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TRAIP regulates Histone H2B monoubiquitination
in DNA damage response pathways
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Abstract. Histone H2B monoubiquitination has been shown
to play critical roles in diverse cellular processes including
DNA damage response. Although recent data indicate that
H2B monoubiquitination is strongly connected with tumor
progression and regulation, the implications of this modifica-
tion in lung adenocarcinoma are relatively unknown. In the
present study, we demonstrated the clinical implication of
H2B monoubiquitination and the potential role of tumor
necrosis factor receptor-associated factor-interacting protein
(TRAIP) in regulating its modification in lung adenocar-
cinoma. Immunohistochemical analysis showed that H2B
monoubiquitination was significantly downregulated in
68 human lung adenocarcinoma patient samples compared to
their normal adjacent tissues. Depletion of TRAIP by specific
siRNA treatment markedly decreased ionizing radiation
(IR)-induced H2B monoubiquitination. In addition, deletion
mutants without RING domain or C-terminus of TRAIP
diminished the ability to induce H2B monoubiquitination at
lysine 120. Notably, the nuclear expression of TR AIP was posi-
tively related with H2B monoubiquitination levels in patients
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with lung adenocarcinoma. Furthermore, statistical analysis
indicated that low levels of both TR AIP and H2B monoubiqui-
tination, not each alone, in patients with lung adenocarcinoma
were strongly correlated with poor survival. Taken together,
these results suggest that TRAIP is a novel regulator of H2B
monoubiquitination in DNA damage response and cancer
development in lung adenocarcinoma.

Introduction

The DNA damage response causes numerous cascades of
post-translational modifications including ubiquitination,
SUMOylation, acetylation and phosphorylation that coor-
dinate the cell cycle, apoptosis and the DNA damage repair
pathway (1,2). Histone modification is one of the important
events in the DNA damage response pathway and regulates
recruitment of other proteins to DNA damage sites, chromatin
remodeling and the enzymatic signaling pathway during DNA
damage (34).

Histone H2B can be post-translationally modified at its
N-terminal and C-terminal tail like other histone proteins.
Monoubiquitination at the Lys-120 (K120) residue of H2B
is associated with gene transcription, improper development,
tumorigenesis and defects in the differentiation of stem
cells (5,6). In humans, K120-monoubiquitination of H2B is
known to be catalyzed by Ring finger protein (RNF)20 and
RNF40 E3 ligases in conjunction with ubiquitin-conjugating
enzyme UbcH6 (7.8).

K120-monoubiquitination of H2B also regulates chro-
matin compaction and RNF8/RNF168-dependent transcrip-
tional silencing triggered near double-strand break sites in
mammals (9-11). Accordingly, H2B monoubiquitination is
linked to positive regulation of transcription. UbcH6 and
RNF20/40, E2 conjugating enzyme and E3 ligase of H2B
respectively, are recruited to transcriptionally active sites.
Monoubiquitination of H2B also facilitates histone chaperone
FACT and promotes transcription elongation (12). In addition,
downregulation of H2B ubiquitination is also related with



3306

cancer development. USP22 which is a deubiquitinase of
monoubiquityl H2B is related with aggressive growth, metas-
tasis, and therapy resistance, whereas RNF20, ubiquitinase of
H2B was reported to be a putative tumor-suppressor (13,14).
RNF20 and RNF40 are recruited to DNA double-strand break
sites and induce K120-monoubiquitination of H2B to regulates
the DNA damage response pathway in an ATM-dependent
manner (15).

TRAIP (TRAF-interacting protein) has been identified
as a TNF receptor-associated factor 1 (TRAF1) and TNF
receptor-associated factor 2 (TRAF2)-binding partner which
contains N-terminal really interesting new gene (RING)
domain motif (16). Like other TNF receptor-associated
factor proteins, TRAF1 and TRAF2 contribute to tumor
necrosis factor (TNF) receptor-induced signal transduction
pathways including the NF-«B signaling pathway and TRAIP
inhibits NF-xB activation through interaction with TRAF
proteins (16,17). TRAIP is known to inhibit NF-kB activa-
tion by interacting with CYLD or Syk independently of its
E3 ubiquitin ligase activity (18-20). Most RING containing
proteins act as ubiquitin ligase or mediate ubiquitin transfer
reaction and TRAIP also has an E3 ubiquitin ligase func-
tion on self-ubiquitination (18,21). Recent studies have also
noted that TRAIP is a regulator of mitotic progression and
DNA damage response (22,23). In particularly, we and other
authors have demonstrated that TRAIP promotes homologous
recombination and protects genomic stability after replication
stress, and deficiency of normal TRAIP is related to genomic
instability-related diseases such as primordial dwarfism and
lung cancer (23-26). One study demonstrated that the E3
ubiquitin ligase activity of TRAIP is essential for its role in
the DNA damage response by showing the promotion of RPA
loading and phosphorylation after replication stress (26). We
also reported that RNF20 and RNF40 interact with TRAIP
and recruit TRAIP to DNA damage sites to regulate the DNA
damage response pathway (25).

Since the RNF20/40 complex controls the DNA damage
response pathway by inducing H2B monoubiquitination and
recruiting TRAIP to the DNA damage sites, we aimed to
ascertain whether TRAIP participates in the regulation of
H2B monoubiquitination in response to DNA damage.

In the present study, we confirmed that TRAIP controls
H2B monoubiquitination through the RING domain and
C-terminus. In addition, we further confirmed that the nuclear
expression of TRAIP is correlated with H2B monoubiquitina-
tion. Furthermore, the expression levels of these two proteins
are related to patient survival. Taken together, these results
suggest that TRAIP is a novel regulator of H2B monoubiqui-
tination in DNA damage response and cancer development in
lung adenocarcinoma.

Materials and methods

Plasmids and antibodies. A Myc-tagged TRAIP expres-
sion plasmid was previously described (25). To remove the
off-targeting effects of RNAi-mediated knockdown of TRAIP,
we constructed an siRNA-resistant TRAIP wild-type expres-
sion vector (TRAIP-R) by site-directed mutagenesis using
the Myc-tagged TRAIP expression plasmid as shown in
Fig. 3A. TRAIP-R-D1 and TRAIP-R-D2 expression plasmids
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(Fig. 3B) were generated by mutagenesis using the TRAIP-R
vector. Rabbit anti-human TRAIP polyclonal antibody was
raised by immunizing rabbits with the GST-TRAIP fusion
protein as previously described (25). Antibodies against
Myec (cat. no. 11814150001; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany), histone H3 (cat. no. sc-10809;
Santa Cruz Biotechnology, Dallas, TX, USA) and p-actin
(cat. no. A5316; Sigma-Aldrich; Merck KGaA) were used.
Anti-Histone H2B (cat. no. 07-371) and anti-ubiquityl
Histone H2B (cat. no. 05-1312) antibodies were purchased
from Sigma-Aldrich; Merck KGaA). The dilution ratio of each
antibody for western blotting was as follows: Anti-TRAIP,
1:400; anti-Myc, 1:2,000; anti-H3, 1:1,000: Anti-Histone H2B,
1:2,000; anti-ubiquityl Histone H2B 1:2,000; and anti-f-actin,
1:5,000. HRP-conjugated secondary antibodies specific to
rabbit (cat. no. A0545; Sigma-Aldrich; Merck KGaA) or mouse
(cat. no. A9917; Sigma-Aldrich; Merck KGaA) IgG were used
at a dilution of 1:2,000.

Cell culture, siRNAs, transfection and irradiation. HeLa cells
were cultured in Dulbecco's modified Eagle's medium (DMEM,;
WelGENE Inc., Gyeongsangbuk-do, Korea), supplemented
with 10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), 100 U/ml penicillin and
100 pg/ml streptomycin (Invitrogen; Thermo Fisher Scientific,
Inc.). The cells were maintained at 37°C in a humidified atmos-
phere containing 5% CO,. The control siRNA was previously
described (27,28). The TRAIP siRNA sequences were as
follows: TRAIP#1, 5'-GCAGCAGGAUGAGACCAAAUU-3'
and TRAIP#2, 5-GCAAGUUGCAGACAGUCUAUU-3'.
All siRNAs were purchased from Noble Bio (Hwaseong,
Korea). Cells were transfected with 50 nM siRNAs using
DharmaFECT 1 (Dharmacon, Inc., Lafayette, CO, USA) and
DNA transfection was performed using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) as per the instruc-
tions of the manufacturer. Twenty-four hours after plasmid
transfection or 48 h after siRNA transfection, transfected cells
were irradiated at the indicated doses by a gamma-irradiator
(IBL437C; CIS Bio Inc., Saclay, France) and *’Cs was used for
ionized radiation source.

Mutagenesis and reconstruction experiments. Myc-tagged
siRNA-resistant TRAIP was generated by silent muta-
genesis of siRNA-targeted sequence using a Myc-tagged
TRAIP expression plasmid. Myc-tagged siRNA resistant D1
and D2 of TRAIP were generated by further mutagenesis
using a Myc-tagged siRNA-resistant TRAIP plasmid. HeLa
cells were transfected with siRNAs using DharmaFECT 1
(Dharmacon, Inc.) as per the instructions of the manu-
facturer. Twenty-four hours after siRNA transfection,
siRNA-resistant plasmid DNA transfection was performed
using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) as per the instructions of the manufacturer.
Twenty-four hours after DNA transfection, cells were irra-
diated. Irradiated cells were harvested and analyzed by
chromatin fraction and western blotting after indicated times
since cells were irradiated.

Western blotting. HeLLa cells were transfected with siRNA
and expression plasmids as indicated in each figure legend.
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Forty-eight hours after siRNA or 24 h after DNA transfec-
tion, cells were lysed in NETN buffer [0.5% Nonidet P-40,
20 mM Tris (pH 8.0), 50 mM NaCl, 50 mM NaF, 100 xM
Na;VO,, 1 mM dithiothreitol and 50 yg/ml phenylmethyl-
sulfonyl fluoride] for 20 min on ice. Crude lysates were
cleared by centrifugation at 12,300 x g for 15 min at 4°C. A
total of 15 ug samples of supernatants or chromatin fraction
were subjected to each lane of 12% SDS-PAGE gels. After
electrophoresis, the separated proteins were transferred to
a polyvinylidene difluoride (PVDF) membrane and blocked
using 1X Tris-buffered saline with 0.5% Tween-20 (TBST)
with 1% w/v non-fat dry milk for 30 min at room temperature.
The membranes were incubated with primary antibodies in
blocking buffer for 16 h at 4°C. After washing with 1X TBST,
secondary antibodies were applied with blocking buffer and
further incubated for 1 h at room temperature. Visualization
reagent (AbSignal, ABC-3001) was purchased from AbClon
Inc. (Seoul, Korea). Band densities were quantified using
Image Lab (version 5.2; Bio-Rad Laboratories, Hercules,
CA, USA).

Chromatin fraction. Cells were collected and washed in
phosphate-buffered saline (PBS). The collected cells were
lysed in NETN buffer [0.5% Nonidet P-40, 20 mM Tris
(pH 8.0), 50 mM NaCl, 50 mM NaF, 100 M Na;VO,,
1 mM dithiothreitol and 50 pgg/ml phenylmethylsulfonyl
fluoride] at 4°C for 30 min. Crude lysates were cleared by
centrifugation at 16,000 x g at 4°C for 10 min and the pellet
was suspended in HCI (0.2 M) for 1 h. The resuspended
mixture was centrifuged at 16,000 x g at 4°C for 10 min,
and then the lysate which is the chromatin fraction was
neutralized with Tris-HCI (1 M at pH 8.0) for western blot-
ting. We used histone 3 (H3) as a control for the chromatin
fraction.

Tissue microarrays and immunohistochemistry. A tissue
microarray containing 75 cases of human lung adenocar-
cinoma tissues and each matched normal adjacent tissue
(HLug-Adel150Sur-01) with no information regarding the treat-
ment and therapy received by patients was obtained from US
Biomax, Inc. (Rockville, MD, USA). Immunohistochemical
staining was performed as previously described (21) with
a rabbit polyclonal anti-TRAIP antibody (PA5-27699;
Thermo Fisher Scientific, Inc.) and a rabbit monoclonal
anti-ubiquityl-H2B antibody (cat. no. 5546S; Cell Signaling
Technology, Inc., Danvers, MA, USA) at a concentration of
1:200 and 1:500, respectively. The staining intensity was
assigned an arbitrary value, on a 4-scale (intensity score) as
follows: Non-stained (0), weak (1), moderate (2), and strong
(3). The H-score was calculated by multiplying the intensity
score and the fraction score (percentage of counted samples at
each scale), producing the range 0-300, and repeated on three
different areas.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism 5 program (GraphPad Software, Inc.,
San Diego, CA, USA). Values were generally represented as
mean of H-scores + standard error of the mean (SEM). A
Box-and-Whisker plot was also used to compare the distribu-
tion of each sample. Comparison of TRAIP expression in the
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nucleus of tumor and adjacent non-tumor groups was analyzed
using t-test. Pearson correlation coefficient (r) analysis was
used to compare the expression of TRAIP and H2B in the
nucleus of tumor cells. The method of Kaplan-Meier and
the log-rank test were used for comparing overall survival
between groups. A two-sided P-value of <0.05 was considered
to indicate a statistically significant result.

Results

H2B monoubiquitination is downregulated in human lung
cancer patient samples. To determine whether H2B monou-
biquitination is related with lung cancer, we determined the
expression levels of H2B monoubiquitination in human lung
cancer patient tissues and normal adjacent tissues (=2 cm
away from every cancer tissue) using a tissue microarray
containing 75 cases of each. We found that the expression
levels of H2B monoubiquitination in tumors were much
lower than that noted in the non-tumor tissues (Fig. 1A).
H-scoring in every tissue confirmed that H2B monoubiq-
uitination was greatly decreased in human lung cancer
patients (median H-score, 72.3) compared with that in
each matched normal adjacent tissue (median H-score,
123.3) (Fig. 1B). The comparison of the results indicated
that H2B monoubiquitination in 60.3% of the cancer tissues
was at least 1.5-fold lower than that in each corresponding
matched normal tissue.

TRAIP depletion decreases ionizing radiation (IR)-induced
H2B monoubiquitination. The structure of the RING
finger domain of TRAIP is conserved widely across
mammals (Fig. 2A). This conservation implies the impor-
tance of RING domain for the function of TRAIP, and RING
finger domain usually interacts with ubiquitination enzyme
and has E3 ligase activity (29). In addition, we confirmed that
the RNF20-RNF40 complex, which is an E3 ubiquitin ligase
for H2B monoubiquitination at the sites of DNA damage,
regulates translocation of TRAIP to DNA damage site leading
to the regulation of the DNA damage response pathway and
homologous repair which is induced by H2B monoubiq-
uitination (25). Based on these results, we hypothesized
that TRAIP may participate in monoubiquitination of H2B
during the DNA damage response. To verify this hypothesis,
we depleted TRAIP with specific siRNAs and the cells
were exposed to IR. IR increased H2B monoubiquitination
without any effect on the expression of H2B in the chromatin
fraction, but the IR-mediated H2B monoubiquitination was
decreased in the TRAIP-knockdown cells (Fig. 2B). We
also confirmed that IR induced H2B monoubiquitination
at the K120 residue using the anti-ubiquityl H2B (Lys-120)
antibody and that knockdown of TRAIP diminished the
K120-H2B monoubiquitination (Fig. 2C). These results indi-
cated that TRAIP is necessary for the DNA damage-mediated
K120-monoubiquitination of H2B.

RING domain and C-terminal of TRAIP is crucial for
IR-mediated H2B monoubiquitination. Since previous
reports noted that the RING domain of TRAIP has the E3
ubiquitin ligase activity and C-terminal region of TRAIP
is involved in translocating its DNA damage sites (18,25),
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Figure 1. Monoubiquitination of H2B is significantly reduced in lung cancer patient tissues. (A) Immunohistochemical staining of ubH2B in human lung
cancer patient tissues (Tumor) and matched normal adjacent tissues (Non-Tumor). Red squares indicate the magnified region shown in the right panel. Scale
bar, 50 um. (B) Box-and-Whisker plots of ubH2B H-scores in lung cancer (Tumor) and normal adjacent tissues (Non-Tumor). ““P<0.0001 (n=68 for each tumor
and normal adjacent sample). H2B, histone 2B; ubH2B, H2B monoubiquitination.
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Figure 2. TRAIP is required for IR-mediated H2B monoubiquitination. (A) RING domain of TRAIP is conserved in the human, chimpanzee, rat, mouse
and cattle. (B and C) HeLa cells (5x10°) in a 60-mm-diameter plate were transfected with control or TRAIP siRNA for 48 h and then the transfected cells
were treated with 20 Gy of IR. Chromatin fraction or whole cell lysates of the treated cells were prepared for western blotting using indicated antibodies.
H2B expression was used as a control to normalize the expression of ubH2B in the representative diagram and the data are expressed as the mean + standard
deviation (n=3). H2B, histone 2B; ubH2B, histone 2B lysine 120 monoubiquitinated; TRAIP, TRAF-interacting protein; IR, ionizing radiation; RING, really
interesting new gene.
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we next examined which domain of TRAIP is involved in
the IR-mediated H2B monoubiquitination. First, to remove
the off-targeting effects of RNAi-mediated knockdown
of TRAIP, we constructed the siRNA-resistant TRAIP
wild-type expression vector (TRAIP-R) with silent muta-
tion and checked the siRNA-resistant feature. HeLa
cells were transfected with non-targeting (control) or
TRATP-targeting siRNA and 24 after siRNA transfection,
the cells were secondly transfected with a plasmid carrying
wild-type TRAIP (WT) or siRNA-resistant wild-type
TRAIP (TRAIP-R) as indicated (Fig. 3A). The reconstitution
using the TRAIP-R in TRAIP-depleted cells successfully
rescued the IR-mediated H2B monoubiquitination (Fig. 3C).
These results confirmed again that TRAIP is a key regu-
lator for H2B monoubiquitination during the DNA damage
response. We then generated TRAIP-deletion mutants
without the RING domain (R-D1) or C-terminus (R-D2)
using the TRAIP-R as the template (Fig. 3B). As shown in
Fig. 3C, both deletion mutants, R-D1 and R-D2 failed to
rescue the IR-mediated H2B monoubiquitination, suggesting
that both RING domain (E3 ubiquitin ligase activity) and
C-terminus (TRAIP recruitment to DNA lesion) are essential
for inducing H2B monoubiquitination.

Expression of nuclear TRAIP positively correlates with H2B
monoubiquitination and lower expression of both is associ-
ated with poor prognosis in patients with lung cancer. We then
investigated a possible correlation between the expression of
TRAIP and H2B monoubiquitination in human lung cancer
patient tissues to evaluate the clinical importance of the rela-
tionship. For this purpose, we examined the immunostaining
patterns of nuclear TRAIP and H2B monoubiquitination in
the same region of every tissue using consecutive sections.
As we previously reported (25), nuclear TRAIP expression in
lung cancer patient tissues was lower than that in each matched
normal adjacent tissue. Intriguingly, we also observed a posi-
tive correlation between the nuclear expression of TRAIP
and H2B monoubiquitination in the tumor tissues (Fig. 4A).
Decreased H2B monoubiquitination was found in the patient
tissues with a lower nuclear expression of TRAIP while
increased H2B monoubiquitination in the tumors with a
higher nuclear expression of TRAIP. A scatter plot and
Pearson correlation coefficient analysis revealed a significant
positive correlation (r=0.4052) between the nuclear expression
of TRAIP and H2B monoubiquitination (Fig. 4B). In addition,
comparison among three patient groups divided by the sum
of H-scores for nuclear TRAIP and H2B monoubiquitina-
tion indicated that patient survival of the high expression
group was considerably longer than the other two groups,
middle (P=0.0059) and low group (P=0.026) (Fig. 4C) even
though neither nuclear TRAIP nor H2B monoubiquitina-
tion alone showed any meaningful correlation with patient
survival (Fig. 4D and E), suggesting that decreased expres-
sion of both nuclear TRAIP and H2B monoubiquitination is
significantly associated with shorter survival of lung cancer
patients. Together these results indicated that the expression
of nuclear TRAIP positively correlates with H2B monoubiq-
uitination and a decrease in both nuclear TRAIP and H2B
monoubiquitination is significantly associated with a poor
prognosis in patients with lung cancer.
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Figure 3. RING domain and C-terminal region of TRAIP are instrumental in
IR-mediated H2B monoubiquitination. (A) The upper panel shows mutated
sequences of the siRNA-resistant TRAIP wild-type expression plasmid
containing the silent mutation (TRAIP-R). In the lower panel, 5x10° of
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H2B monoubiquitination.

Discussion

Lung cancer is the most common cancer in regards to inci-
dence accounting for 13% of all newly diagnosed cancer cases,
and lung cancer-related mortality accounts for 18% of the total
cancer-related deaths globally (30). Lung cancer is caused by
diverse factors, such as smoking, air pollution, diet and genetic
mutations (31). Non-small cell lung cancer (NSCLC) is the
main lung cancer subtype with 85% of patients and has two
major subtypes, lung adenocarcinoma (LUAD) and lung squa-
mous cell carcinoma (LUSC) (32). Although many different
types of interventions including targeted therapy have been
developed to deal with cancer to date, most patients with lung

cancer are treated with cytotoxic chemotherapeutic drugs such
as cisplatin, carboplatin, docetaxel, and gemcitabine, which
mainly induce DNA damage (33).

A primary hallmark of cancer is genomic instability that is
induced by the accumulation of DNA damage. Cellular DNA
damage caused by various carcinogens including cytotoxic
drugs stimulates many types of enzymes and signaling mole-
cules leading to cell cycle arrest, regulation of DNA replication
and the repair of DNA damage, which is called DNA damage
response (DDR) (34). Many molecules participating at DDR
have been classified by their roles as DNA damage sensors,
recruitment mediators, transducers, and effectors to initiate
signaling pathways to impact various cellular responses (35).
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The combination of radiotherapy and DNA damage-inducing
chemotherapy is the classic and effective strategy for overall
tumor treatment, even though serious side effects occur. To
diminish unwanted adverse reactions, novel drugs targeting
the molecules involved in DDR has been recently developed;
for example, olaparib (Lynparza®), the poly(ADP-ribose)
polymerase (PARP) inhibitor (36).

Histone modifications including methylation, ubiquitina-
tion, phosphorylation and acetylation have been considered the
essential events for DDR by forming recruitment platforms for
downstream effectors and guiding the activity of chromatin
remodelers (4). In particularly, H2B monoubiquitination is
an important histone modification in transcriptional regula-
tion and chromatin organization even in the absence of DNA
damage (37), and also has a pivotal role in the recognition
of DNA damage sites as a regulator of damage checkpoint
activationand timely initiation of repair (38,39). H2B monoubig-
uitination has been known to be generated by RNF20/RNF40,
RING finger proteins, with E3 ubiquitin ligase activity (40-43).
TRAIP also exists in the nucleus and the cytoplasm, but
DNA damage increases its nuclear translocation, especially
to damaged sites (23,25,44). We also reported that TRAIP
induces DDR and repair and that RNF20/RNF40 regulates
translocation of TRAIP to DNA double-strand breaks (25).
In the present study, we demonstrated that TRAIP is a novel
regulator of H2B monoubiquitination, further supporting that
TRAIP is an essential component in DDR. Furthermore, in the
present study, a positive correlation was confirmed between
nuclear expression of TRAIP and H2B monoubiquitination in
lung cancer patient samples and that decreased expression of
both nuclear TRAIP and H2B monoubiquitination was closely
related with shorter survival of lung cancer patients (Fig. 4).
As discussed above, genomic instability is one of primary
hallmarks of cancer development and progression, and is
also increased by therapeutic treatment of cancer patients by
chemotherapy or radiotherapy. These results strongly suggest
that dysregulation of TRAIP and H2B monoubiquitination
related with DNA repair are involved in lung cancer pathogen-
esis, which may influence patient survival. We also conjecture
the relationship among RNF20, RNF40 and TRAIP during
the DDR pathway. Therefore, future studies to investigate the
role of TRAIP in DDR and its expression patterns related with
other DDR molecules such as RNF20 and RNF40 in cancer
patient samples are warranted to elucidate the detailed mecha-
nisms of DDR and its dysregulation in cancer and then to pave
the way for developing novel therapeutic interventions.
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