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Abstract

Positive elongation factor b (P-TEFb) is a cellular protein kinase that is required for RNA
polymerase 11 (RNAP I1) transcriptional elongation of protein coding genes. P-TEFbD is a set of
different molecular complexes, each containing CDK9 as the catalytic subunit. There are two
isoforms of the CDK9 protein -- the major 42KDa CDK9 isoform and the minor 55 KDa isoform
that is translated from an in-frame mRNA that arises from an upstream transcriptional start site.
We found that shRNA depletion of the 55K CDK9 protein in HeLa cells induces apoptosis and
double-strand DNA breaks (DSBs). The levels of apoptosis and DSBs induced by the depletion
were reduced by expression of a 55K CDKO9 protein variant resistant to the ShRNA, indicating that
these phenotypes are the consequence of depletion of the 55K protein and not off-target effects.
We also found that the 55K CDKQ protein, but not the 42K CDKO protein, specifically associates
with Ku70, a protein involved in DSB repair. Our findings suggest that the 55K CDK9 protein
may function in repair of DNA through an association with Ku70.
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Introduction

P-TEFb is a cellular protein kinase that is required for RNAP I transcriptional elongation of
many, if not most, protein coding genes [reviewed in (1;2)]. P-TEFb stimulates elongation
through the phosphorylation of the carboxyl terminal domain of the largest subunit of RNAP
I1, as well as phosphorylation of DSIF and NELF, two multi-subunit protein factors that
associate with RNAP Il and limit elongation. P-TEFb is actually a set of distinct molecular
complexes, each containing CDKQ as the catalytic subunit and different cyclin regulatory
subunits -- Cyclin T1, Cyclin T2a, Cyclin T2b, or Cyclin K. Cyclin T2a and T2b are spliced
variants from the same gene, while Cyclins T1 and K are encoded in distinct genes. A large
portion of P-TEFb exists as a catalytically inactive sSnRNP complex with 7SK snRNA and
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HEXIM1/2, MePCE (BCDIN3) and PIP7S (LARP7) proteins [reviewed in (3)]. P-TEFb that
is not in the 7SK snRNP is bound to a bromodomain protein termed Brd4 that can bind to
acetylated histones that mark active genes (4;5).

Additional complexity of P-TEFb was demonstrated when two isoforms of the CDK9
protein were identified (6). The major CDK9 isoform is a 42 kDa protein (42K), while a
minor isoform is a 55 kDa protein (55K) that is translated from an in-frame mRNA that
arises from an upstream transcriptional start site. The 55K protein is identical to the 42K
protein except for an additional 117 amino acid residues at its amino terminus.

The expression patterns of the 42K and 55K CDK9 proteins differ. Both the 42K and 55K
proteins are expressed at basal levels in quiescent primary CD4+ T cells, but only the 42K
protein is up-regulated by T cell activation (7;8). The 55K CDK9 protein is generally not
expressed in primary monocytes and it is induced during macrophage differentiation, while
the 42K protein is expressed at a relatively high level in monocytes and is only weakly
induced during differentiation (7). The relative abundance of the 42K and 55K proteins also
varies between different murine tissues (9). Additionally, the sub-nuclear localization of the
42K and 55K CDKO proteins differs, as a transiently expressed 42K protein is localized
diffusely in the nucleoplasm of HeLa cells, while the 55K protein accumulates in the
nucleolus (7). The 55K protein is therefore likely to be the CDK9 isoform that was
identified in human nucleoli in a proteomics analysis (10). The substrate specificities of the
42K and 55K CDK9 proteins appear to be similar, as in vitro kinase reactions with purified
CDKO9 proteins showed identical phosphorylation patterns with 144 peptide substrates (7).

To investigate the function of the 55K CDKJ isoform, we used a ShRNA vector to deplete
the 55K protein in HeLa cells. We observed that the 55K protein is essential for cell
viability, as apoptosis is induced following its depletion. Furthermore, we found that Ku70,
a protein involved in double-stranded DNA break (DSB) repair, specifically associates with
the 55K but not 42K CDKQ protein. Depletion of the 55K protein induced DSBs as
indicated by phosphorylation of the histone H2AX (termed y-H2AX). The levels of
apoptosis and DSBs induced by the ShRNA vector were reduced by expression of a 55K
CDKO9 protein variant that is resistant to the ShRNA vector, indicating that these phenotypes
are the consequence of depletion of the 55K protein rather than that of an off-target effect of
the ShRNA vector. Our results demonstrate that the 55K CDK9 protein associates with Ku70
and this CDK9 isoform may play a role in repair of DSBs.

Materials and Methods

Cells and reagents

HelLa cells and 293T cells were maintained in DMEM with 10% fetal bovine serum (FBS)
and antibiotics. Cyclin T1, Cyclin T2a, CDK7 and CDKJ antisera were purchased from
Santa Cruz Biotechnology; y-H2AX antiserum was from Millipore; p-actin and Flag antisera
were from Sigma; PARP antiserum was from Cell Signaling; anti-Flag M2 affinity gel was
from Sigma; Ku70 antisera was from Abcam; mouse anti-rabbit light-chain antiserum was
from Jackson Immunoresearch. Polybrene and puromycin were purchased from Sigma.

Production of shRNA viruses and flow cytometry

The Dharmacon siDesign program was used to design the siRNA target sequence in the
unique region of the CDK9 55K mRNA. The 55K target sequence was: GGC CTC TCG
GGA ACT ACA A. The control siRNA target sequence used in this study was: GCT ATA
GCT GTT CTA GTT C; this control sequence is a mismatch to human Cyclin T1 RNA (11).
DNA oligonucleotides encoding shRNA sequences were purchased from Invitrogen, and
inserted under the control of the U6 promoter in the FG12 lentiviral vector (12). The shRNA
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sequences are expressed in this vector from the U6 promoter; the vector also expresses
eGFP as a marker protein but does not express any lentivirus viral gene products. Lentiviral
stocks were generated by standard plasmid co-transfections in 293T cells, and viral stocks
were collected from culture supernatant at 72hr post-transfection and passed through 0.45um
filters. Aliquots of lentiviral stocks were stored at —80°C. HeLa cells were infected with
shRNA lentiviruses in the presence of polybrene, and cells were collected at the indicated
time points for GFP detection, PI staining, and preparation of cell extracts for immunoblots.
For GFP detection, cells were removed from culture dishes with trypsin, washed with 2%
FBS PBS, followed by 1% paraformaldhyde fixation. GFP positive cells were analyzed by
flow cytometry using a Beckman-Coulter XL-MCL Cytometer. Propidium lodide staining
was performed with the cellular DNA Flow Cytometric Analysis Kit (Roche Molecular
Biochemicals) and DNA content was analyzed by flow cytometry.

Immunoblots

Immunoblots were performed as described previously (13). Briefly, cells were collected,
washed with PBS, and lysed with EBCD buffer (50 mM Tris-HCI pH 8.0, 120mM NacCl,
0.5% NP-40, 5 mM dithiothreitol) containing a protease inhibitor cocktail (Sigma). Total
protein concentrations were determined by the Bio-Rad protein assay, and 20 pg of total
protein was analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
followed by transfer to nitrocellulose membranes. After binding with the primary antiserum
and reactions with secondary HRP-conjugated antibodies, blots were washed extensively
with TBST (50mM Tris.Cl pH8, 200mM NaCl and 0.2% Tween 20), and the membranes
were developed by enhanced chemiluminescence methods (Pierce). Dilutions of antibodies
used in immunoblots were: CDK9 (1:5,000), Cyclin T1 (1:2,000), Cyclin T2 (1:1,000),
CDK?7 (1:1,000), y-H2AX (1:1,000), PARP (1:1,000), p-actin (1:5,000), Ku70 (1:5,000).

Construction of HeLa cell pools expressing 55K proteins

The CDK?9 55K cDNA containing a Flag epitope tag was inserted into pBabe-puro, an MLV
retroviral vector containing a puromyocin-resistance gene (14). A variant of the 55K CDK9
cDNA was constructed by PCR mutagenesis that contained synonymous mutations that
render the expressed mRNA resistant to the ShRNA vector; the sequence differences
between this variant and the wild type CDK9 mRNA are shown in Figure 1A. The CDKO9-
MLV vector identities were confirmed by DNA sequencing. Stocks of MLV viruses were
generated by plasmid co-transfection in 293T cells. The MLV viral stocks were used to
transduce HeLa cells, and transduced cell pools were selected by resistance to puromyocin.

Mass Spectrometry

Results

Mass s spectrometry analysis to identify the association of Ku70 with the 55K CDK9
protein was carried out in the laboratory of Dr. Jun Qin, Baylor College of Medicine.

ShRNA depletion of 55K CDK9 protein induces apoptosis

Although the RNA sequences unique to the 55K mRNA are 83% GC rich, we identified a
region in this sequence that appeared suitable as a target for sSiRNA depletion of the 55K
CDKaQ protein (Fig. 1A). We therefore constructed a lentiviral ShRNA vector, termed 55K-
shRNA, which targets these sequences. To examine whether this vector was effective in
depleting the 55K protein, duplicate HeLa cell cultures were infected with the 55K-shRNA
or (parental) Vector-shRNA lentivirus; a single culture was also mock-infected. Cell extracts
were prepared at four days post-infection and expression levels of 55K and 42K CDK9
proteins and B-actin were determined in an immunoblot (Fig. 1B). The 55K protein was
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effectively depleted by the 55K-shRNA lentivirus, while the 42K protein was unaffected,
indicating that this lentiviral vector can be used to deplete the 55K protein. We also
performed RT-PCR assays to verify that the 55K-shRNA vector reduced the steady-state
level of CDK9 RNA (see Supplemental Data).

The 55K-shRNA lentiviral vector expresses an enhanced green fluorescent protein (GFP) as
a marker for infection. To examine effects of depletion of the 55K protein on cellular
growth, HelLa cell cultures were infected with the 55K-shRNA, the Vector-shRNA, or a
control shRNA lentivirus termed Con-shRNA. The Con-shRNA expresses a ShRNA that is a
mismatch to human Cyclin TL mRNA and it has no measurable effect on cellular growth
and little detectable effect on the transcriptional profile of cells (11;15). GFP expression was
monitored at two, four and seven days post-infection with these lentiviral vectors (Fig. 1C).
Cultures infected with the 55K-shRNA, Con-shRNA, or Vector-shRNA lentiviruses were
greater than 95% GFP-positive at two and four days post-infection. At seven days post-
infection, however, GFP expression was observed in only about 50% of the culture infected
with the 55K-shRNA, while cultures infected with the Vector-shRNA or Con-shRNA
maintained GFP expression in greater than 98% of the cells. These data suggest that cells in
which the 55K protein has been depleted may be lost from the culture or a growing
significantly slower. We performed an immunoblot analysis of cell extracts prepared during
the course of this experiment and observed that the 55K shRNA lentivirus caused a small
reduction in expression of the 55K protein at two days post-infection and an effective
depletion at four and seven days post-infection, similar to the depletion shown in Figure 1B
(data not shown).

During this time course, we also stained portions of infected cultures with propidium iodide
to determine the rate of apoptosis as measured by sub-2N DNA content (Fig. 1C). At two
days post-infection, cultures infected with either the 55K-shRNA, Con-shRNA, or Vector-
shRNA lentivirus contained less than 2% apoptotic cells. At four days post-infection, the
percentages of apoptotic cells in Con-shRNA and Vector-shRNA infected cells were less
than 3%. In contrast, cells infected with the 55K-shRNA lentivirus contained 12% apoptotic
cells at four days post-infection. At seven days post-infection, the percentage of apoptotic
cells in the Con-shRNA and Vector-shRNA infected cells were 5-6%; this increase in the
level of apoptosis in the control cultures is likely due to increased cell density as the cultures
were not diluted after day four post-infection. However, at day seven post-infection the
percentage of apoptotic cells in the culture infected with the 55K-shRNA vector was
approximately 10%, almost two-fold higher than the control cultures. These data suggest
that loss of GFP expression in the culture infected with the 55K-shRNA lentivirus is the
result of apoptosis following depletion of the 55K protein.

Identification of Ku70 as a 55K CDK9-associated protein—Because our ShRNA
depletion experiments suggested that the 55K CDK9 protein is essential for cell viability, we
wished to identify 55K-associated proteins. We constructed expression vectors for Flag-
tagged 42K and 55K CDKO proteins for a proteomic analysis of proteins that associate with
the 55K but not 42K protein. The 42K and 55K proteins could be efficiently
immunoprecipitated with a Flag antibody from cells transfected with the expression vectors
as determined by an immunoblot and Colloidal blue staining of immunoprecipitates (Fig. 2).
We carried out a mass spectrometry analysis of proteins that co-immunoprecipitate with the
55K or 42K CDK®9 protein. This analysis identified Ku70 as a protein that was present in
55K but not 42K immunoprecipitations. Ku70 in association with Ku80 functions as a
single-stranded DNA-dependent ATP-dependent helicase and is involved in repair of
double-strand DNA breaks [reviewed in (16)].
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To verify that Ku70 specifically associates with the 55K CDK9 protein, we transfected the
Flag-tagged 55K and 42K plasmid vectors into HeLa cells and performed
immunoprecipitations with the Flag antibody and a Ku70 antiserum (Fig. 3A). In Flag
immunoprecipitations, Ku70 was co-immunoprecipitated with the Flag-55K protein but not
the Flag-42 protein or the parental Flag vector. In Ku70 immunoprecipitations, the Flag-55K
protein but not the Flag-42K protein was co-immunoprecipitated with Ku70 (Fig. 3A). We
also used antiserum against CDK?9, Ku70, and CDK?7 to assess the specificity of interaction
between the endogenous CDK9 and Ku70 proteins (Fig. 3B). The antiserum against CDK9
was able to co-immunoprecipitate Ku70 as well as the Cyclin T1 and Cyclin T2a regulatory
subunits of CDK9. Because of its lower expression level relative to the more abundant 42K
CDKO9 protein, the 55K protein is barely visible in the HeLa cell lysate lane in the exposure
of the immunoblot shown in Figure 3B. The antiserum against Ku70 was able to co-
immunoprecipitate the 55K but not 42K CDK9 proteins. The CDK7 antiserum did not co-
immunoprecipitate Ku70 or the Cyclin T1 or T2a proteins as expected. It is notable that the
Ku70 antiserum did not co-immunoprecipitate either Cyclin T1 or Cyclin T2a with the 55K
CDK®9 protein. We attempted to determine if the Ku70 antiserum could immunoprecipitate
the Cyclin K regulatory subunit of CDK9, but we were unable to obtain unequivocal data
due to the low expression level of Cyclin K and background in immunoblots. We also
treated a HeLa cell extract with DNase | to determine if the association between the 55K
protein and Ku70 was dependent upon DNA bridges (Fig. 3C). Control experiments were
performed with plasmid DNA to verify that the DNase | was highly active under these
reaction conditions. The DNase | treatment did not affect the ability of Ku70 to co-
immunoprecipitate with CDK9, indicating that the 55K-Ku70 association does not involve a
DNA bridge. In summary, the data shown in Figure 3 demonstrate that the 55K CDK9
protein is specifically associated with Ku70 in HeLa cells.

shRNA depletion of 55K CDK9 protein induces H2AX phosphorylation—The
association of Ku70 with the 55K CDKO proteins suggests that the 55K protein may be
involved in repair of DNA double-strand breaks (DSBs). We therefore examined if the
shRNA depletion of the 55K protein induced DSBs. HeL a cells were infected with the 55K-
shRNA or parental shRNA vector. To monitor DSBs, we used an indirect
immunofluorescent assay to examine phosphorylation of histone H2AX (y-H2AX) at two
days post-infection with these vectors, as phosphorylation of four residues at the carboxyl
terminus of histone H2AX is a sensitive marker for DSBs (17). Cells depleted for the 55K
protein demonstrated an elevated level of y-H2AX relative to cells transduced with the
vector (Fig. 4A). We obtained similar results as those shown in Figure 4A with a flow
cytometry assay to measure y-H2AX in 55K-depleted cells (data not shown). These results
suggest that DSBs induced by depletion of the 55K CDK9 protein may trigger apoptosis as
observed in Figure 1C.

To determine whether depletion of the 55K protein and not an off-target effect of the 55K
shRNA was the cause of DSBs, we generated pools of cells that over-express either the wild
type 55K protein or a variant resistant to the sShRNA termed 55K" (see Fig. 1A). These cell
pools were infected with the 55K-shRNA, Con-shRNA, or Vector-shRNA lentiviruses and
cell extracts were prepared at four days post-infection. We examined cleavage of Poly(ADP-
ribose) Polymerase (PARP) as a marker of apoptosis in this experiment. The pool of 55K-
WT cells displayed a high level of PARP cleavage in the infection with the 55K-shRNA
vector, and this was significantly lower in cells that expressed the 55K" protein (Fig. 4B).
Similarly, the pool of 55K-WT cells infected with the 55K-shRNA vector displayed a high
level of DSBs as indicated by y-H2AX and this was significantly lower in the pool of cells
that expressed the 55K' protein. Additionally, in other experiments that used flow cytometry
assays to measure sub-2N DNA content, we observed that a cell pool which over-expressed
the 55K" protein demonstrated lower levels of apoptosis than a cell pool that over-expressed
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the wild type 55K protein. Taken together, our data suggest that depletion of the 55K
protein, rather than an off-target effect by the shRNA vector, induces DSBs and apoptosis.

Discussion

We found in this study that the 55K CDKO protein is essential for cell viability in HeLa
cells, and it specifically associates with Ku70 and may play a role in DNA repair. This
CDK®9 function appears to be distinct from the role of CDK9 as the catalytic subunit of P-
TEFb, a general RNAP Il elongation factor required for the expression of most, if not all,
protein coding genes. Using co-immunoprecipitations with a Ku70 antiserum, we were
unable to identify the cyclin partner(s) of 55K CDKO9 proteins that are associated with Ku70
(Fig. 3B). The cyclin partner does not appear to be Cyclin T1 or T2 and it is therefore
possible that it is Cyclin K. However, we were unable to detect Cyclin K in Ku70
immunoprecipitates due to a high background in immunaoblots with two commercially
available antisera against Cyclin K. Additional work will be required to resolve this issue,
although it is possible that the 55K protein does not contain a cyclin partner when associated
with Ku70.

We used DNA microarrays to carry out a transcriptional profile analysis of HeLa cells
depleted of the 55K protein (see Supplemental data). When RNA from the 55K depleted
cells was compared to the RNA from cells infected with the Con-shRNA vector, 1,712
transcripts were down-regulated > 2-fold, while 910 transcripts were up-regulated > 2-fold.
It is not clear whether these changes in gene expression are the result of direct effects on
RNAP |1 transcriptional elongation following depletion of the 55K protein from P-TEFb
complexes, rather than indirect effects due to induction of DNA damage and apoptosis. We
performed a Gene Ontology (GO) analysis of transcripts that were repressed > 2-fold by the
SshRNA depletion (Supplemental Figure 1). Genes significantly over-represented by the 55K
depletion include those involved in the response to DNA damage, DNA repair, and
programmed cell death.

Ku70 is found in a heterodimer complex with Ku80 and was originally identified as an
autoantigen of patients suffering from polymyaositis-scleroderma overlap syndrome (18).
The Ku70/80 heterodimer has multiple cellular functions, including DNA replication,
telomere maintenance, regulation of transcription, and inhibition of apoptosis [reviewed in
(19)]. The role of Ku70/80 in complexes with XRCC4/ligase 1V and DNA-PKcs has been
extensively studied as they are involved in the nonhomologous end-joining (NHEJ) of
double-strand DNA breaks. Ku70/80 are regulatory subunits of DNA-PKcs and function to
stabilize and bring together DNA ends for ligation [reviewed in (16)]. Because depletion of
the 55K CDK®9 protein induces DSBs, it is possible that the 55K protein plays a role in
NHEJ and the DSB repair pathway.

Finally, CDK9 has been actively studied in HIV research because P-TEFb mediates the
transcriptional activation function of the viral Tat protein (20;21). Tat associates with P-
TEFb through a direct protein-protein interaction with the Cyclin T1 regulatory subunit. The
Tat/P-TEFb complex binds to the TAR RNA element that forms in nascent viral transcripts,
whereupon CDKJ9 phosphorylates a number of substrates in the RNAP Il complex to
activate transcriptional elongation. A defining step in the HIV life cycle is integration of the
viral cDNA into a cellular chromosome, a process that involves cleavage of cellular DNA
and ligation to viral cDNA. Single-strand gaps are generated during proviral integration and
these gaps are repaired by cellular enzymes. Additionally, unintegrated viral cDNA is self-
ligated to generate two types of circular DNA, termed 1 or 2-LTR circles and formation of
these circular DNAs requires cellular enzymes. It has been proposed that DSB repair
enzymes are involved in post-integration repair of viral DNA and the circularization of viral
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LTR circles (22;23). It is therefore possible that the 55K/Ku70 complex may play a role in
the repair of proviral integration or circularization of viral LTR circles, adding another role
for CDKQ in the HIV life cycle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Specific ShRNA depletion of 55K CDKJ9 protein

A. The genomic structure of the human CDK9 gene and transcription start sites of mMRNAs
encoding the 55K and 42K proteins are shown (24). The sequence of the wild type 55K
MRNA and the sequence of the mMRNA encoding the shRNA-resistant 55K protein, termed
55K, are shown. B. At four days post-infection, HeLa cell extracts were prepared from
cultures infected in duplicate with 55K-shRNA lentivirus, parental Vector-shRNA
lentivirus; a single culture was mock-infected. Expression levels of the indicated proteins
were examined in immunoblots. C. Expression of the eGFP reporter protein in the cultures
infected with the indicated sShRNA viruses was examined by flow cytometry at two, four,
and seven days post-infection (top panel). Portions of cell cultures were also stained with
propidium iodide; the percentage of cells that had a sub-2N DNA content as determined by
flow cytometry are shown (bottom panel).
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Figure 2. Immunoprecipitations of Flag-55K and Flag-42K CDK®9 proteins for proteomic
analysis

A. Plasmid expression vectors for Flag-tagged 55K and 42K CDKJ proteins were
transfected into HeLa cells and immunoprecipitations with the Flag antibody were
performed at Day 2 post-transfection. An immunoblot was performed to measure the
expression levels of the Flag-tagged proteins and the relative amount of Cyclin T1 that co-
immunoprecipitated with each protein. B. The plasmid vectors were transfected into HelLa
cells and immunoprecipitations with the Flag antibody were performed. A portion of the
immunoprecipitate was analyzed on a SDS-polyacrylamide gel which was stained with
Colloidal Blue. The remaining portion was subjected to a proteomics analysis to identify
proteins present in the precipitations.
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Figure 3. Ku70 specifically associates with the 55K CDKS9 protein

A. Plasmid expression vectors for Flag-tagged 55K and 42K CDKO proteins and parental
Flag vector were transfected into HelLa cells and immunoprecipitations were performed with
the Flag antibody (left panel) or a Ku70 antiserum (right panel). Proteins present in
immunoprecipitations were examined by immunoblotting. B. Cell extracts were prepared
from HeLa cells and immunoprecipitations were performed with antisera against CDKO9,
Ku70, and CDKTY as indicated. The presence of the indicated proteins in
immunoprecipitations was examined in immunoblots; HeLa cell lysate is shown on right
lane. C. A HelLa cell extract was treated with and without DNase as indicated, and
immunoprecipitations were performed with a CDK9 antiserum. The indicated proteins in the
immunoprecipitates were examined in an immunoblot.
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Figure 4. Depletion of 55K CDKJ9 protein induces DSBs

A. HelLa cells were infected with the 55K-shRNA or Vector-shRNA lentiviruses and at two
days post-transduction were processed for indirect immunofluorescence to detect y-H2AX to
monitor DSBs and stained with DAPI to visualize DNA. B. Pools of puromycin-resistant
HeLa cells over-expressing the wild type 55K CDK9 (puro55K-WT) or the shRNA-resistant
CDKO9 protein (Puro55K") were infected with the 55K-shRNA, Con-shRNA, or parental
lentiviral vector At day four post-infection cell extracts were prepared and the indicated
proteins evaluated in immunoblots.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 June 25.



