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Background: PARP activation at sites of DNA breaks leads to recruitment of chromatin remodeling enzymes such as ALC1.
Results: TRIM33 associates with ALC1 after DNA damage and regulates its retention at DNA breaks.

Conclusion: TRIM33 has a role in the PARP-dependent DNA damage response pathway.

Significance: The role of TRIM33 in the DNA repair may contribute to its known tumor suppressor function.

Activation of poly(ADP-ribose) polymerase (PARP) near sites
of DNA breaks facilitates recruitment of DNA repair proteins
and promotes chromatin relaxation in part through the action of
chromatin-remodeling enzyme Amplified in Liver Cancer 1
(ALC1). Through proteomic analysis we find that ALCI inter-
acts after DNA damage with Tripartite Motif-containing 33
(TRIM33), a multifunctional protein implicated in transcrip-
tional regulation, TGF-B signaling, and tumorigenesis. We
demonstrate that TRIM33 is dynamically recruited to DNA
damage sites in a PARP1- and ALCl-dependent manner.
TRIM33-deficient cells show enhanced sensitivity to DNA dam-
age and prolonged retention of ALC1 at sites of DNA breaks.
Conversely, overexpression of TRIM33 alleviates the DNA repair
defects conferred by ALC1 overexpression. Thus, TRIM33 plays a
role in PARP-dependent DNA damage response and regulates
ALC1 activity by promoting its timely removal from sites of DNA
damage.

Higher-order chromatin structure acts as a major barrier for
the detection and repair of DNA damage. Rapid and efficient
modification of chromatin facilitates the accessibility of dam-
aged DNA to the DNA repair machinery (1, 2). Breaks in DNA
are known to result in rapid activation of the poly(ADP-ribose)
(PAR)® polymerases PARP1 and PARP2, which catalyze the
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assembly of PAR chains onto chromatin substrates (3—10). PAR
modification at damage sites is believed to facilitate DNA repair
by attracting PAR-binding DNA repair factors and promoting
local chromatin relaxation (11-16).

PARP1/2 activity is required for efficient single-strand break
repair, with PARP inhibition causing increased entry of unre-
paired breaks into S phase, leading to replication fork stalling
and DNA double-strand break equivalents (9, 17, 18). PARP1
and PARP2 are also activated at stalled replication forks, where
they play a role in efficient fork restart (19). Upon synthesis by
PARP activity, PAR can be rapidly degraded by poly(ADP-ri-
bose) glycohydrolase (PARG). Deletion of the nuclear isoform
of PARG leads to DNA repair defects and genomic instability,
demonstrating that regulation of PAR production and degrada-
tion is critical for efficient DNA repair (20). The rapid assembly
and disassembly of PAR and PAR binding proteins at DNA
damage sites implies that this process is tightly controlled in the
cell and raises the possibility that yet-unknown factors are
involved in mediating and regulating these events.

DNA damage-induced PARylation can directly recruit DNA
repair proteins such as XRCC1 (X-ray repair cross-comple-
menting protein 1) and APLF (aprataxin- and PNKP-like fac-
tor), which contain specific PAR-binding motifs. The chroma-
tin remodeling enzyme Amplified in Liver Cancer 1 (ALC1) is
recruited to sites of DNA damage by directly binding PAR
through its macro domain. PARP1 activity is thus required to
locally target ALC1-dependent nucleosome remodeling, which
may facilitate local chromatin relaxation and repair (12, 21, 22,
23). ALC1 is an oncogene that is amplified in some solid
tumors, including hepatocellular carcinoma (49). Overexpres-
sion of ALC1 leads to altered chromatin structure and
increased sensitivity to intercalating agents, such as phleomy-
cin, that induce breaks preferentially at linker DNA (12, 21).

Tripartite motif-containing 33 (TRIM33) is a member of the
TIF1 family of transcription regulators, which possess a RING
domain, two B-boxes, and a coiled-coil domain at the N termi-
nus as well as the plant homeo domain (PHD) and Bromo
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domains at the C terminus (Fig. 24) (24) TRIM33 has been
implicated previously in transcriptional regulation during
hematopoiesis and interactions with elongation factors (25—
28). TRIM33 was also shown to regulate the TGF-3 pathway by
interacting with both SMAD2/3 and SMAD4 (26, 29-31).
TRIM33 helps recruit SMAD2/3 to chromatin via interaction
of its PHD and Bromo domains with histone H3 trimethylated
at lysine 9 (H3K9me3) and histone H3 acetylated at lysine 18
(H3K18ac), respectively. In embryonic stem cells, binding of
the TRIM33 PHD domain to H3K9me3 displaces HP1-g from
regions of silenced chromatin, enhancing transcriptional acti-
vation ability of the SMAD2/3-SMAD4 complex at target pro-
moter regions (32). Histone binding is also required for
TRIM33 ubiquitin ligase activity and its transcriptional repres-
sion function (33). TRIM33 may play a dual role in TGF-f3 sig-
naling, initially enhancing the transcriptional activation func-
tion of the SMAD2-3-SMAD4 complex and then promoting
the dissociation of this complex from chromatin (32, 33).

TRIM33 also functions as a tumor suppressor in multiple
tissues. Targeted knockout of TRIM33 in liver leads to hepato-
cellular carcinoma in mice (34), whereas targeted knockout of
TRIM33 in hematopoietic precursors leads to myeloprolifera-
tive disorders similar to chronic myelomonocytic leukemia (35,
36). Loss of TRIM33 also cooperates with K-ras activation to
induce cystic tumors and adenocarcinomas of the pancreas in
mice (37). Although the mechanism underlying the tumor sup-
pression function of TRIM33 in these tissues remains unclear, a
recent study suggests that this tumor suppressor function is
separate from its functions in regulating SMAD4 (38).

Here we identify TRIM33 as an ALCl-interacting protein
that is required for efficient DNA repair. We show that TRIM33
is rapidly recruited to sites of DNA breaks ina PAR-and ALC1-
dependent manner. We further demonstrate that TRIM33 is
required for the timely dissociation of ALC1 from damaged
chromatin. Our results raise the possibility that TRIM33 acts to
regulate ALC1 activity at DNA lesions. Indeed, we show that
increased sensitivity to certain DNA-damaging agents associ-
ated with ALCI-overexpressing cells is reversed by concomi-
tant overexpression of wild-type TRIM33. We propose that
TRIM33 functions during the PARP-dependent DNA damage
response to promote timely removal of ALC1 from damaged
chromatin. Thus, TRIM33 regulates ALC1 function in the
DNA damage response to facilitate efficient DNA repair.

MATERIALS AND METHODS

Plasmids and Proteins—FLAG-tagged WtTRIM33 and the
FLAG-tagged TRIM33CA mutant described previously (29)
were obtained from Addgene. The internal deletion FLAG-
tagged PHD mutant (TRIM33APHD) and TRIM33 PHD AAA
mutants were a gift from the Massague laboratory (32). The
internal Bromo domain deletion construct was amplified from
FLAG-WtTRIM33 templates using appropriate primers (for-
ward primer, 5'-aactgcgcaggggttacaggaccttcgcac-3'; reverse
primer, 5'-gtgcgaaggtcctgtaacccctgegeagtt-3') and using a
QuikChange Lightning site-directed mutagenesis kit (Agi-
lent Technologies, Santa Clara, CA). The colonies were
screened by sequencing. GST-tagged WtTRIM33 (plasmid
15734, Addgene), TRIM33 ShRNA (plasmid 15728, Addgene),
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and TRIM33 GFP shRNA (plasmid 15721, Addgene) were as
described previously (26). The TRIM33 siRNA (Ambion Inc.),
FLP-In-FLAG, FLP-In-ALC1, FLP-In-ALC1K77R, and FLP-In-
ALC1D723A constructs used have been described previously
(12).

Antibodies—The antibodies used were rabbit anti-TRIM33
(Bethyl Laboratories), mouse anti-ALC1 and mouse anti-
XRCC1 antibodies (Abcam), mouse anti YH2AX antibody and
mouse anti-P21 antibody (Millipore), rabbit anti-yH2AX anti-
body (AbD Serotec), mouse anti-PAR antibody (Trevigen), rab-
bit anti-PARP1 antibody (Enzo Life Sciences), rabbit antibodies
against total and phosphorylated Chk2 (Cell Signaling Tech-
nology), and mouse anti-tubulin antibody (Sigma). HRP-tagged
mouse and rabbit secondary antibodies were purchased from
Millipore.

Cell Lines, Cell Culture, and Inhibitors—The stable HEK293-
FIP-In ALC1 cell line (12) was grown in regular DMEM supple-
mented with 150 pg/ml hygromycin B (Invitrogen). Stable
U20S shALC1 and shControl cell lines (12) were grown in
DMEM supplemented with 2 pg/ml puromycin (Sigma).
Parpl /" and Parpl™’" mouse embryonic fibroblasts were
maintained in DMEM with 10% FBS and 1% penicillin/strepto-
mycin. Wherever indicated, cells were treated either with PARP
inhibitor KU-0058948 (KuDOS Pharmaceuticals) or PARP
inhibitor ABT-888 (Abbott Laboratories) at 1 um final concen-
tration, ATM (Ataxia telangiectasia mutated) inhibitor
KU-55933 at a final concentration of 20 uM, and gallotannin
(Fluka Biochemika, Buchs, Switzerland) at a concentration of
25 uMm.

Laser Microirradiation—Laser microirradiation was carried
out as described previously with some modifications (39). To
generate subnuclear DNA damage, a laser was focused with LD
X40, NA 0.6 Achroplan objective to yield a spot size of ~1 um.
The laser output was set to 35% to generate localized damage
assisted with PALM Robo software supplied by the manufac-
turer (P.A.L.M. Microlaser Technologies, Bernried, Ger-
many). Approximately 50 cells were microirradiated in each
experiment.

Immunofluorescence Microscopy—Cells were fixed with 4%
buffered paraformaldehyde for 10 min, followed by permeabi-
lization with 0.5% Triton X-100. Cells were then incubated for
1 h with the appropriate primary antibodies diluted in 5% goat
serum. Cells were then washed and incubated with secondary
antibodies coupled with FITC and rhodamine for immunode-
tection and mounted in Vectashield with DAPI (Vector Labo-
ratories). Images were taken with a X40 objective using a Nikon
Eclipse 80i microscope.

PAR Binding Assay—A PAR binding assay was performed as
described previously (12). Proteins were dot-blotted onto a
nitrocellulose membrane and blocked with TBST (Tris-buff-
ered saline and Tween 20) buffer supplemented with 5% milk.
The nitrocellulose membrane was then incubated with radiola-
beled PAR polymer in TBST buffer. The membrane was washed
and subjected to autoradiography.

Protein Purification and Mass Spectrometry—Purification
of ALCl-associated immunocomplexes was performed as
described previously (12). Briefly, stable HEK293T FIP-In
FLAG (control) and ALC1 cells were grown in roller bottles,
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pelleted, washed in PBS, and lysed for 10 min at 4 °C in sucrose
buffer (10 mm HEPES (pH 7.9), 0.34 M sucrose, 3 mm CaCl,, 2
mM magnesium acetate, 0.1 mm EDTA, and protease inhibi-
tors) containing 0.5% Nonidet P-40. Nuclei were then pelleted
by centrifugation at 3900 X g for 20 min. Residual cytoplasmic
contamination was removed by washing with sucrose buffer
and subsequent centrifugation at 3900 X g for 20 min. Nuclei
were resuspended in nucleoplasmic extraction buffer (20 mm
HEPES (pH 7.9), 3 mm EDTA, 10% glycerol, 150 mMm potassium
acetate, 1.5 mm MgCl,, 1 mm DTT, and protease inhibitors),
homogenized, and rotated for 20 min at 4 °C. The chromatin-
enriched fraction was pelleted by centrifugation at 13,000 rpm
for 30 min. The pellet was resuspended in digestion buffer (150
mwm HEPES (pH 7.9), 1.5 mm MgCl,, 150 mMm potassium acetate,
and protease inhibitors), homogenized, and incubated with
benzonase (25 units/ul stock) for 1 h at room temperature. The
digested chromatin was cleared by centrifugation at 38,000 X g
for 30 min. The soluble chromatin extract was recovered and
used for anti-FLAG immunoprecipitation with anti-FLAG
M2-agarose. Immunoprecipitated proteins were eluted by 3X
FLAG peptide and then precipitated with 10% TCA. Proteins
were then trypsinized, purified, and analyzed by LC-MS/MS on
an LTQ mass spectrometer (Thermo).

Immunoprecipitation of the TRIM33-associated Complex—
Endogenous coimmunoprecipitation using TRIM33 antibody
was performed according to the protocol of the manufacturer
using a nuclear complex coimmunoprecipitation kit (Active
Motif). HeLa cells (8.8 X 10°) were washed with ice-cold PBS/
phosphatase inhibitors and collected by gentle scraping in the
same buffer. Cells were centrifuged and resuspended in hypo-
tonic buffer followed by incubation for 15 min and lysis using
detergent. After centrifugation, the nuclear pellet was resus-
pended in complete digestion buffer with an enzymatic shear-
ing mixture and incubated for 90 min at 4 °C. After centrifuga-
tion, supernatants were collected, protein was quantitated, and
an equal quantity of protein was mixed with coimmunoprecipi-
tation buffer and precleared with protein A-agarose beads for
2 h. Protein extracts were then incubated overnight at 4 °C with
antibody against TRIM33. Protein A-agarose beads were then
added and incubated for protein binding for 2 h at 4 °C. Beads
were then washed with wash buffer, and proteins were eluted by
boiling the beads with 2X Laemmli buffer and loaded onto the
SDS-PAGE gels. Resolved proteins were transferred to nitrocel-
lulose membrane and incubated with the appropriate antibody.
Aliquots of the extracts were processed directly for Western
blotting as an input control.

MTS Assay—To evaluate the effect of TRIM33 on bleomycin
sensitivity, 293T cells were transfected with control or
TRIM33-specific shRNA. To study the effect of exogenously
expressed WtTRIM33 on rescuing the bleomycin sensitivity of
TRIM33 knockdown cells, cells were cotransfected with TRIM33
shRNA and either FLAG-WtTRIM33. To study the effect of
TRIM33 on rescuing the sensitivity of ALC1-overexpressing cells
to bleomycin, FIP-In-WtALC1 cells were transfected with either
empty vector or FLAG-tagged WtTRIM33. 48 h after transfection,
cells were seeded into 96-well plates (3000 cells/well), treated with
the indicated concentrations of DNA-damaging agents, and
grown for another 3 days. The relative cell number was measured

NOVEMBER 8, 2013 +VOLUME 288+-NUMBER 45

by incubating cells with Celltiter 96 Aqueous One Solution reagent
(Promega) for 3 h and measuring the absorbance at 490 nm. The
values were plotted as an average of two different experiments in
the case of TRIM33 shRNA-treated cells and three experiments in
ALCI cell lines.

Comet Assay—A comet assay was carried out as described
previously (12). FLP-In-FLAG, FLP-In-ALC1, and FLP-In-
ALCI1 cells transfected with WtTRIM33 were treated with the
indicated concentrations of phleomycin. A Comet assay single
cell gel electrophoresis kit (R&D Systems) was used to prepare
samples according to the instructions of the manufacturer.
Approximately 1 X 10°/ml cells were combined with molten
low-melting agarose at 37 °C at a ratio of 1:10 (v/v). 75 ul of this
mix was pipetted onto a comet slide. The slides were left at 4 °C
for 10 min, immersed in lysis buffer for 30 min followed by
20-min incubation in alkaline solution, and subjected to elec-
trophoresis at 300 mA for 20 min. Following electrophoresis,
the slides were washed in 70% ethanol and left to dry overnight.
Samples were then stained with SYBR Green and analyzed with
image analysis software (Comet IV, Perceptive Instruments).

Western Blot Analysis—Nuclear extracts were prepared
using an Active Motif kit following the instructions of the man-
ufacturer. Equal amounts of protein were resolved on SDS-
PAGE, and Western blotting was carried out using the indi-
cated antibodies. Densitometric measurements of bands on
Western blots were carried out using Adobe Photoshop soft-
ware. Western blot images were inverted, and mean intensity
was measured. This was then normalized to the background
intensity, and normalized values were plotted as mean * S.E.

RESULTS

TRIM33 Interacts with ALCI upon Induction of DNA
Damage—Previous studies have shown that ALC1 is rapidly
recruited to DNA damage sites via a macro domain-dependent
interaction with PAR. The retention of ALC1 on damaged
chromatin is short-lived, with a half-life of 2.5 min (12, 21).The
rapid association/disassociation kinetics of ALC1 from damage
sites implies that its chromatin association is subject to strict
regulatory control. To gain insight into the regulation of ALC1
during the DNA damage response, we sought to identify pro-
teins that interact with ALC1 upon DNA damage. HEK293
control cells and cells expressing FLAG-tagged wild-type ALC1
(12) were either mock-treated or treated with bleomycin and
subjected to immunoprecipitation using FLAG beads. Immu-
noprecipitates were then analyzed by LC-MS/MS to identify
potential interacting proteins. In agreement with previous
reports, peptides for PARP1, APLF, H2B, Ku70, Ku80, and
DNA-PKcs were identified in ALC1 immunoprecipitates both
before and after DNA damage but not in controls (12). Intrigu-
ingly, peptides for TRIM33 were also found in ALC1 immuno-
precipitates but only from the bleomycin-treated samples (Fig.
1A). This observation raised the possibility that TRIM33 inter-
acts with ALC1 upon induction of DNA damage. To confirm
these findings, HeLa cells were mock-treated or treated with
either 300 um bleomycin for 1 h or 3 mm hydroxyurea for 3 h
and then subjected to immunoprecipitation using antibody
against endogenous TRIM33 and processed for Western blot-
ting using antibodies specific for ALC1 and TRIM33. As shown
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FIGURE 1. TRIM33 interacts with ALC1 upon induction of DNA damage. A, HEK293 cells expressing either vector or FLAG-ALC1 were treated with either
vehicle or bleomycin, subjected to immunoprecipitation using FLAG beads, and then processed by LC-MS/MS. The relative peptide counts for each condition
are shown for ALC1, PARP1, APLF, histone H2B, Ku70, and TRIM33. As shown, TRIM33 peptides were identified only in the bleomycin-treated samples. B,
endogenous interaction of TRIM33 and ALC1 upon hydroxyurea (HU) and bleomycin treatment. DNase-treated nuclear extracts from untreated (Un) cells or
cells treated with HU (3 mm, 3 h) or bleomycin (300uM, 1 h) were immunoprecipitated with anti-TRIM33 antibody. Immunoprecipitates were processed for
Western blotting (WB) using antibodies to TRIM33 and ALC1 (top two panels, IP). Aliquots of nuclear extract were also directly processed for Western blotting

with these antibodies (bottom two panels, Inputs).

in Fig. 1B, ALC1 is found in the TRIM33 immunoprecipitation
only after induction of DNA damage with either bleomycin or
hydroxyurea, indicating that TRIM33 and ALCI1 interact in a
DNA damage-dependent manner. Analysis of the cell extracts
demonstrated that TRIM33 was present in undamaged cells
and that its total protein level is not increased upon DNA
damage.

TRIM33 Localizes to DNA Breaks—Given that TRIM33
interacts with ALC1 in response to DNA damage, we next
sought to determine whether TRIM33 is also recruited to DNA
damage acutely induced by UV laser scissors in HeLa cells sen-
sitized with iododeoxyuridine. Endogenous TRIM33 rapidly
localized to DNA damage, as seen by its colocalization with
yYH2AX, a marker of DNA strand breaks (Fig. 2, A—C). Unlike
continuing exposure to agents such as bleomycin that induce
ongoing DNA damage, laser scissors induce acute, transient
DNA damage at a defined time point, making it amenable to
high-resolution time course analysis. TRIM33 recruitment to
DNA damage sites was rapid and short-lived. TRIM33 was
detected within 5 min of damage induction and disassociated
from DNA lesions between 15 and 20 min (Fig. 2, B and C).

To determine whether TRIM33 also localizes to sites of rep-
lication stress, HeLa cells were treated with either 0 or 3 mm
hydroxyurea for 3 h, and localization of TRIM33 and yH2AX
were evaluated by immunofluorescence. Hydroxyurea treat-
ment led to induction of nuclear foci of TRIM33 that colocal-
ized with yH2AX (data not shown). To determine which
domains of TRIM33 contribute to its localization to DNA
breaks, HeLa cells were transfected with FLAG-tagged con-
structs encoding either WtTRIM33 or a series of mutant con-
structs. These included a RING domain mutant (TRIM33CA)
that has two cysteine-to-alanine mutations at amino acids 125
and 128, internal deletion mutants of the histone-binding PHD
(TRIM33APHD) or Bromo domain (TRIM33ABromo) (32),
and the mutation of highly conserved residues in the PHD
domain (TRIM33-PHD(AAA)) (40) (Fig. 24). The TRIM33CA
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mutant has been shown to lack ubiquitin ligase activity (41),
and TRIM33-PHD(AAA) has been shown to be unable to bind
methylated histone residues (40). Cells were then subjected
to UV laser scissor-induced DNA damage, and TRIM33
localization was monitored by immunofluorescence (IF).
The WtTRIM33 and TRIM33CA mutants both localized rap-
idly to DNA breaks. In contrast, deletion of either the PHD or
Bromo domain abrogates TRIM33 localization to sites of laser
scissor-induced DNA breaks. TRIM33 PHD(AAA) also has
greatly reduced localization to DNA breaks (Fig. 2, A, D, and E).
Thus, the chromatin-binding PHD and Bromo domains are
critical for robust localization of TRIM33 to sites of DNA
breaks.

TRIM33 Knockdown Sensitizes Cells to DNA-damaging
Agents and Activates Cell Cycle Checkpoints—To investigate a
potential role for TRIM33 in the DNA damage response, we
next examined the effect of depleting TRIM33 on the sensitivity
of cells to DNA-damaging agents. HeLa cells were transfected
with control sh/siRNA, with either of two different TRIM33
shRNAs, or one TRIM33 siRNA, and after 48 h, the cells
were treated with different concentrations of bleomycin or
hydroxyurea. TRIM33 knockdown enhanced sensitivity to both
bleomycin (Fig. 3A) and hydroxyurea treatment (data not
shown). Introduction of shRNA-resistant WtTRIM33 could
rescue the bleomycin sensitivity of TRIM33 depletion (Fig. 3B).
These results indicate that TRIM33 plays a role in DNA damage
response.

Cells treated with TRIM33 shRNA also exhibited evidence of
spontaneous unrepaired DNA damage, evident from the ele-
vated levels of yH2AX (Fig. 3C). Furthermore, TRIM33
shRNA-treated cells also exhibited hallmarks of damage-in-
duced checkpoint activation, including increased levels of p21
and enhanced phosphorylation of CHK2 on threonine 68 when
compared with cells treated with control shRNA (Fig. 3C). Col-
lectively, these results reveal that TRIM33 knockdown results
in increased sensitivity to DNA-damaging agents, accumula-
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FIGURE 2. TRIM33 participates in DNA damage response. A, Schematics of the TRIM33 constructs showing relevant domains and the mutant constructs
used. B, Hela cells were treated with UV laser scissors and processed for IF using antibodies to yH2AX (green) and TRIM33 (red) at the times indicated. C,
quantitation of TRIM33 dynamics at the site of UV laser-induced DNA breaks (mean = S.D. of at least 20 cells). D, HelLa cells transfected with FLAG-WtTRIM33,

TRIM33CA, TRIM33APHD, TRIM33 PHD(AAA), or TRIM33ABromo were treated wi

th UV laser scissors and, after 10 min, processed for IF using antibodies to FLAG

and yH2AX. E, quantitation of TRIM33 constructs at UV laser-induced DNA breaks (mean = S.D. of at least 20 cells).

tion of spontaneous DNA damage, and activation of DNA dam-
age-induced checkpoints.

TRIM33 Localization to DNA Breaks Is Dependent upon
PARP Activity—TRIM33 localization to sites of DNA breaks
was intact in Ataxia telangiectasia- and Rad3-related (ATR)-
deficient (GM18366) and DNA-PKcs-deficient (M059]) cells
and was unaffected in HeLa cells treated with an ATM inhibi-
tor, KU-55933 (42) (Fig. 3, D and E). The level of yH2AX at the
UV laser scissor stripes was reduced but still detectable in these
cells, as has been reported previously (10). These data demon-
strate that recruitment of TRIM33 to sites of DNA damage is
independent of ATM/ATR/DNA-PKcs activation.

Given that PAR formation is required for the recruitment of
some DNA repair proteins, including ALCI, to the sites of DNA
damage (6, 12, 21, 43), we next examined the role of PAR in
TRIM33 recruitment. The effect of inhibiting PAR formation

S
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on the localization of TRIM33 to UV laser scissor-induced
DNA breaks was evaluated by treating cells with 1 um PARP
inhibitor ABT-888 (44). PARP inhibitor treatment abolished
the induction of PAR polymers at sites of laser scissor-induced
DNA breaks and greatly reduced the localization of TRIM33 to
these sites when compared with mock-treated cells (Fig. 4, A
and B). Furthermore, recruitment of TRIM33 to UV laser
scissor-induced DNA damage was also greatly reduced in
Parpl~'~ mouse embryonic fibroblasts when compared with
Parpl™’" mouse embryonic fibroblasts (Fig. 4, C and D). PAR
polymers are normally rapidly degraded by the action of PARG
(45, 46). Treatment of HeLa cells with a PARG inhibitor, gallo-
tannin, led to prolonged retention of both PAR and TRIM33 at
sites of DNA breaks (data not shown).

PARP1 is also known to be activated at sites of replication
stress where it is believed to play a role in replication fork restart
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FIGURE 3. TRIM33 knockdown results in DNA damage sensitivity. A, Hela cells treated with control shRNA, TRIM33 shRNAT, TRIM33 shRNA2, and TRIM33
siRNA were exposed to increasing concentrations of bleomycin. Relative cell counts measured by MTS assay, normalized to no treatment, were performed on
day 3 and were plotted. p < 0.005 for control versus TRIM33 shRNA or siRNA. Relative expression of TRIM33 and tubulin is shown. B, Hela cells treated with
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counts were measured as above. The Western blot analysis shows levels of TRIM33 and tubulin. C, whole cell extracts from control and TRIM33 sh2-treated cells
were processed for Western blotting using antibodies to the indicated proteins. D, TRIM33 localization to DNA damage is not dependent on ATM, ATR, or
DNA-dependent protein kinase (DNApk). HeLa cells treated with vehicle or ATM inhibitor (ATMi) (KU-55933), GM18366 (ATR mutant), and M059J (DNApk™~'~)
cells were subject to laser scissor-induced DNA damage. Cells were fixed after 10 min and processed for IF using antibodies to yH2AX (green) and TRIM33 (red).
E, quantitation of TRIM33 at sites of DNA damage is shown. Each data point is the mean = S.D. of at least 20 cells.

(19). Treatment of HeLa cells with PARP inhibitors also
reduced TRIM33 focus formation in response to hydroxyurea
treatment, with only 19% of the TRIM33 foci colocalizing with
YH2AX foci compared with 74% observed in controls (data not
shown). Together, these results demonstrate that the recruit-
ment of TRIM33 to sites of DNA breaks and stalled replication
forks is PAR-dependent.

TRIM33 Recruitment to DNA Damage Is Dependent on ALC1—
The DNA repair proteins APLF and ALC1 are recruited and
bind directly to sites of active PAR synthesis via their PAR-
binding PBZ (PAR-binding zinc finger) and macro domains,
respectively (12,47, 48). Because TRIM33 is rapidly recruited to
sites of DNA damage in a PAR-dependent manner, we sought
to determine whether TRIM33 also binds directly to PAR. Puri-
fied recombinant FLAG-tagged WtTRIM33, WtALC1, C1
(macro domain) fragment of ALC1, and APLF were spotted
onto nitrocellulose, and their ability to bind **P-radiolabeled
PAR was measured. Both the WT and C1 (macro domain)
region of ALC1 exhibited a strong interaction with labeled
PAR, as demonstrated previously (12, 21). However, TRIM33
failed to bind PAR directly (Fig. 4E), suggesting that PAR-de-
pendent recruitment of TRIM33 to DNA damage is not via
direct binding to PAR and may involve some intermediary
factor.

Given that TRIM33 and ALC1 associate in response to DNA
damage, we investigated whether the recruitment of TRIM33
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to DNA damage is dependent on ALCI1. The localization of
TRIM33 to sites of laser scissor-induced DNA breaks was
therefore examined in U20S cells expressing either control
shRNA or ALCI1-shRNA. TRIM33 recruitment to UV laser-
induced DNA damage was greatly reduced in ALC1 shRNA-
expressing cells (Fig. 4, F, G, and H). Thus, TRIM33 recruitment
to DNA breaks is dependent on the presence of ALC1.

We further investigated which regions of ALC1 are required
for TRIM33 localization to DNA breaks. Cells stably expressing
ALClsh were reconstituted with WtALC1, ALC1-K77R
(ATPase dead), or the ALC1-D723A macro domain mutant,
which is unable to interact with PAR and fails to localize to
DNA breaks. Cells were then subjected to UV laser-induced
DNA breaks, and TRIM33 localization was observed by IF using
antibodies against endogenous TRIM33. Reconstitution of
ALC1sh cells with either WtALC1 or ALC1-K77R rescued
TRIM33 localization to DNA breaks (Fig. 4, F, G, and H). How-
ever, reconstitution with the ALC1-D723A macro domain
mutant failed to rescue TRIM33 localization to DNA damage.
This result suggests that PAR binding of ALC1, but not its cat-
alytic activity, is required for its function in localizing TRIM33
to DNA breaks.

The Interaction of TRIM33 with ALCI Is PARP-dependent—
To determine whether the DNA-damage induced interaction
of ALC1 and TRIM33 is dependent upon PAR synthesis,
endogenous coimmunoprecipitations were performed in
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FIGURE 4. Localization of TRIM33 to DNA breaks is dependent upon PARP and ALC1. A, PAR (top two panels) and TRIM33 (bottom two panels) were localized
by IF in untreated (Un) and in cells pretreated with 1 um PARPi (Pi) ABT-888 for 1 h. B, quantitation of PAR and TRIM33 colocalization with yH2AX at sites of laser
scissors.*,p < 0.005.C,Parp1*/* or Parp1~/~ mouse embryonic fibroblasts were treated with laser scissors, and yH2AX and TRIM33 were localized by IF. Images
are shown at identical magnification. D, quantitation of PAR and TRIM33 colocalization with yH2AX at sites of laser scissors. *, p < 0.005. E, APLF, WtALC1, C1
(ALC1 macro domain only), and TRIM33 proteins were dot-blotted onto a nitrocellulose membrane and incubated with 3?P-labeled PAR. F, TRIM33 localization
to DNA breaks is ALC1-dependent. U20S cells stably expressing control sh, ALC1sh, or cells expressing ALC1 sh were reconstituted with WT ALCT, KR (kinase
dead) and DA (PAR binding mutant) were analyzed. All cells were subjected to UV laser scissor-induced DNA breaks. After 10 min, cell were fixed, and IF was
performed using antibodies to yH2AX and TRIM33. G, Western blot analyses showing levels of ALC1 and TRIM33 in U20S cells expressing control and ALC1
shRNA and different constructs of ALC1 in ALC1sh cells. H, quantitation of relative intensity of TRIM33 at sites of DNA damage. Each data point is mean = S.D.

of at least 20 cells. *, p < 0.005.

DNase-treated nuclear extracts. HeLa cells were either mock-
treated or treated with PARP inhibitor (PARPi) and then
exposed to 0 gray, 10 gray IR, or 100 J/m? UV light (Fig. 54).
These treatments were chosen because we could follow the
dynamics of interaction after an acute episode of DNA damage.
Although an interaction between ALC1 and TRIM33 was not
detected in untreated cells, a robust interaction was evident 5
min after either IR or UV light treatment, which diminished
after 10 min. The interaction of TRIM33 and ALC1 after IR and
UV light treatment was significantly reduced in cells pretreated
with PARP inhibitor ABT-888 (PARPi) (Fig. 5, A and B). These
results suggest that TRIM33 and ALCI interact in response to
DNA damage and that this is partly dependent on active PAR
synthesis.

To determine whether the PAR binding activity of ALC1 or
its ATPase activity is required for its interaction with TRIM33,
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cells were transfected with FLAG-tagged constructs encoding
either WtALC1, the ATPase dead mutant, ALC1-K77R, or
ALC1-D723A macro domain mutant that cannot bind to PAR
(12). The cells were subjected to UV damage, cell extracts were
collected after 5 min post-damage, immunoprecipitated with
anti-FLAG beads, and processed for Western blot analyses
using antibodies to TRIM33. Both the WtALC1 and ALC1-
K77R mutant interact with TRIM33 after UV damage. How-
ever, the macro domain mutant ALC1-D723A, which does not
localize to DNA breaks, fails to interact with TRIM33 (Fig. 5C).
These data are consistent with the IF data presented in Fig. 4,
and together, they suggest that the interaction of TRIM33 and
ALCI requires PARP-dependent localization of ALC1 to DNA
breaks but that it is not dependent upon its ATPase activity.
To determine whether PAR binding of ALC]1 is sufficient to
induce interaction with TRIM33, PAR-bound ALC1 immobi-
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to UVirradiation. Protein extracts were prepared after 5 min and immunoprecipitated with anti-FLAG antibodies, followed by Western blotting using antibody
against TRIM33 and FLAG. D, PAR-bound ALC1 does not bind TRIM33 in vitro. WtALC1, KR (ATPase dead) and DA (PAR binding mutant) ALC1 mutants and
TRIM33 proteins were dot-blotted onto a nitrocellulose membrane and incubated with PAR, washed, and then incubated with purified TRIM33. Membranes
were then processed for Western blot analysis with antibodies to PAR (top panel) or antibody to TRIM33 (bottom panel).

lized on nitrocellulose was incubated with purified TRIM33,
and, after washing, analyzed by immunoblotting with antibod-
ies to TRIM33. No interaction of PAR-bound ALC1 with
TRIM33 was observed using this approach (Fig. 5D). This sug-
gests that PAR binding of ALC1 is not, by itself, sufficient to
induce interaction of ALC1 with TRIM33 in vitro.

TRIM33 Knockdown Results in Prolonged Accumulation of
ALCI at Sites of DNA Damage—DPrevious studies have shown
that ALCI transiently localizes to laser scissor-induced DNA
damage, appearing within seconds of induction and disassoci-
ating from the damage site within 10 —20 min. Mutant forms of
ALC]1 that retain the macro domain but are inactive for chro-
matin remodeling show prolonged retention and persistence of
XRCC1 on damaged chromatin (12). To investigate the effect of
TRIM33 on the dynamics of ALC1 recruitment to damage sites,
we depleted TRIM33 by shRNA in HeLa cells (Fig. 6, A-C). In
control shRNA-treated cells, ALC1 was rapidly recruited to
sites of laser scissor-induced damage but was undetectable at
these sites 45 min after damage (Fig. 6, A and C). In contrast,
treatment of cells with TRIM33 shRNA resulted in prolonged
retention of ALCI1 (Fig. 6, A—C) at sites of laser scissor-induced
DNA damage, with ALC1 evident at damage sites 45 min after
treatment. Consistent with a prior report, the prolonged reten-
tion of ALC1 was also accompanied by prolonged retention of
XRCC1 at sites of DNA damage (data not shown) (12).

Of note, TRIM33 knockdown has no effect on protein levels
of ALC1 after DNA damage, as analyzed by Western blot anal-
ysis (Fig. 6D), suggesting that TRIM33 does not influence ALC1
protein stability. TRIM33 knockdown has no effect on the
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dynamics of PAR at the UV laser-induced DNA breaks. In both
control and TRIM33 knockdown cells, PAR rapidly localized to
DNA breaks at 5 min but was not present at breaks after 45 min.
This suggests that, in the absence of TRIM33, ALC1 remains at
breaks even when PAR is no longer present (Fig. 6, E, F, and G).

To examine the impact of TRIM33 on ALC1 recruitment and
retention at damage sites, we complemented TRIM33 knock-
down cells with shRNA-resistant wild-type TRIM33 or the
RING domain TRIM33CA mutant. Importantly, the prolonged
retention of ALC1 at damage sites observed in TRIM33 knock-
down cells was corrected by introduction of the shRNA-resis-
tant WtTRIM33 construct but not by the TRIM33CA RING
domain mutant (Fig. 6, A—C). Collectively, these data suggest
that TRIM33 is required for timely dissociation of ALC1 from
sites of damaged DNA and that this function requires an intact
RING domain.

The DNA Repair Phenotype Associated with ALCI Overex-
pression Is Reversed by TRIM33 Overexpression—ALC1 disso-
ciation was delayed in TRIM33-depleted cells. To determine
whether ALC1 overexpression leads to a similar effect, we eval-
uated the dynamics of ALC1 overexpression on its localization
to UV laser scissor-induced DNA breaks. Cells overexpressing
WtALC1 (FLP-In-ALCI) show prolonged retention of ALC1 at
DNA breaks (Fig. 74, B, and C). Overexpression of WtTRIM33
restores the ALC1 dynamics, and ALC1 is no longer detectable
at sites of breaks after 45 min. These data suggest that proper
stoichiometry between TRIM33 and ALC1 is essential for
timely dissociation of ALC1 from sites of DNA breaks (Fig. 7, A,
B, and C).
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FIGURE 6. TRIM33 knockdown induces delayed dissociation of ALC1 but does not affect PAR dissociation from sites of DNA damage. A, Hela cells
expressing either control shRNA, TRIM33 shRNA, TRIM33shRNA + WtTRIM33, or the TRIM33shRNA + TRIM33CA mutant were subjected to UV laser scissors and
stained for yH2AX (green) and ALC1 (red) at the time points indicated. B, Western blot analysis showing levels of TRIM33 in cells treated with control shRNA (lane
1), TRIM33 shRNA (lane 2), TRIM33sh RNA + WtTRIM33 (lane 3), and TRIM33sh RNA + TRIM33CA (lane 4). C, quantification of ALC1 localization to DNA damage
in TRIM33 knockdown, WtTRIM33, or TRIM33CA reconstituted cells. Each data point is mean =+ S.D. of at least 20 cells. D, TRIM33 knockdown does not affect
ALC1 protein levels. Shown is a Western blot analysis showing levels of ALC1, TRIM33, and tubulin in control sh (7), TRIM33sh and TRIM33sh (2) cells
reconstituted with either TRIM33Wst (3) or TRIM33CA (4). Protein extracts were collected from untreated or UV-treated cells, as indicated, and probed by
Western blot analysis using the antibodies indicated. E, HeLa cells expressing either control shRNA or TRIM33 sh2 RNA were treated with laser scissors
and stained by IF for yH2AX (green) and PAR (red). F, quantification of PAR intensity was performed 5 and 45 min after induction of DNA damage. Data
are plotted as the mean = S.D. of at least 20 cells. ¥, p < 0.005 for control versus TRIM33 shRNA-treated cells. G, Western blot analysis showing TRIM33
knockdown. Hela cells transfected with control or TRIM33 shRNA and proteins levels were detected by Western blot analysis by probing with antibodies
against TRIM33 and tubulin.

ALC]1 is amplified and overexpressed in certain cancers, sug-
gesting that it may function as an oncogene (49). Overexpres-
sion of ALCI leads to chromatin relaxation and sensitivity of
cells to the DNA-damaging agent phleomycin, which induces
breaks preferentially in linker DNA (12). Our data raise the
possibility that the relative levels of ALC1 and TRIM33 may be
important for the regulation of ALC1 activity. To directly inves-
tigate the effect of TRIM33 expression on the phenotype asso-
ciated with ALC1 overexpression, cells stably overexpressing
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either an empty vector (FLP-In-FLAG) or WtALC1 (FLP-In-
ALC1) were analyzed for sensitivity to bleomycin. Confirming
prior reports, overexpression of Wt ALC1 confers increased
sensitivity to bleomycin (Fig. 7D) (12). Overexpression of
WtTRIM33 greatly reduced the sensitivity of ALC1-overex-
pressing cells to bleomycin, with these cells now showing sim-
ilar sensitivity as vector-expressing cells. However, overexpres-
sion of the RING domain mutant TRIM33CA failed to rescue
the bleomycin sensitivity of ALC1-overxpressing cells (Fig. 7D).
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FIGURE 7. TRIM33 rescues ALC1 overexpression sensitivity to DNA-damaging agents. A, ALC1 overexpression results in delayed dissociation of ALC1 from
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The effect of TRIM33 overexpression on induction of DNA  DISCUSSION
breaks by phleomycin in ALC1-overexpressing cells was also PARP activation at sites of DNA breaks leads to local changes
evaluated using the comet assay. Consistent with prior reports,
phleomycin exposure produces longer tail moments in ALC1-
overexpressing cells compared with control cells, suggesting
that ALC1 overexpression promotes chromatin relaxation and
increased accessibility of linker DNA to phleomycin (12). Over-
expression of WtTRIM33, but not the TRIM33CA mutant, ) i
counteracted the effect of ALC1 overexpression on induction of TRIM33 in the PAR-induced DNA damage response through
DNA breaks induced by phleomycin treatment, as measured by  its interaction with ALC1. This assertion is supported by the
comet tail moments (Fig. 7E). This is consistent with our prior ~following observations. 1) TRIM33 is rapidly recruited to DNA
results, and collectively these data demonstrate that elevated ~damage sites in a PAR- and ALCl-dependent fashion; 2)
TRIM33 expression can counteract the phenotype of ALC1 over- TRIM33 interacts with ALC1 in response to DNA damage; 3)
expression and that this requires an intact RING domain. TRIM33 knockdown in cells confers DNA damage sensitivity

in chromatin structure required for efficient DNA repair. A key
insight into how PARylation impacts chromatin structure came
from the finding that PAR-binding proteins such as ALC1 are
recruited to sites of DNA breaks and participate in chromatin
remodeling and DNA repair (12, 21, 23). Here, we implicate
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and delays disassociation of ALC1 from damaged chromatin;
and 4) overexpression of TRIM33, but not the TRIM33-CA
mutant, alleviates the DNA repair phenotype resulting from
ALC1 overexpression.

Our data suggest that TRIM33 does not directly interact with
PAR but that its enrichment at damage sites is dependent upon
interaction with ALC1. Recruitment also depends upon the
presence of an intact Bromo domain and an intact PHD domain
in TRIM33, suggesting an important role for the interaction
with modified histone residues (32, 33). The interaction of
TRIM33 with ALCI is highly dynamic and is evident within
minutes after acute, transient DNA damage but declines rap-
idly. Although we cannot rule out a possibility of a low level of
interaction between TRIM33 and ALC1 in undamaged cells,
this interaction is clearly enhanced by DNA damage with kinet-
ics that parallel production of PAR. Indeed, the interaction
between TRIM33 and ALC1 is reduced by PARP inhibitor
treatment or by point mutations in the macro domain of ALC1
that abolishes PAR binding, suggesting that PAR binding by
ALCI1 is important for its interaction with TRIM33. However,
PAR binding alone might not be sufficient to induce interaction
of ALC1 by TRIM33 because PAR-bound ALC1 could not
directly interact with TRIM33 by a far-western approach (Fig.
5D). It is possible that binding of the TRIM33 PHD-Bromo
domain with histones, which is required for recruitment of
TRIM33 to DNA breaks, may also be required for optimal inter-
action of ALC1 and TRIM33. It is also possible that other pro-
teins recruited to DNA breaks may facilitate or mediate the
interaction between ALC1 and TRIM33.

Lossof TRIM33leads to increased base-line H2A X phosphor-
ylation and activation of cell cycle checkpoints, suggesting that
it may be required for efficient DNA repair. TRIM33 loss also
leads to increased sensitivity to DNA-damaging agents such as
bleomycin. Of note, loss of TRIM33 leads to somewhat slower
growth (data not shown). However, the sensitivity to DNA-
damaging agents remains proportionately increased. This is
similar to other DNA repair proteins whose loss can lead to
both decreased proliferation and increased sensitivity to DNA-
damaging agents. However, we cannot rule out that the role of
TRIM33 in transcriptional regulation may contribute to these
phenotypes.

TRIM33 appears to regulate the dynamics of ALC1 retention
at sites of DNA breaks. ALC1 is normally recruited rapidly to
sites of DNA damage but dissociates quickly. Loss of TRIM33
leads to prolonged retention of ALC1 at sites of DNA breaks.
Furthermore, reintroduction of WtTRIM33, but not the RING
domain mutant TRIM33, was found to rescue the effect of
TRIM33 knockdown on ALC1 retention. Our observations are
consistent with a model in which, upon DNA damage, TRIM33
interacts with ALC1 and promotes the timely removal of ALC1
from damaged chromatin.

We surmise that overexpression of ALC1, a putative onco-
gene, disrupts the normal stoichiometry of ALC1 and TRIM33,
leading to dysregulated ALC1 activity, which confers promis-
cuous chromatin relaxation and enhanced sensitivity to bleo-
mycin. Concomitant overexpression of WtTRIM33 was found
to counteract the DNA repair phenotype and enhanced suscep-
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tibility to phleomycin-induced DNA breaks evident in ALC1-
overexpressing cells. Conversely, knockdown of TRIM33 leads
to a phenotype similar to that induced by ALC1 overexpression,
including increased sensitivity of cells to bleomycin. Thus, loss
of TRIM33 may be, in part, functionally analogous to ALC1
overexpression, with both leading to abnormal ALC1 retention
at sites of DNA breaks. This effect may also contribute to the
tumor suppressor function of TRIM33. The functional impact
of abnormal ALC1 retention at DNA breaks on the DNA repair
process needs to be further characterized. TRIM33 likely has
additional ALC1-independent functions that contribute to the
phenotype associated with TRIM33 loss.

TRIM33 has been implicated in the regulation of the TGE-f3
pathway, where it interacts with and regulates the SMAD3-
SMAD4 complex and its chromatin association (29, 41).
TRIM33 also interacts with FACT1 and other members of the
transcriptional elongation complex and plays a key role in tran-
scriptional regulation during development (27). It is not cur-
rently clear whether the transcription and DNA repair roles of
TRIM33 are separate functions or are related mechanistically.
It is, however, intriguing to note that both the SMAD pathway
and the FACT1 complex are regulated by PARP activity, with
both SMAD3 and FACT1 reported as substrates for PARylation
by PARP1 (50, 51). Because PARP1 functions in both transcrip-
tion and DNA repair, it is possible that TRIM33 may act down-
stream of PARP1 activation in several distinct cellular contexts
where it interacts with specific target proteins: SMAD4 linked
to transcription and ALC1 associated with DNA repair.

Our findings have potential clinical implications because
TRIM33 is mutated, translocated, and has decreased expres-
sion in several human cancers, including hepatocellular cancer,
pancreatic cancer, and chronic myelomonocytic leukemia (34—
36, 38,52, 53). Tissue-specific TRIM33 knockout in mouse liver
leads to hepatocellular carcinoma (34). Because amplification
of ALC1 and knockout of TRIM33 are both implicated in the
pathogenesis of hepatocellular cancer (49), this observation
lends support to the potential antagonistic role of TRIM33 and
ALC1. Decreased TRIM33 expression is also seen in a subset of
human pancreatic cancers, and a tissue-specific knockout of
TRIM33 is known to cooperate with KRAS mutation in the
development of adenocarcinomas of the pancreas in mice (37).
A recent study also demonstrates that pancreas-specific
TRIM33 knockout is not epistatic with SMAD4 knockout in the
development of Kras-associated pancreatic cancer, suggesting
that the role of TRIM33 as a pancreatic tumor suppressor may
be independent from its effect on SMAD4 (38). Our findings
raise the possibility that the DNA repair defects associated with
TRIM33 loss may contribute to tumorigenesis. Moreover,
treatment of tumors exhibiting loss of TRIM33 function could
be designed to exploit the DNA repair defect present in these
cells.
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