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yclin-dependent kinase 9 (CDKJ9),

with its cyclin T regulatory subunit,
is a component of the positive transcrip-
tion elongation factor b (P-TEFb) com-
plex, which stimulates transcription
elongation and also functions in co-tran-
scriptional histone modification, mRNA
processing and mRNA export. CDK9
also binds to cyclin K but the function of
this CDK9-cyclin K complex is less clear.
Others and we have recently shown that
CDKD9 functions directly in maintain-
ing genome integrity. This activity is
restricted to CDK9-cyclin K. Depletion
of CDK9 or its cyclin K but not cyclin
T regulatory subunit impairs cell cycle
recovery in response to replication stress
and induces spontaneous DNA dam-
age in replicating cells. CDK9-cyclin K
also interacts with ATR and other DNA
damage response and DNA repair pro-
teins. CDK9 accumulates on chromatin
and limits the amount of single-stranded
DNA in response to replication stress.
Collectively, these data are consistent
with a model in which CDK9 responds
to replication stress by localizing to chro-
matin to reduce the breakdown of stalled
replication forks and promote recovery
from replication arrest. The direct role of
CDKO9-cyclin K in pathways that main-
tain genome integrity in response to rep-
lication stress appear to be evolutionarily
conserved.

Introduction

The precise replication of the genome and
the continuous surveillance of its integrity
are essential for cell survival and the avoid-
ance of various diseases, including can-
cer. The genome is constantly exposed to
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environmental and endogenous genotoxic
insults that challenge DNA replication.
To cope with this challenge, the replica-
tion stress response (RSR), a subset of the
DNA damage response (DDR), coordi-
nates diverse DNA repair and cell cycle
checkpoint pathways. The RSR is critical
for the prevention of cancer by acting as
a barrier against genomic instability and
tumorigenesis.”” In human pre-malignant
lesions, aberrant DNA replication induces
activation of the RSR, thus mobilizing
cell cycle arrest, DNA repair or apopto-
sis. Mutations in the RSR promote the
survival and proliferation of genetically
unstable cells eventually leading to cancer.

One component of the RSR is the ATR
(ATM and Rad3-related) checkpoint
kinase, which primarily responds to single-
stranded DNA (ssDNA) generated by pro-
cessing of double-strand breaks (DSB) or
at stalled replication forks.> ATR function
is essential to stabilize stalled replication
forks and promote recovery. Disruption
of ATR causes early embryonic lethal-
ity in mice,* and cells lacking ATR have
defects associated with DNA replication,®
chromosomal instability and expression of
fragile sites of mammalian chromosomes,®
specific regions in the genome that are
particularly prone to breakage under con-
ditions of replicative stress. ATR senses
stalled replication forks as a consequence
of fork uncoupling. When DNA polymer-
ases stall, the MCM replicative helicases
continue DNA unwinding ahead of the
replication fork, leading to the genera-
tion of ssDNA, which is then bound by
the single-stranded binding protein RPA.
This association initiates the checkpoint

response and may allow ATRIP to recruit
ATR o sites of ssDNA.>#?
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Efficient activation of ATR requires at
least several other factors. The ssDNA-
RPA complex recruits the RAD17 clamp
loader'® which then loads the RADY-
HUSI-RAD1 (9-1-1) clamp complex
onto DNA." RPA also contains a protein
interaction domain that binds several
checkpoint proteins including ATRIP
and RADY9 to promote the assembly
of checkpoint signaling complexes.
Phosphorylated RAD9 recruits topoisom-
erase II beta binding protein 1 (TopBP1),
which binds and activates ATR."*'¢ Once
activated, ATR phosphorylates numerous
substrates including the CHKI1 kinase
that helps to disperse the signal. The ATR-
dependent phosphorylation of CHKI is
dependent on claspin, a mediator protein.
We recently completed an unbiased loss of
function genetic screen in human cultured
cells to identify additional components of
the RSR."” One of the proteins we identi-
fied in the screen was CDKO.

CDK9 is a serine/threonine kinase
that is a member of the cyclin-depen-
dent kinase (CDK) family. Unlike most
CDKs, which function in regulating cell
cycle transitions, CDKO9, like CDK7 and
CDK8, has been linked predominantly
with transcription, although it also plays
a role in co-transcriptional histone modi-
fication, pre-mRNA processing, mRNA
export and co-activation of HIV replica-
tion.'®2° CDKO9 forms a heterodimer with
a regulatory subunit, cyclin T1, T2a, T2b
or K, to form the main component of the
P-TEFb complex, which stimulates tran-
scription elongation by phosphorylating
the carboxyl-terminal domain (CTD) of
RPBI, the largest subunit of RNA poly-
merase I as well as the negative tran-
scription  elongation  factors—negative
elongation factor (NELF) and DRB sen-
sitivity inducing factor (DSIF). CDK9 is
expressed broadly in all types of human
tissues and its expression along with that
of its regulatory T-type cyclins does not
vary throughout the cell cycle.” The cell
cycle-dependent expression of cyclin K
is not known. CDK9 is present in two
isoforms in mammalian cells, CDK9-42
and CDK9-55, which are named for their
molecular weights and differ only by the
addition of a 117 amino acid sequence
fused in frame to the amino-terminal end
of the CDK9-42 sequence,* although the
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functional difference between the two iso-
forms is not clear. Both CDK9 isoforms
can form heterodimers with different
cyclin T and cyclin K regulatory sub-
units, thus forming eight distinct p-TEFb
complexes. While all of the CDK9/cyclin
complexes can phosphorylate the CTD of
RPBI in vitro, only CDK9-cyclin T1 can
interact with the HIV transcriptional acti-
vator, Tat, to promote HIV replication®
and only CDK9-cyclin T2a can bind to
MyoD to promote myogenic transcrip-
tion.*® The function of CDK9-cyclin K
has been less clear. Cyclin K was first iden-
tified as a protein that could rescue the
lethality of deleting the G, cyclin proteins,
Clnl, CIn2 and CIn3 in S. cerevisiae and
was found to have CDK activating kinase
(CAK) activity towards CDK2 in vitro.”
Cyclin K interacts with CDK9 in vitro
and in vivo,”*? and the CDK9/cyclin K
complex can activate transcription only
when tethered to RNA but not DNA.?”
Cyclin K expression is also activated tran-
scriptionally by the p53 tumor suppressor
in response to DNA damage by adriamy-
cin, ultraviolet (UV) light and ionizing
radiation (IR).%8

Function for CDK9-Cyclin K in the
Replication Stress Response

Using a RNA interference screen to iden-
tify genes required for recovery follow-
ing a transient high dose of hydroxyurea
(HU), an agent that stalls replication forks
by inhibiting ribonucleotide reductase
and thus depleting nucleotides required
for DNA synthesis, we recently identified
CDK9 as a HU sensitivity gene.”” We fur-
ther showed that depletion of CDK9 in
cells impairs cell cycle recovery following
a transient pulse of HU or aphidicolin, an
inhibitor of DNA polymerase o and 9,
and that this deficit can be complemented
by expressing exogenous wild-type CDK9
(42 kDa isoform) but not kinase dead
CDKO9. Depletion of CDK9 in cells also
induced phosphorylation of YH2AX, a
marker for DNA double-strand breaks,
in the absence of exogenous damage.
The implication is that in the absence of
exogenous damage, replication forks may
stall and collapse when CDKO is silenced,
leading to the formation of DNA dou-
ble-strand breaks. Indeed, an increase in
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phosphorylation of YH2AX was seen in
cells co-labeled with cyclin A, a marker for
cells in S and G, phase, and with BrdU, a
marker for cells in S phase, suggesting that
depletion of CDK9 induces DNA damage
in replicating cells. Further single-mole-
cule experiments will be needed to specifi-
cally examine whether fork collapse is the
cause of this damage. A similar induction
in phosphorylation of YH2AX was also
recently reported following silencing of
the 55 kDa isoform of CDK9,” further
validating CDK9 as a genome mainte-
nance protein. Additional studies will be
necessary to detemine if the two CDK9
isoforms are both independently required
for genome maintenance or may have par-
tial redundancy.

To determine which regulatory subunit
works with CDK9 in the RSR, we also
examined cell cycle recovery after a rep-
lication challenge of HU or aphidicolin
in cells silenced for cyclins T1, T2 and K.
Depletion of cyclin K but not cyclin T1 or
T2 impaired cell cycle recovery, suggesting
that cylin K is the regulatory subunit that
works with CDK9 in the RSR. Similar
to CDK9, depletion of cyclin K also
induced phosphorylation of YH2AX in
the absence of exogenous damage. These
findings demonstrate that CDK9-cyclin K
is required for genome maintenance activ-
ities and has different biological activities

to CDK9-cyclin T.

Direct Role for CDK9-Cyclin K
in Maintaining Genome Integrity

Previous studies have shown that CDK9
may selectively regulate the expression of
a restricted subset of genes instead of the
expression of most genes by RNA poly-
merase 11 Given CDK9’s well charac-
terized role in promoting transcription
elongation, is it possible that the RSR phe-
notypes observed following CDKO9 silenc-
ing are an indirect result of transcriptional
silencing of a subset of genes involved
in DNA replication or the DNA dam-
age response? We performed a genome-
wide expression analysis in cells depleted
of CDK9 but did not find significant
upregulation of downregulation or obvi-
ous DNA replication or DNA damage
response genes, which could explain our
loss of function phenotypes. Although we
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cannot rule out the possibility that CDK9
may affect the expression of a previously
uncharacterized DNA replication or DNA
damage response gene, our findings sug-
gest that transcriptional changes may not
account for the RSR defects seen in our
cells. Definitive evidence will require gen-
eration of a separation of function CDK9
mutant incapable of stimulating RNA
polymerase II elongation but still able to
mediate replication stress responses. As
cyclin K and cyclin T1 have structurally
different binding surfaces to CDK9,%"% it
may also be possible to generate a CDK9
mutant, which can bind to cyclin K but
not cyclin T.

We performed co-immunopreciptation
studies and found that CDK9 interacts
in a complex or complexes with ATR,
ATRIP and the mediator protein claspin.
Significantly, ATR also complexes with
cyclin K but not cyclin T1 or T2, consis-
tent with the role of cyclin K as the key
regulatory subunit of CDK9 in the RSR.
These interactions are not mediated by
DNA as they are resistant to treatment
with nuclease and are not regulated by
replication stress as they are unchanged
following treatment with HU. An interac-
tion between the 55 kDa isoform of CDK9
with the non-homologous end-joining
repair protein, Ku70, was also recently
reported in reference 29. This interaction
was likewise not DNA dependent as it was
preserved after treatment with nuclease.
Ku70 did not interact in a complex with
cyclin T1 or T2 and the authors were
unable to determine if it interacted with
cyclin K due to high background. Still,
these data lend support of a direct role
for CDK9 in genome maintenance that is
independent of its interaction with cyclin

T.
Functional Conservation in Yeast

The role of CDK9 in maintaining genome
integrity may be conserved in yeast. CDK9
has two homologues in S. cerevisiae, Burl
and Ctkl,” although Ctkl may be more
closely homologous with mammalian
CDK12.** Burl was recently found to
interact with Rfal and Rfa2, the S. cere-
visize homologues of mammalian RPA,
in a direct but DNA dependent manner.”
Deletion of the Burl carboxyl-terminus,
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which mediates its interaction with Rfal,
causes sensitivity to both HU and methyl
methansulfonate (MMS), which stalls
replication forks by akylating DNA.
Deletion of Bur2, the cyclin partner of
Burl, also causes sensitivity to MMS and
cisplatin.’®” Mutations of the amino or
carboxyl terminus of Burl induce spon-
tanenous Rad52 foci even in the absence
of exogenous damage, consistent with the
role of Burl in preventing the breakdown
of stalled replication forks. A burl mutant
also suppressed the HU sensitivity of a
mutant mecl, the S. cerevisiae homologue
of mammalian ATR, suggesting that Burl
acts upstream of Mecl. The authors also
performed transcriptional genome wide
profiling of a Burl mutant but did not find
significant upregulation or downregula-
tion of genome maintenance genes.

Burl also genetically interacts with
Mrel, Csm3, Tofl and Sgs1.*® Mrcl, the
S. cerevisine homologue of mammalian
claspin, Tofl and Sgsl, a RecQ heli-
case with similarity to human BLM and
WRN, help to stabilize DNA polymerase
at stalled replication forks. Both Mrcl and
Sgsl also regulate the checkpoint kinase
Rad53.24° Likewise, Ctk1 is synthetically
sick with Dia2, Dunl and Srs2, syntheti-
cally lethal with Mrell, Rad50, Rad5l,
Rad52, Rad54, Rad55, Rad6 and Xrs2,
and genetically interacts with Rfa2 and
Rpa34.94? Dia2 is associated with the
replisome and regulates replication fork
progression.”** Rad6 regulates PCNA
and acts on single-stranded gaps left
behind newly started replication forks.?¢
Mrell, Rad50 and Xrs2 help to stabilize
the replisome at stalled forks.” Dunl and
Rad6 both regulate the ribonucleotide
reductase inhibitor Sml1.%8% Srs2, Mrell,
Rad50, Rad51, Rad52, Rad54 and Rad55
all function in the repair of DNA double-
strand breaks. A mutation in the T-loop of
S. pombe CDK9 also causes UV hypersen-
sitivity.”® These data point towards an evo-
lutionarily conserved function of CDK9
in the replication stress response.

Regulation of CDK9
by Replication Stress

Proteins which function in the DNA dam-

age response are often regulated by DNA
damage. Although we found no evidence
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that the kinase activity of CDKD is regu-
lated by replication stress, we did observe
an increase in chromatin bound CDK?9 in
HU-treated cells. Moreover, the amount
of chromatin bound RPA70 is increased in
CDK9 depleted cells in response to HU,
suggesting that CDK9 limits the amount
of ssDNA that is available for RPA70
binding. These findings are consistent
with a model in which CDK9 responds
to replication stress by localizing to chro-
matin to reduce the breakdown of stalled
replication forks. The regulation of CDK9
by replication stress may thus be similar to
that of ATR, which is regulated by local-
ization but not by intrinsic kinase activity.

We propose a model in which CDK9
functions in distinct pools, one in which
CDKO9 interacts in a complex with cyclin
T1 or cylin T2 to regulate transcription
and one in which CDK9 interacts in a
complex with cyclin K to directly regulate
the breakdown of stalled replication forks
(Fig. 1). Given CDK9’s interaction in a
complex with ATR, ATRIP and claspin,
where might CDK9 function in this path-
way? In contrast to Burl, which interacts
with Rfal and has been suggested to
function upstream of Mecl, depletion of
CDK9 in human cells does not affect ATR
dependent phosphorylation of CHKI or
MCM2, implying that CDK9 likely does
not function upstream of ATR. CDK9
depletion in cells does not impair CHK1
autophosphorylation but does induce sta-
bilization of CDC25A, a phosphoryla-
tion target of CHK1, which is involved in
the G,/M checkpoint. These data imply
that CDK9 may function downstream of
CHKTI or perhaps in a parallel pathway to
regulate CDC25A stability. Indeed CDK9
does contain multiple CHK1 consensus
R-X-X-S/T and ATR consensus SQ/TQ
substrate motifs, which are evolutionarily
conserved. Intriguingly, some of these
motifs are found in the kinase activation
domain of CDKO.

The specific function of CDK9 in the
RSR remains to be determined. We have
shown that the kinase function of CDK9
is essential for mediating recovery fol-
lowing replication arrest. While we can-
not rule out the possibility that it may be
controlling a transcriptional RSR pro-
gram through RNA polymerase II phos-

phorylation, our negative microarray gene

Volume 10 Issue 1



@R

RNA polymerase |l elongation

Replication stress

elongation

Cell cycle recovery

Replication fork stabilization

Figure 1. Proposed model for CDK9-cyclin K in the Replication Stress Response. CDK9 has multiple functions. With cyclin T, CDK9 functions in pro-
moting RNA polymerase Il elongation. In response to replication stress, CDK9 with cyclin Kis mobilized to chromatin where it functions to prevent
the breakdown of stalled replication forks and promote cell cycle recovery. CDK9-cyclin K interacts in a complex with ATR and other DNA damage
response and repair proteins but likely functions downstream or in a parallel pathway to ATR and CHK1.

expression data, lack of involvement of
CDK9-CCNT complexes and interaction
of CDK9-CCNK with components of the
RSR suggest a more direct effect. Further
insight into CDK9’s precise mechanism
in the RSR will ultimately require iden-
tification of its substrates that mediate its
genome maintenance activities.
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