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Activation of a Novel Ubiquitin-Independent Proteasome Pathway
when RNA Polymerase II Encounters a Protein Roadblock
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Topoisomerase II3 (Top2p)-DNA cleavage complexes are known to arrest elongating RNA polymerase II (RNAPII), triggering a
proteasomal degradation of the RNAPII large subunit (RNAPII LS) and Top2f itself as a prelude to DNA repair. Here, we dem-
onstrate that the degradation of Top23 occurs through a novel ubiquitin-independent mechanism that requires only 19S AAA
ATPases and 20S proteasome. Our results suggest that 19S AAA ATPases play a dual role in sensing the Top2f3 cleavage complex
and coordinating its degradation by 20S proteasome when RNAPII is persistently stalled by the Top2[3 protein roadblock. Clari-
fication of this transcription-associated proteasome pathway could shed light on a general role of 19S AAA ATPases in process-

ing tight protein-DNA complexes during transcription elongation.

uring transcription elongation, RNA polymerase II (RNAPII)

frequently encounters various roadblocks (e.g., UV adducts,
oxidized bases, and carcinogen-DNA adducts). Such an encoun-
ter has been demonstrated to elicit complex responses, including
arrest of elongating RNAPII and degradation of its large subunit
(RNAPII LS) (1-3). The arrest of RNAPII is evidenced by the
accumulation of its hyperphosphorylated form, RNAPIIo (4),
which is primarily due to the phosphorylation on both serine-2
(Ser-2) and serine-5 (Ser-5) of the RNAPII C-terminal domain
(CTD) (5). The accumulation of RNAPIIo is followed by its ubiq-
uitin (Ub)-dependent proteasomal degradation (6, 7).

Many cancer therapeutics (e.g., etoposide/VP-16 and doxoru-
bicin) are known to stabilize topoisomerase-DNA cleavage com-
plexes. It has been shown that the drug-stabilized topoisomerase
1B (Top2P)-DNA cleavage complexes are localized on the tran-
scribed region, triggering degradation of Top2f and subsequent
exposure of DNA damages (8, 9). Mounting evidence indicates
these Top2B-incurred DNA damages are the cause of severe side
effects associated with VP-16 (etoposide)- or doxorubicin-based
chemotherapy (10-12). Understanding this transcription-medi-
ated Top2P degradation could contribute to a more efficacious
use of VP-16 in the clinic. However, the molecular basis for the
interplay among transcription elongation, proteasomal degrada-
tion, and the DNA damage signals awaits elucidation.

In recent years, many studies have linked proteasome to tran-
scription (13-16). To date, the precise function of 19S AAA
ATPases (ATPases associated with various cellular activities, here-
after referred to as 19S ATPases) and the 20S proteasome in tran-
scription remains unknown. We employed Top2-DNA cleavage
complexes as a model system to study the encounter between
elongating RNAPII and protein roadblocks. Our findings indicate
that Top23-DNA cleavage complexes arrest transcription elonga-
tion and induce a proteasomal degradation of Top23 on DNA.
Surprisingly, such degradation takes a Ub-free route and requires
only 19S ATPases and 20S proteasome.

MATERIALS AND METHODS

Chemicals, plasmid DNAs, siRNAs, and antibodies. VP-16 (etoposide)
and 5,6-dichlorobenzimidazole riboside (DRB) were purchased from
Sigma. MG132 was purchased from Boston Biochem. Staphylococcal S7
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nuclease and Complete protease cocktail inhibitor tablets were purchased
from Roche Molecular Biochemicals. Plasmids (pcDNA3.1) expressing
hemagglutinin (HA)-tagged lysine-to-arginine mutant ubiquitins (i.e.,
K48R, K29R, and K63R) were obtained from Cam Patterson (University
of North Carolina, Chapel Hill, NC). The plasmid that expresses a mutant
ubiquitin in which all seven lysines were mutated to arginines (UbR7) was
obtained from Michelle Pagano (New York University, New York).
pcDNA3-based plasmids that express truncated shuttle factors (AUBL
Rad23 and AUBA Rad23) were obtained from Christine Blattner
(Karlsruhe Institute of Technology, Germany). Short interfering RNAs
(siRNAs) targeting different proteasome subunits (Rpn2, Rpnl1, Rpt5-
Rpt6, S5a, and P28/Nas6) were purchased from Sigma-Aldrich. The con-
trol siRNA was purchased from Santa Cruz Biotechnology. Antibodies
against RNAPII (Santa Cruz Biotechnology), Top2B (H8 [sc-25330],
H-286 [sc-13059]) (Santa Cruz Biotechnology), proteasome subunits
(Enzo Life Science), and y-H2AX (Upstate Biotechnology) were all ac-
quired from different commercial sources. Anti-hTop1 antibody was ob-
tained from sera of scleroderma 70 patients as described before (17). The
anti-Ub antibody was generated as described previously (18). The hybrid-
oma cell line that produces monoclonal antibody 12G10 (against a-tubu-
lin) was obtained from the Developmental Studies Hybridoma Bank.
RNAPII monoclonal antibody H5 (specific to p-Ser-2) was obtained from
Covance (MPY-127R).

Cell culture. Top2B*'* and top2B /" primary mouse embryonic fi-
broblasts (pMEFs) were isolated from embryonic day 13.5 (E13.5) mouse
embryos as described previously (11). Both pMEFs and HeLa Tet-On
(Clontech) cells were cultured in a humidified atmosphere of 5% CO, at
37°C in Dulbecco’s minimum essential medium (DMEM) containing
10% fetal bovine serum, L-glutamine (2 mM), penicillin (100 U/ml), and
streptomycin (100 wg/ml). The temperature-sensitive mouse mammary
carcinoma cell line ts85 (a ubiquitin E1 temperature-sensitive [ts] mu-
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tant) (19) was cultured in RPMI medium supplemented with the same
formula as that described above at a permissive temperature of 30°C. For
performing experiments at the nonpermissive temperature, ts85 cells
were first cultured at 42°C for 20 min, followed by further incubation at a
nonpermissive temperature of 39°C.

Construction of HA-tagged mTop2f3 expression vectors. Full-length
mTop2B cDNA was generated using the total RNAs isolated from embry-
onic day 16 mouse brains by reverse transcription and PCR. The HA
peptide was inserted between the first amino acid, methionine, and the
second amino acid, alanine, of the mTop2f protein and cloned into the
plasmid pCS2+ (pYLL201). The HA-tagged mTop2f containing the ac-
tive-site tyrosine mutation (Y814F) was generated by PCR-based site-
directed mutagenesis (pYLL204). To check the expression of HA-tagged
mTop2B and HA-tagged mTop2PY814F, plasmids pYLL201 and
pYLL204, respectively, were transfected into HeLa cells. The expression of
full-length HA-tagged mTop2 was confirmed by immunoblotting using
anti-Top2f or anti-HA antibody.

Immunoblotting. VP-16-induced Top2@ degradation and camptoth-
ecin (CPT)-induced Top!l degradation were monitored by immunoblot-
ting of the alkaline lysates prepared from drug-treated cells (8, 18), with
slight modifications. Briefly, following inhibitor treatment, cells were
washed 3 times with drug-free DMEM and incubated at 37°C in a CO,
incubator for another 30 min (for the purpose of reversing topoisomerase
cleavage complexes). Cells cultured in 35-mm dishes were then lysed with
100 pl of an alkaline lysis buffer (200 mM NaOH, 2 mM EDTA). Alkaline
lysates were neutralized by the addition of 12 pl of 1 M HCl, 600 mM Tris,
pH 8.0, followed by mixing with 13 .l of 10X S7 nuclease buffer (50 mM
MgCl,, 50 mM CaCl,, 5 mM dithiothreitol, 1 mM EDTA, and a protease
inhibitor cocktail) and 60 U of staphylococcal S7 nuclease. The resulting
mixtures were incubated on ice for 35 min for releasing Top2f from
Top2B-DNA covalent complexes. Forty microliters of 6 X SDS gel sample
buffer was added to each sample. The lysates were boiled for 10 min,
analyzed by SDS-PAGE, and immunoblotted with various antibodies as
indicated.

Immunoprecipitation. Topl and Top2 were immunoprecipitated
by Top1 antiserum and Top23 (H8) antibody (sc-25330), respectively, as
described previously (20).

Transfection with cDNAs and siRNAs. To overexpress dominant-
negative HA-tagged ubiquitins (HA-K48R, K29R, and K63R), HA-tagged
wild-type ubiquitin (HA-Ub) or truncated shuttle factor (AUBL or
AUBA) cells were transfected with the indicated plasmids as described
previously (20). For transfections with HA-tagged plasmids, the transfec-
tion efficiency was evaluated by examining the HA levels in the transfected
cells. For siRNA transfection, 250 pmol of siRNAs was transfected into
HeLa cells (50% confluent in 100-mm plates) using the Oligofectamine
transfection reagent (Invitrogen). Forty-eight hours after transfection,
cells were reseeded in 35-mm plates. VP-16-induced Top2f and CPT-
induced Top1 degradations were examined 72 h posttransfection.

Formaldehyde cross-linking of chromosomal proteins to DNA.
HeLa cells were pretreated with MG132 (5 uM) or with DRB (150 M) for
30 min, followed by treatment with increasing concentrations of VP-16
(0, 10, and 150 puM) for another 90 min. Subsequently, cells were cross-
linked with 1% formaldehyde at room temperature for 10 min. Cross-
linking was terminated by adding 0.125 M glycine to the media. Cells were
then washed 3 times with ice-cold phosphate-buffered saline (PBS) and
lysed either directly with 80 pl 6X SDS sample buffer or with 100 pl
alkaline lysis buffer. Alkaline lysates were subjected to staphylococcal S7
nuclease digestion as described above. Cell lysates with or without staph-
ylococcal S7 nuclease digestion were subjected to SDS-PAGE, followed by
immunoblotting with specific antibodies against Top23, RNAPII, or in-
dividual proteasome subunits. To obtain the insoluble chromatin-con-
taining fraction of formaldehyde cross-linked cells, the cells were incu-
bated with ice-cold 1X radioimmunoprecipitation assay (RIPA) buffer
supplemented with a cocktail of protease inhibitors and 1 mM phenyl-
methylsulfonyl fluoride (PMSF) for 10 min to disrupt both the cellular
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membrane and nuclear envelope. The incubation was followed by collect-
ing the cells using a rubber policeman and an immediate centrifugation at
200 X gat 4°C for 15 min. Pellets which contain insoluble chromosomal
DNA were dissolved using alkaline lysis buffer (200 mM NaOH, 2 mM
EDTA). Following neutralization, staphylococcal S7 nuclease digestion
and immunoblotting were performed as described above.

Peptides. A dominant-negative peptide was custom synthesized (Pep-
nome Inc.). The reverse sequence of HIV-1 Tats,_,, (RRRQRRKKR) was
fused to the C-terminal HbYX motif (GTPEGLYL) of the 19S ATPase
Rpt2 (21, 22). A control peptide (RRRQRRKKRLGISYGRK) was custom
synthesized using the reverse sequence of Taty, ,, fused with Tatg_,,.
Prior to the treatment with these peptides, cells were incubated with chlo-
roquine (30 M) for 30 min to inhibit lysosome activities (23).

RESULTS

VP-16 induces proteasomal degradation of both DNA-bound
Top2f and RNAPII LS. VP-16, an anticancer agent and inducer
of Top2-DNA cleavage complexes, is known to cause proteasome-
dependent degradation of Top2f (8, 9). This degradation was
significantly suppressed by a transcription elongation inhibitor,
5,6-dicholoro-1-B-D-ribobenzimidazole (DRB) (Fig. 1A). DRB is
known to inhibit pTEFb/CDK9-mediated Ser-2 phosphorylation
of the CTD of RNAPII, confining RNAPII within the promoter-
proximal regions (24). Furthermore, the degradation of Top2f3
was also shown to require the active-site tyrosine of Top2(3, which
is essential for the formation of Top23-DNA cleavage complexes.
As shown in Fig. 1B, VP-16 induced efficient degradation of ec-
topically expressed wild-type (WT) mouse Top2 (mTop2) but
not mTop2 with a tyrosine-to-phenylalanine point mutation at
its active site (Fig. 1B, anti-HA immunoblot for HA-tagged
mTop2B). Moreover, VP-16 efficiently induced degradation of
endogenous human Top2B (hTop2PB) (Fig. 1B, anti-Top2 im-
munoblot) in the presence of the ectopically expressed mTop2f3.
These results clearly indicate that VP-16-induced degradation oc-
curs exclusively on Top2-DNA cleavage complexes but not on
free Top2 that is not DNA bound.

Not surprisingly, the VP-16-induced degradation of RNAPII
LS was shown to rely largely on the formation of Top23-DNA
cleavage complexes. The total cellular content of RNAPII LS was
reduced significantly upon VP-16 treatment in Top2p ™" pri-
mary mouse embryonic fibroblasts (pMEFs). In contrast, no
detectable degradation of RNAPII LS (labeled RNAPII) was
observed in top23 '~ pMEFs (Fig. 1C).

The exposure of DNA double-strand breaks (DSBs) was inves-
tigated as the consequence of Top2f3 degradation on DNA. Phos-
phorylation on Ser-139 of H2AX (y-H2AX, a key DNA damage
signal induced by DSBs) was shown in Top2B™*'* pMEFs upon
VP-16 treatment, whereas a much reduced level of y-H2AX was
observed in top2B '~ pMEFs (Fig. 1C). Taken together, VP-16-
induced DNA damage signals are dependent on the formation of
Top2B-DNA cleavage complexes. In contrast, the H,0,-induced
v-H2AX signal appeared to be unaffected in top2p '~ pMEFs
(Fig. 1D).

These results inspire a model (Fig. 1E) in which Top23-DNA
cleavage complexes act as roadblocks to the elongating RNAPII;
the encounter between Top2f roadblocks and RNAPII triggers a
proteasomal degradation of both Top23 and RNAPII LS on DNA,
exposing the otherwise Top2{3-concealed DSBs.

Top2B-DNA cleavage complexes act as protein roadblocks to
elongating RNAPII. Evidence supporting the proposed model
comes from an analysis of the phosphorylation state of RNAPII by
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FIG 1 VP-16 induces transcription-dependent degradation of Top2f. (A) The transcription elongation inhibitor DRB abolishes VP-16-induced Top2f3
degradation. HeLa cells (2.5 X 10°) cultured in complete DMEM were treated with 250 uM VP-16 for 0 (0.1% dimethyl sulfoxide [DMSO]), 2, or 4 h in the
presence or absence of 100 wM DRB. Cell lysates were immunoblotted using specific antibody against Top2@ or a-tubulin. (B) VP-16-induced Top2p
degradation requires the active-site tyrosine of Top2f. HeLa cells were transfected with the plasmid (pYLL201) expressing HA-tagged WT mTop2f3 or the
plasmid (pYLL204) expressing HA-tagged active-site mutant mTop2[3 (Y814F). Twenty-four hours posttransfection, cells were treated with 250 uM VP-16 in the
presence or absence of 5 WM MG132 for various time periods as indicated. Cell lysates were prepared and immunoblotted with the anti-HA antibody for detecting
ectopically expressed mTop2f3 or anti-Top2f antibody for detecting endogenous total Top2f. (C) VP-16 induces Top2f3-dependent degradation of RNAPII LS
and the y-H2AX signal. Primary Top2B ' and top2~/~ MEFs cultured in DMEM supplemented with 0.2% FetalPlex were treated with 250 wuM VP-16 for 0,
2, or 4 h in the presence or absence of MG132. Cell lysates were analyzed by immunoblotting using specific antibodies against RNAPII LS, Top2f, y-H2AX, or
a-tubulin. (Bottom) Quantification of relative intensities of immunoreactive bands in wild-type pMEFs treated with VP-16 in the presence or absence of MG132
as shown above. (D) H,0,-induced y-H2AX is independent of Top2@. Primary Top2B*/* and top2B '~ MEFs were treated with 0.1% DMSO, 100 .M VP-16,
or 500 uM H,0, for 1 h. Cell lysates were analyzed by immunoblotting using antibodies against y-H2AX or a-tubulin. (E) A proposed model for VP-16-induced
Top2p degradation. Top2(3-DNA cleavage complexes arrest elongating RNAPII, triggering a proteasomal degradation of both Top2f3 and RNAPII LS on DNA.
Degradation of Top2 results in exposure of the otherwise Top2f-concealed DNA DSBs.

analyzing the relative distribution of Ilo (hyperphosphorylated)
and ITa (hypophosphorylated) forms of RNAPII in VP-16-treated
HeLa cells. The CTD of RNAPII typically consists of up to 52
repeats of the sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser (25), and
phosphorylation occurs primarily on Ser-2 and Ser-5 (5). It is
widely held that the promoter binding and other early events of
transcription are carried out by RNAPIIa, while elongation is car-
ried out by RNAPIIo (26, 27).

In the presence of the proteasome inhibitor MG132, VP-16
caused a significant shift of RNAPII from the IIa form to the Ilo
form (Fig. 2A), which is indicative of elongation arrest. This shift
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was associated with an elevated phosphorylation of Ser-2 (Fig.
2A), bolstering the elongation arrest. An inhibitor of CTD kinase
pTEFb/cyclin-dependent kinase 9 (CDK9), DRB, was employed
in subsequent experiments to sequester the initiated RNAPII in
the promoter-proximal regions, thereby preventing its interaction
with Top2B-DNA cleavage complexes within the transcribed re-
gions. As shown in Fig. 2A, in HeLa cells pretreated with DRB, a
ITa-to-IIo shift as well as Ser-2 phosphorylation of RNAPII was no
longer observed upon VP-16 treatment. However, at the DRB
concentration (150 wM) used in this experiment, transcription
initiation is also likely inhibited.
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FIG 2 VP-16 induces accumulation of RNAPIIo and 19S ATPase subunits
(Rpt proteins) on chromatin. (A) VP-16 induces accumulation of hyperphos-
phorylated RNAP II (ITo). HeLa cells were treated with VP-16 at the indicated
concentrations in the presence of either 5 WM MG132 (to prevent the degra-
dation of RNAPII LS) or 150 uM DRB (to prevent transcription elongation)
for 2 h. Cell lysates were analyzed by immunoblotting using specific antibodies
against RNAPII, Ser-2-phosphorylated RNAPII, or a-tubulin. (B) VP-16
treatment increases the cross-linking of Top23, RNAPII, and RNAPII-associ-
ated 19S ATPases to chromosomal DNA in a transcription-dependent man-
ner. DNA-bound proteins were cross-linked to chromosomal DNA using 1%
formaldehyde upon drug treatment (0, 10, or 150 wM VP-16 in the presence of
MG132 or DRB for 90 min). Cell lysates were either directly analyzed by im-
munoblotting or subjected to S7 nuclease digestion before immunoblotting
with antibodies against RNAPII, Top2, Rpt6, Rpt5, Rpn2, S5a, or a-tubulin.
(C) Chromosomal DNA-containing pellets from formaldehyde-treated cells
display accumulation of Top23, RNAPII, Rpt6, and Rpt5 in response to VP-
16, while the corresponding supernatants show the opposite. HeLa cells were
treated and cross-linked as described for panel B. Cell lysates were then sepa-
rated into chromosomal DNA pellets and supernatants by differential centrif-
ugation. The cell pellets were subjected to S7 nuclease digestion. Both the
supernatants and the S7-digested pellets were analyzed by immunoblotting
with specific antibodies against RNAPII, Top2, Rpt6, Rpt5, Top1 (a loading
control for pellets), or a-tubulin (a loading control for supernatants). His-
tones (another loading control for pellets) were stained by Ponceau S.

To confirm that VP-16-induced accumulation of elongating
RNAPII occurs on chromatin, a cross-linking experiment was
performed. Briefly, VP-16-treated HeLa cells were treated with
1% formaldehyde to cross-link chromatin-bound proteins to
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DNA. The disappearance of DNA-bound protein from SDS-
PAGE gel was expected, because the cross-linked protein-DNA
(chromatin) complexes are too large to enter the gel. VP-16 in-
duced a concentration-dependent disappearance of both Top2f3
and RNAPII LS from the SDS-PAGE gel (Fig. 2B, lanes 1 to 3).
Top2p disappeared as expected, since VP-16 is known to stabilize
Top2B-DNA cleavage complexes and recruit Top2 from its nu-
cleolar storage sites to chromatin (28). The disappearance of
RNAPII LS is interesting and suggests the accumulation of
RNAPII on chromatin upon encountering Top23-DNA cleavage
complexes. When sequestered within the promoter-proximal re-
gions by DRB, RNAPII LS accumulated on chromatin to a much
lesser extent despite unaffected formation of Top2B3-DNA cleav-
age complexes, as evidenced by the reduced amount of DNA
cross-linked RNAPII LS but comparable amount of DNA cross-
linked Top2p in the presence of DRB (Fig. 2B, lanes 4 to 6).

As a control, the total lysate of formaldehyde-treated cells was
digested with staphylococcal S7 nuclease to release proteins from
cross-linked protein-DNA complexes prior to SDS-PAGE. As
shown in Fig. 2B, lanes 7 to 12, S7 nuclease treatment released
both RNAPIIo and Top2f from DNA, as evidenced by their reap-
pearance on immunoblots.

To further verify the RNAPII accumulation on chromosomal
DNA, we fractionated the total cell lysates (cross-linked) into su-
pernatants and insoluble chromatin pellets by differential centrif-
ugation. The supernatants displayed decreased amounts of Top2[3
and RNAPII in response to increasing concentrations of VP-16. In
contrast, DNA pellets (after staphylococcal S7 nuclease treatment)
displayed increasing amounts of Top2f3 and RNAPII in response
to the increasing concentrations of VP-16 (Fig. 2C). Collectively,
our results indicate that Top23-DNA cleavage complexes trigger
the accumulation of RNAPII on chromatin and support a model
in which Top23-DNA cleavage complexes act as roadblocks to the
elongating RNAPII.

Given that 19S ATPases are part of the elongating complex of
RNAPII (13-16), we were not surprised to find that the 19S
ATPase subunits (Rpt5 and Rpt6) also accumulated on chromo-
somal DNA in response to the increasing concentrations of VP-16
(Fig. 2B, lanes 1 to 3). DRB counteracted this VP-16-induced ac-
cumulation (Fig. 2B, lanes 4 to 6). The non-ATPase subunits of
19S proteasome (Rpn2 and S5a) were not cross-linked to DNA
under the same conditions (Fig. 2B, lanes 1 to 3). As a control,
staphylococcal S7 nuclease caused full recovery of the 19S ATPases
(Fig. 2B, lanes 7 to 12). Consistently, analysis of fractionated su-
pernatant and DNA pellets confirmed the VP-16-induced accu-
mulation of 19S ATPases on DNA (Fig. 2C). In aggregate, Top2[3-
DNA cleavage complexes arrest RNAPII and RNAPII-associated
19S ATPases on chromatin.

The clearance of Top2f3-DNA cleavage complexes is medi-
ated by 20S proteasome independently of Ub. As proteasome
inhibitors are known to abolish the degradation of Top23-DNA
cleavage complexes (8, 9), the siRNA-mediated silencing of
POMP (proteasome maturation protein) further substantiated
the participation of 20S proteasome. POMP, also known as
hUmpl, acts as a chaperone that guides two a7p7 half protea-
somes to assemble into the mature 20S core (29). Silencing POMP
expression in HeLa cells has been shown to cause a consider-
able decrease in proteasomal hydrolyzing activity (30). siRNA-
mediated silencing of POMP completely abolished the degra-
dation of Top2B-DNA cleavage complexes in Hela cells
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FIG 3 VP-16-induced degradation of Top2f3 requires the mature 20S proteasome but not Ub. (A) Disrupting the maturation of the 20S proteasome abrogates
VP-16-induced degradation of Top23. HeLa cells were transfected with control siRNA or POMP siRNA. Seventy-two hours posttransfection, cells were treated
with either 250 uM VP-16 or 25 uM CPT for 0, 2, or 4 h. Cell lysates were immunoblotted with anti-Topl, anti-Top2f, or a-tubulin antibody. (B) Analysis of
POMP protein level. Seventy-two hours posttransfection, cell lysates were immunoblotted with anti-POMP or a-tubulin antibody. (C) VP-16-induced degra-
dation of Top2f does not require the major E1. Mouse ts85 cells were treated with 250 uM VP-16 or 25 wM CPT for 0, 2, or 4 h at either the permissive (30°C)
or the nonpermissive (39°C) temperature. Cell lysates were then analyzed by immunoblotting as described for panel A. (Bottom) Quantification of relative
intensities of immunoreactive bands as shown above. (D) Expression of dominant-negative mutant Ubs does not impact VP-16-induced degradation of Top23.
HeLa cells were transfected with plasmids expressing either HA-tagged WT Ub or HA-tagged mutant Ubs. Twenty-four hours posttransfection, cells were treated
with either 250 wM VP-16 or 25 wM CPT for 0, 2, or 4 h. Cell lysates were immunoblotted as described for panel A. (E) Analysis of the formation of
poly-Ub-Top2f conjugates in VP-16-treated cells. HeLa cells were transfected with a plasmid expressing HA-tagged Ub (K48R or WT). Twenty-four hours
posttransfection, cells were treated with either 250 uM VP-16 or 25 wM CPT for 0, 30, or 60 min. Standard immunoprecipitation was performed using anti-Top1
or anti-Top2@ antibody. Immunoblotting was performed using anti-HA, anti-Top1, or anti-Top2f antibody.

(Fig. 3A). Camptothecin (CPT)-induced proteasomal degrada- plexes appeared to be Ub independent. First, in ts85 cells that
tion of topoisomerase I (Topl) served as a positive control (Fig. harbor a temperature-sensitive major E1 (19), the degradation of
3A) (18). The efficiency of POMP siRNA silencing was examined = Top2f at the nonpermissive temperature was as efficient as that
by immunoblotting against POMP (Fig. 3B). observed at the permissive temperature. In contrast, CPT-in-

Paradoxically, the degradation of Top23-DNA cleavage com-  duced, Ub-dependent degradation of Topl (18, 20) was com-
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FIG 4 VP-16-induced degradation of Top2f requires 19S ATPases but not the entire 19S regulatory particle. (A) siRNA-mediated silencing of 19S ATPase
subunits (Rpt5 and Rpt6) abolishes VP-16-induced degradation of Top2. HeLa cells were transfected with control, Rpt5, or Rpt6 siRNA. Seventy-two hours
posttransfection, cells were treated with 250 uM VP16 or 25 puM CPT for 0, 2, or 4 h. Cell lysates were immunoblotted with antibody against Top1, Top2f, or
a-tubulin. (B) siRNA-mediated silencing of the non-ATPase components of the19S regulatory particle does not impact VP-16-induced degradation of Top23.
HeLa cells were transfected with control, Rpn11, S5a, or Rpn2 siRNA, followed by drug treatment and immunoblotting as described for panel A.

pletely abolished at the nonpermissive temperature (Fig. 3C). Sec-
ond, a series of plasmid-encoded, branch point-mutated Ubs were
introduced into HeLa cells by transient transfection; when over-
expressed in cells, none of these dominant-negative mutant Ubs
affected VP-16-induced degradation of Top2[3. However, the Lys-
48-mutated Ubs (K48R and UbR7) completely abolished Ub-de-
pendent Topl degradation induced by CPT (Fig. 3D) (20). These
results indicate that the degradation of Top2f requires neither
single Ub conjugation via major E1 nor the formation of Lys-48-,
Lys-29-, or Lys-63-linked poly-Ub chains. We also examined the
existence of poly-Ub-Top2f conjugates, or the lack of them, in
VP-16-treated HeLa cells. VP-16 did not induce Top23-poly-Ub
conjugates, while CPT induced extensive poly-Ub-Topl conju-
gates under the same condition. Those poly-Ub-Top1 conjugates
disappeared when K48R Ubs were overexpressed in the cells (Fig.
3E), confirming that the conjugate of Top1 contains the Lys-48-
linked poly-Ub chain. In aggregate, our results strongly suggest
that the proteasomal degradation of Top2@ roadblocks is Ub in-
dependent.

The degradation of Top23-DNA cleavage complexes re-
quires 19S ATPases but not the entire 19S regulatory particle.
Proteins could take a Ub-free route to the proteasome for degra-
dation. These proteins fall into three categories: (i) small proteins
with an unstructured terminus or a terminus with a binding site
for the a7 subunit of the 20S proteasome (31-33), (ii) a native
protein or a protein complex bearing a hydrophobic patch that
mimics a poly-Ub chain (34) (it has been shown that both the
poly-Ub chain and the poly-Ub-mimicking sequences could be
shielded from poly-Ub receptors by excessive UBA domains of the
shuttle factor Rad23 [AUBL] [35, 36]), and (iii) a protein sub-
strate of PA28v-20S proteasome, which does not require the
poly-Ub chain, as a degradation permit (37).
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Due to the large size of the Top23 homodimer (~360 kDa), it
does not fall into the first category. Interestingly, Top2f3 does not
fit the remaining two categories either, as neither the overexpres-
sion of truncated shuttle factors (AUBL Rad23) nor the silencing
of PA28vy by siRNA could influence the proteasomal degradation
of Top23 (see Fig. S1A and B in the supplemental material). Thus,
a question emerges as to whether or not the classical 26S protea-
some is the degradation machinery for Top2f. To answer this
question, we knocked down a series of 19S components using their
respective siRNAs. Only siRNAs that target 19S ATPases (S6a/
Rpt5 and Sugl/Rpt6) significantly hindered the degradation of
Top2P (Fig. 4A). The siRNA targeting the 19S lid component
S13/Rpnll, the 19S base-lid connector Rpn10/S5a, or the non-
ATPase base component p110/Rpn2 was unable to influence the
degradation of Top2f (Fig. 4B). In contrast, CPT-induced Top1
degradation was shown to require all of the tested 19S compo-
nents (Fig. 4A and B). The knockdown efficiency of each siRNA
was confirmed by the decrease of its corresponding protein and
the accumulation of Ub conjugates (see Fig. S2A and B in the
supplemental material). Taken together, our results suggest that
only the 20S core and 19S ATPases, but not the entire 26S protea-
some, are required for the clearance of Top2f roadblocks.

The degradation of Top23-DNA cleavage complexes re-
quires 20S core-mediated assembly of the 195 ATPase ring. Sev-
eral studies have demonstrated that 19S ATPases dock onto 20S
proteasome by inserting their C termini into the corresponding
inter-a-subunit pockets of the 20S proteasome « ring (21, 38).
The assembly of the 19S ATPase ring is guided by three chaper-
ones (Rpn14/PAAF1, Nas6/P28, and Hsm3/S5b) and a template
(20S a ring) (39-43).

Since both 19S ATPases and 20S proteasome are required for
the transcription-dependent degradation of Top2f, an important
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for 45 min, followed by cotreatment with 250 pM VP-16 for 0, 2, or 4 h. The formaldehyde cross-linking was performed, and chromosomal DNA-containing
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signal. The RNAPII-associated 19S ATPase recruits the 20S proteasome, resulting in the assembly of the ATPase-20S proteasome subcomplex that proteolyzes the

Top2P roadblock.

question is whether they function as an assembled complex. To
test this possibility, we blocked the assembly of the 19S ATPase
ring using a fusion peptide consisting of the reverse sequence of
HIV-1 Tats, 4o (RRRQRRKKR) and the C-terminal HbYX motif
(GTPEGLYL) of the 19S ATPase Rpt2 (21, 22). This fusion pep-
tide, Tat-HbYX (RRRQRRKKRGTPEGLYL), is expected to be cell
membrane permeable (due to the reverse sequence of Tats,_4,)
and capable of binding to inter-a-subunit pockets on the 20S
proteasome (due to the HbYX motif), thereby acting as an effi-
cient dominant negative to prevent the assembly of the ATPase-
20S subcomplex.

In contrast to the control peptide (RRRQRRKKRLGISYGRK
with no HbYX motif), Tat-HbYX completely abolished the deg-
radation of Top2f (Fig. 5A). In line with this result, siRNA-me-
diated silencing of the major chaperone (Nas6/p28) for the 19S
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ATPase ring assembly significantly hampered Top2 degradation
(Fig. 5B). These results suggest that 19S ATPase ring assembly is a
necessary prerequisite for Top2p degradation. However, CPT-
induced Topl degradation, which requires mature 26S protea-
some, appeared independent of a de novo assembly of 19S ATPase
ring (Fig. 5A and B).

As the executor of destruction of protein roadblocks, 20S
proteasome is anticipated to be present on DNA. Thus, the
DNA cross-linking experiments described earlier were per-
formed. The fractionated DNA pellets displayed an increase of
20S proteasome on DNA in response to VP-16 (Fig. 5C). Such
an increase was shown to be transcription dependent and to
require the assembly of the 19S ATPase ring, as this increase
was abolished by DRB, Tat-HbYX peptide (Fig. 5C), or Nas6/
p28 siRNA (Fig. 5D). Nevertheless, a noticeable temporal delay
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compared to 19S ATPase subunits was observed for 20S pro-
teasome on chromatin.

DISCUSSION

Our current studies have clarified the interplay among transcrip-
tion elongation, proteasomal degradation, and exposure of DSBs
when Top2B-DNA cleavage complexes manifested as protein
roadblocks. Our results suggest that Top23-DNA cleavage com-
plexes arrest elongating RNAPII complexes, triggering a protea-
somal degradation of the Top2[ roadblocks and the subsequent
exposure of DSBs. Most likely the exposure of DSBs is for the
purpose of repair, so that the lethal cessation of transcription
could be avoided. However, the unrepaired DSBs could trigger
chromosomal deletions and translocations. Indeed, VP-16 has
been shown to induce MLLI translocations, leading to therapy-
related acute myeloid leukemia (t-AML) (44). It has been sug-
gested that VP-16-induced MLLI translocation is due to protea-
somal degradation of Top2B cleavage complexes and its
subsequent exposure of DSBs (10). Our current results may shed
light on the molecular mechanism underlying VP-16-induced
secondary malignancies, ultimately leading to more efficacious
use of VP-16.

Proteasome has been linked to transcription at different levels.
It was originally reported that the 19S ATPases are recruited to the
promoter regions (13—16). However, the 20S proteasome is only
recruited when RNA polymerase is paused at the transcription
termination sites (15). UV irradiation and other DNA-damaging
events lead to the recruitment of the 20S proteasome within the
transcribed region due to pausing of the RNA polymerase at the
DNA damage sites (15, 45).

Our observations corroborate the notion that proteasome
plays a proteolytic role in clearing stalled transcription machiner-
ies (15). Moreover, we have uncovered a novel Ub-independent
proteasome pathway that is schematically shown in Fig. 5E. When
elongating RNAPII stalls at Top2[3-DNA cleavage complexes, the
blocked RNAPII serves as a damage signal. The RNAPII-associ-
ated 19S ATPases are activated as an early event during the en-
counter for detecting the Top2{ roadblocks (e.g., through DNA
helicase Rpt5) (46, 47). Consequently, 20S proteasome is re-
cruited by the 19S ATPases, resulting in Top2@3 degradation and
revealing the otherwise Top2B-concealed DSBs for repair. The
orchestration of 19S ATPases and 20S proteasome suggests a two-
step mechanism for removal of the protein roadblock. Because of
the limited access to the proteasome catalytic chamber inside the
20S core particle, the initial step could involve the unfolding of
the protein roadblock by the RNAPII-associated 19S ATPases.
The persistent arrest of RNAPII by DNA damages revealed after
protein unfolding could result in the subsequent recruitment of
20S proteasome. This two-step mechanism could be decoupled
when RNAPII encounters noncovalent protein-DNA complexes
without DNA damage (e.g., nucleosomes). In this case, the un-
folding of the noncovalent protein roadblock by 19S ATPases
would allow rapid readthrough of the RNAPII, thereby obviating
the recruitment of 20S proteasome and degradation of the un-
folded protein. The possible role of 19S ATPases in unfolding
noncovalent protein-DNA complexes could explain their involve-
ment in transcription elongation on a DNA template covered with
tightly bound proteins, such as nucleosomes (13-15).

In contrast to Top23-DNA cleavage complexes, Topl-DNA
cleavage complexes undergo degradation through a Ub-depen-
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dent pathway (20, 48). Since both complexes are covalent protein-
DNA complexes, it is unclear why distinct pathways are adopted
by the paused RNAPII. One possibility is that Topl-DNA com-
plexes exist in two different polarities to the elongating RNAPII
and contain a protein-concealed single-strand break (SSB) that
can be located on either the template or the nontemplate strand.
RNAPII may elicit two different responses depending on the po-
larity of the Topl roadblock. As shown in Fig. S3 in the supple-
mental material, 19S ATPases have been demonstrated to be part
of the elongating RNAPII complex (13-16). Armed with these
ATP-hydrolyzing enzymes, RNAPII may read through the Topl
roadblock on the nontemplate strand (coding strand) by unfold-
ing/removing Top1 from the template strand. Excision of such an
unfolded Top1 behind the elongating RNAPII may occur through
Tdpl (49, 50). In contrast, RNAPII is likely to remain paused at
the Top1 roadblock on the template strand. In this case, Topl
could be degraded by the same Ub-independent pathway as that
utilized to degrade Top2f roadblocks. The observation of Ub de-
pendency may simply reflect the relative rates of the two degrada-
tion processes responsible for clearing/removing Topl road-
blocks.
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