,
and quantified with ImageQuant TL (GE Healthcare).

RNAi

pLKO.1-puro shXrn2 (Brannan et al. 2012) and shCdk9 (Dharma-
con) shRNA lentivirus (Open Biosystems) were used to infect
HCT116 cells. Knockdowns were selected in 2 pg/mL puromycin
for 48 and 72 h, respectively, and verified by immunoblot.

Antibodies

Anti-phospho-Xrn2 (Thr439) and anti-phospho-Spt5 (Ser666) and
(Thr806) were raised against peptides FTPSGIL[pT|PHALGS,
VGGFAPM]|pS|PRISSP, and PHYGSQ[pT] PLHDGSR, respective-
ly, by 21st Century Biochemicals. Pol II (sc-899), anti-Spt5 (sc-
133217), and anti-PP1 (sc-7482) were obtained from Santa Cruz
Biotechnology; anti-Ser2P (A300-654A) and anti-Xrn2 (A301-
103A) were obtained from Bethyl Laboratories; anti-a-Tubulin
(T6074) and anti-Flag M2 (F1804) were obtained from Sigma;
anti-Lamin B1 (ab16048) from Abcam; and anti-thiophosphate es-
ter (2686-1) was obtained from Epitomics.

ChIP

ChIP was carried out as previously described (Larochelle
et al. 2012). qPCR was carried out in an Applied Biosystems
ABI7500 instrument with SYBR Green mixes from various man-
ufacturers. Primers for qPCR amplification are listed in Supple-
mental Table 2

Plasmids

Inserts to generate pPCDFDuet-Xrn2(1-782) and pCMV7.1-3xFlag-
Xrn2 were obtained by PCR amplification from HCT116 cDNA.
The pCDFDuet-Xrn2(1-399/514-782) deletion mutant and
XRN2 mutants T439A, T439D, and E203G were obtained by
QuickChange IT XL site-directed mutagenesis (Agilent). For prim-
ers, see Supplemental Table 2.

Nuclear run-on transcription

HCT116 cells (4 x 10°) were incubated in lysis buffer (10 mM Tris-
HCI at pH 7.5, 10 mM NaCl, 2.5 mM MgCl,, 0.5% NP-40) for 5
min on ice. Nuclei were purified by centrifugation at 400g for 4
min, washed in 1 mL of lysis buffer, and resuspended in 40 pL
of nucleus storage buffer (50 mM Tris-HCI at pH 8.3, 0.1 mM
EDTA, 5 mM MgCl,, 40% glycerol) to which 60 uL of reaction
mixture (10 mM Tris-HCI at pH 8.3, 2.5 mM MgCl,, 150 mM
KCl, 2 mM DTT, 80 U of RNasin [Promegal, 0.5 mM 4-thio-



UTP, ]l mM ATP, 1 mM CTP, 1 mM GTP) was added. Transcrip-
tion was carried out for 30 min at 30°C. Total RNA was extracted
with Tripure (Roche) and precipitated with ethanol, resuspended
in 30 uL of RNase-free water, and quantified. 4-thio-U-containing
RNA was biotinylated with 200 pg/mL Biotin-HPDP (Pierce) and
purified with Tripure followed by ethanol precipitation. Biotiny-
lated RNA was resuspended in 200 pL of RPB buffer (300 mM
NaCl, 10 mM Tris-HCl at pH 7.5, 5 mM EDTA at pH 8.0) and
affinity-purified with streptavidin-agarose beads. Beads were
washed five times in wash buffer (100 mM Tris-HCI at pH 7.5,
10 mM EDTA, 1 M NaCl, 0.1% Tween 20), and RNA was eluted
in 100 pL of 0.1 M DTT for 15 min at 24°C, ethanol-precipitated,
and resuspended in 20 uL of RNase-free water followed by conver-
sion to cDNA (Maxima Fermentas kit) and qPCR analysis.

RNA extraction and cDNA preparation

RNA was isolated from cells using Tripure. To synthesize cDNA,
1 pg of total RNA and a combination of random hexamers and
oligo(dT) were used with Maxima RT according to the man-
ufacturer’'s protocol (Thermo Scientific). Specific amplicons
were assessed by qPCR. For primers see Supplemental Table 2.

Protein purification

Active Cdk9""/cyclin T1 and Cdk9*/cyclin T1 complexes were
purified as described (Larochelle et al. 2012). The trimeric Cdk7
complex was generated by adding purified His-Mat1 to Cdk7/cy-
clin H (Larochelle et al. 2001). The active Cdk12/cyclin K com-
plex was purified as described (Bosken et al. 2014); the same
procedure was used to generate Cdk13(694-1039)/cyclin
K. Xrn2(1-782) and Xrn2(1-399/514-782) containing N-terminal
Hisg tags were expressed in E. coli Rosetta (DE3) (Novagen) for
16 hat 18°C in the presence of 0.2 mM isopropyl-p-D-thiogalacto-
pyranoside (IPTG; Gold Biotechnology, Inc). Cells were lysed in
20 mM HEPES (pH 7.6), 300 mM NaCl, 0.1% Triton X-100, 0.5
mM DTT, and 1 mM AEBSF. The protein was eluted from nickel
affinity columns (GE Healthcare) with 300 mM imidazole and pu-
rified by size exclusion chromatography in 20 mM HEPES (pH
7.6) and 100 mM NaCl, flash-frozen, and stored at —80°C in 20
mM HEPES (pH 7.6), 100 mM NaCl, 10% glycerol, and 1 mM
DTT. Full-length Xrn2 containing an N-terminal Hiss tag was ex-
pressed in E. coli Rosetta (DE3) pLys (Novagen) for 3 h at 30°C
in the presence of 0.5 mM IPTG. Cells were lysed in 20 mM
HEPES (pH 7.6), 15 mM imidazole, 500 mM NaCl, 5% glycerol,
0.05% Titron X-100, EDTA-free protease inhibitors tablets
(Pierce, 88266), and 1 mM AEBSF. The protein eluted from an
FF nickel affinity column (GE Healthcare) with 250 mM imidaz-
ole was applied to a Sepharose Q column; eluted with a linear gra-
dient of 0.1-1 M NaCl; dialyzed against 20 mM HEPES (pH 7.6),
50 mM NaCl, 10% glycerol, and 1 mM DTT; and flash-frozen.
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