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RNF144A, an E3 ubiquitin ligase for DNA-PKcs,
promotes apoptosis during DNA damage
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Several ring between ring fingers (RBR) -domain proteins, such as
Parkin and Parc, have been shown to be E3 ligases involved in
important biological processes. Here, we identify a poorly charac-
terized RBR protein, Ring Finger protein 144A (RNF144A), as the
first, to our knowledge, mammalian E3 ubiquitin ligase for DNA-
PKcs. We show that DNA damage induces RNF144A expression
in a p53-dependent manner. RNF144A is mainly localized in the
cytoplasmic vesicles and plasma membrane and interacts with
cytoplasmic DNA-dependent protein kinase, catalytic subunit
(DNA-PKcs). DNA-PKcs plays a critical role in the nonhomologous
end-joining DNA repair pathway and provides prosurvival signal-
ing during DNA damage. We show that RNF144A induces
ubiquitination of DNA-PKcs in vitro and in vivo and promotes
its degradation. Depletion of RNF144A leads to an increased
level of DNA-PKcs and resistance to DNA damaging agents,
which is reversed by a DNA-PK inhibitor. Taken together, our data
suggest that RNF144A may be involved in p53-mediated apoptosis
through down-regulation of DNA-PKcs when cells suffer from
persistent or severe DNA damage insults.

endosome | DDR | transmembrane domain

Ring Finger protein 144A (RNF144A) and RNF144B belong to
the RNF144 family and are very conserved in higher eukary-
otes. Both proteins contain an RINGI-in between rings (IBR)
-RING2 [termed the ring between ring fingers (RBR)] domain in
the N terminus and a potential single-transmembrane (TM) domain
in the C terminus. RBR domain-containing proteins usually possess
an E3 ubiquitin ligase activity and are involved in regulation of the
cell cycle and apoptosis (1-3). These proteins function like RING
(Really Interesting New Gene)/HECT (Homologous to the E6AP
Carboxyl Terminus) hybrids (i.e., they use their RING1 to bind E2s)
but then transfer ubiquitin onto a conserved cysteine residue in the
RING2 domain through a thioester linkage similar to the E3
thioester-linked ubiquitin intermediates in HECT-type E3 ligases
(4). It has been shown that DNA damage induces RNF144B ex-
pression to promote cell apoptosis through regulation of the stability
of p21 (5), BAX (1), and p73 (6). RNF144B shares 71% homology
of amino acids with RNF144A. RNF144A is able to interact with
E2-conjugating enzymes UbcH7 and UbcHS8 through its RING1
domain, and mutations on IBR or RING2 reduce this E2-E3 in-
teraction (7). In addition, RNF144A is transcriptionally repressed by
metastasis-associated protein 1 and inhibits migration and invasion
in breast tumor cells (8). However, whether RNF144A is involved in
apoptosis and DNA damage response (DDR) remains unexplored.

DDR includes cell-cycle arrest, DNA repair, apoptosis, and
senescence (9). When cells suffer from severe or persistent DNA
damage beyond repair, a shift from DNA repair to apoptosis will
occur to avoid accumulation of unwanted mutations and po-
tential tumor development. However, the detailed mechanisms
for the shift remain unclear. Deregulation of DDR can lead to
genome instability and ultimately, cancer development. In re-
sponse to DNA double-strand breaks (DSBs), cells rely on two
major pathways to repair DNA damage: homologous recombina-
tion and nonhomologous end-joining (NHEJ) (10). Homologous
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recombination requires a homologous template to accurately repair
DSBs in S and G2 phases of the cell cycle (11). NHEJ does not need
template DNA to repair DSBs; therefore, it often causes deletion or
insertion mutations at sites of repair (12). NHEJ is the prevalent
DSB repair pathway and can process the direct ligation of broken
DNA ends throughout the whole cell cycle. This process can be
regulated by assembly and disassembly of DNA-dependent protein
kinase (DNA-PK) holoenzyme [comprising a catalytic subunit
(DNA-PKcs) and Ku70/Ku80 heterodimer] and other DNA repair
complexes on DSB sites (13). In addition, DNA-PKcs may also be
inactivated by cleavage late in apoptosis to prevent DNA repair
during DDR (14, 15).

DNA-PKGcs also locates outside the nucleus and performs func-
tions other than NHEJ. For example, DNA-PKcs can be found
in the centrosomes, and it regulates microtubule spindles during
DNA damage and normal mitosis (16-18). In addition, DNA-PKcs
locates in the cytoplasm and plasma membrane and performs other
functions (19-23). One of the functions of the cytoplasmic DNA-
PKcs may be to phosphorylate protein kinase B (also known as Akt)
at Ser-473 (20). DNA-PKcs in the cytoplasm has been suggested to
recognize cytosine-phosphate-guanine (CpG)-oligodeoxynucleotides
and play an important role in the induction of IL-10 production
by macrophages (24). DNA-PKcs was shown to be responsible
for Akt activation by CpG-oligodeoxynucleotide treatment in
macrophages (19). A functional role of cytoplasmic DNA-PKcs
is elucidated in another study (22), which showed that an endosome-
resident receptor in natural killer (NK) cells, CD158d, associates
with DNA-PKcs and recruits Akt to endosomes for phosphory-
lation by DNA-PKcs. These events subsequently lead to NF-xB
activation and a proinflammatory response in NK cells. Recent
study also showed that cytoplasmic DNA-PKcs can sense the
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presence of viral DNA to activate IFN regulatory factor 3-dependent
innate immune response (25). Additional substrates of cytoplasmic
DNA-PKcs have also been identified, such as HSP90ux (23).

DNA-PKcs can be regulated by cellular shuttling by two cAMP
signaling pathways (26) and an epidermal growth factor receptor
endocytosis signal (27, 28). PKA activation induces DNA-PKcs
nuclear entry, whereas exchange protein activated by cAMP facil-
itates DNA-PKcs nuclear exit through Rap2 (26). DNA-PKcs is
highly ubiquitinated (29, 30), suggesting that ubiquitin may modu-
late its functions and turnover. However, no mammalian E3 ligase
responsible for DNA-PKcs ubiquitination has been reported so far.
More research is warranted to investigate the regulation of DNA-
PK functions and turnover.

Our study shows that DNA damage can induce RNF144A
in a p53-dependent manner. We also identify a previously
unidentified role for RNF144A in DNA damage-induced apo-
ptosis. We provide the first evidence, to our knowledge, for E3
ubiquitin ligase activity of RNF144A. We identify cytoplasmic
DNA-PKGcs as a substrate of RNF144A. RNF144A can interact
with cytoplasmic DNA-PKcs and degrade it during normal
growth and on DNA damage. Degradation of cytoplasmic DNA-
PKcs reduces both cytoplasmic and nuclear DNA-PKcs. During
DNA damage, an increased level of RNF144A leads to down-

regulation of DNA-PKcs and promotes apoptosis. Our data sug-
gest that p53 may promote apoptosis through RNF144A-mediated
down-regulation of DNA-PKcs survival signaling.

Results

DNA Damage Induces a p53-Dependent Accumulation of RNF144A. To
investigate a potential role for RNF144A during DNA damage,
we first examined the changes of RNF144A mRNA and protein
level after adriamycin (ADR) and/or neocarzinostatin (NCS)
treatment. Treatment with ADR and NCS induced a significant
expression of RNF144A mRNA in human colon cancer HCT116
p53** cells but not isogenic HCT116 p53~/~ cells (Fig. 14).
Thus, RNF144A is induced by DNA damaging agents in a p53-
dependent manner like RNF144B (5, 31). A similar increase of
RNF144A mRNA level after ADR or NCS treatment was also
found in human osteosarcoma U20S cells but not p53-null hu-
man nonsmall cell lung carcinoma H1299 cells (Fig. 1B). West-
ern blot analysis further confirmed induction of RNF144A
protein levels on treatment with DNA-damaging agents and in
U20S cells and mouse embryonic fibroblasts but not H1299 cells
(Fig. 1 C-E). To further investigate a role for p53 in RNF144A
expression, we reconstituted the expression of p53 in H1299. As
shown in Fig. 1 F and G, ADR treatment failed to induce
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RNF144A mRNA and protein in H1299 cells; however, transient
overexpression of p53 increased RNF144A mRNA and protein
levels in H1299 cells and rescued their induction by ADR
treatment. These results suggest a role for p53 in the induction of
RNF144A during DNA damage. In addition, a ChIP sequencing
experiment performed in MCF7 cells shows binding of p53 on
the RNF144A promoter (32). To see whether other forms of
DNA damage could also induce RNF144A mRNA expression,
we accessed the Gene Expression Omnibus database. Indeed,
RNF144A mRNA was also induced by UV radiation in human
skin fibroblasts (Fig. S1) (33). As such, it seems that the in-
duction of RNF144A may be a general response to DNA dam-
age. All together, these data show a p53-dependent accumulation
of RNF144A mRNA and protein and imply a role for RNF144A
in DNA damage response.

Physiological Role for RNF144A in Apoptosis Induction on DNA
Damage. To determine the role of RNF144A in DNA damage
response, we generated RNF144A-knockdown U20S stable cell
lines and examined caspase activation, poly(ADP-ribose) poly-
merase (PARP) cleavage, cell viability, and colony formation in
these cells after DNA damage (Fig. 2). RNF144A mRNA and
protein level were successfully depleted in U20S cells using two
different shRNA constructs (Fig. 2.4 and B). We then used these
three stable cell lines for subsequent studies in this work. As
shown in Fig. 2C, ADR treatment resulted in a dramatic increase

of caspase 3/7 activity in the scrambled shRNA control cells.
RNF144A depletion significantly reduced the ADR-induced
caspase 3/7 activities. We also measured the proteolytic cleavage
of PARP, a substrate of active caspase 3. RNF144A depletion
reduced ADR-induced cleavage of PARP (Fig. 2D). Knockdown
of RNF144A also increased cell viability after treatment of
ADR, NCS, or mitomycin C (Fig. 2 E-G). Finally, we rescued
RNF144A expression in RNF144A-knockdown U20S cells (Fig.
2H, Left) and performed colony formation assay after ADR
treatment [Fig. 2H, Center (ADR = 20 nM) and Right (ADR =
0-0.5 uM)]. ADR treatment inhibited colony formation of U20S
cells, and the effect was attenuated by depletion of RNF144A.
On rescue of RNF144A expression, ADR sensitivity was re-
stored. Taken together, we conclude that RNF144A plays a
proapoptotic role on DNA damage.

RNF144A Interacts with DNA-PKcs Through Amino Acids 173-252. To
understand the potential mechanisms for the proapoptotic func-
tion of RNF144A during the DNA damage response, we identi-
fied RNF144A substrates and/or its interacting proteins on DNA
damage. We overexpressed FLAG-RNF144A in HEK293T cells
and performed immunoprecipitation-MS (IP-MS). A SYPRO
Ruby protein staining of the RNF144A-interacting proteins
revealed predominant bands with molecular masses greater
than 250 kDa (Fig. 34). Interestingly, MS identified 66 pep-
tide sequences matched to DNA-PKcs with a Mascot score of

Fig. 2. RNF144A promotes apoptosis during DNA
damage. (A and B) U20S cells were transfected with
two different RNF144A shRNA constructs containing
a puromycin-resistant gene and then selected by
puromycin for 3 wk. Stable cells were used in the
subsequent experiments. (A) Real-time quantitative
PCR and (B) Western blot were performed to
confirm the establishment of RNF144A-knockdown
U20S stable cells. (C and D) Knockdown of RNF144A
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reduced ADR-mediated activation of caspase 3/7
and PARP cleavage. RNF144A-depleted U20S stable
cells were treated with ADR (5 pM) or vehicle con-
trol (Ctrl) for (C) 6 or (D) 10 h. (C) Caspase 3/7
activity assay and (D) Western blot analysis for
cleavage of PARP were then performed. RLU, rela-
tive light units. (E-H) RNF144A promoted cell death
during DNA damage response. Stable RNF144A
knockdown cells were treated with indicated con-
centrations of (E) ADR, (F) NCS, and (G) mitomycin C
(MMC) for 24 h. (H) RNF144A was transfected into
RNF144A-knockdown U20S cells to rescue its ex-
pression. (Left) After 2 wk of G418 selection for
stable RNF144A transfection, cell lysates were har-
vested for immunoblotting to confirm rescue of
RNF144A expression. The cells were then either
mock-treated (control) or treated with ADR for 3 h
and released for 10 d. Cell viability was determined
by colony formation assay. (Center) Representative
images of experiment after ADR (20 nM) treatment.
(Right) Repeated experiments with ADR ranging
from 0 to 0.5 pM. All results were derived from
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was further confirmed by subsequent IP/Western blot analysis RNF144A, the interaction between RNF144B and DNA-PKcs
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DNA-PKGcs in the same experiment. Despite that the expression  inhibitor MG132 (Fig. 3B). Therefore, we only focused on the
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Fig. 3. RNF144A physically interacts with DNA-PKcs. (A) An IP-MS experiment identified DNA-PKcs as an RNF144A-interacting protein. HEK293T cells were
transfected with an empty FLAG vector or FLAG-RNF144A. After 24 h, some cells were treated with NCS (300 ng/mL) for an additional 5 h. Cell lysates were
harvested for FLAG-IP. Shown is a Sypro Ruby protein stain of the gel. The indicated bands were verified to be DNA-PKcs and RNF144A by MS. *Anti-FLAG
antibody heavy chain and light chain. MS identified 66 peptides derived from DNA-PKcs (sequences presented in Table S1). (B and C) IP analysis shows that (B)
only FLAG-RNF144A but not FLAG-RNF144B interacted significantly with endogenous DNA-PKcs in both untreated and MG132-treated (for 6 h) conditions
and (C) this interaction could still be seen after DNase/RNase treatment. IB, immunoblot; WCL, whole cell lysates. HEK293T cells were transfected with an
FLAG vector or FLAG-RNF144A. After 24 h, cell lysates were harvested for FLAG IP and Western blot analysis as indicated. A shorter exposed film (labeled
Shorter exp.) of FLAG immunoblot after FLAG IP is also shown. (D) Western blot analysis confirmed an interaction between endogenous RNF144A and DNA-
PKcs in U20S and K562 cells. Cell lysates were harvested for endogenous RNF144A IP followed by Western blot analysis. (E) GST pull-down experiment shows
that RNF144A directly bound to DNA-PKcs. Purified DNA-PKcs proteins (Promega) were incubated with purified GST or GST-RNF144A protein followed by
Glutathione Sepharose pull-down and SDS/PAGE and Western blot analyses. (F and G) RNF144A-DNA-PKcs complex exists in both NCS and ADR treatment
conditions. HEK293T cells were transfected with FLAG or FLAG-RNF144A. After 24 h, cells were treated with NCS (300 ng/mL) or ADR (5 uM) for an additional
5 h. Cell lysates were then harvested for FLAG IP and immunoblotting. (H) Different truncated RNF144A fragments were transfected to HEK293T, and cells
were treated with MG132 for 6 h; the FLAG IP was performed as above. This deletion analysis indicates that RNF144A (amino acids 173-252) interacted well
with DNA-PKcs. (/) A scheme of human RNF144A and its domains. Ctrl, control.
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interaction between RNF144A and DNA-PKcs in this study.
These data also suggest that the interaction between RNF144A
and DNA-PKcs observed in our assays is specific. RNF144A
interacted with Ku80 as well but not with Artemis, further sup-
porting its binding with DNA-PKcs and suggesting its involve-
ment with the DNA-PK complex (Fig. S24). DNA-PK has DNA
binding property (34). Thus, the observed interaction could in-
directly result from protein—nucleic acid interactions. To exclude
this possibility, we pretreated cell extracts with DNase/RNase
and then performed IP. DNase/RNase treatment did not abolish
the interaction between RNF144A and DNA-PKcs (Fig. 3C),
suggesting that this interaction is independent of DNA and
RNA. We also performed endogenous co-IP experiments in two
different cell lines, U20S and a human myelogenous leukemia
cell line K562, and further showed that RNF144A physically
interacted with DNA-PKcs under physiological conditions (Fig.
3D). This interaction was also seen in the GST pull-down assay,
in which purified GST-RNF144A interacted with purified DNA-
PKcs (active DNA-PK kinase purified from HeLa cells) in vitro
(Fig. 3E). GST-RNF144A also pulled down DNA-PKcs in cell
lysates prepared from untreated or ADR- or NCS-treated cells
(Fig. S2 B and C). In addition, RNF144A-DNA-PKcs interaction
was seen in both normal and DNA-damaging (NCS and ADR
treatment) conditions (Fig. 3 F and G). DNA damage induced
accumulation of RNF144A protein (Fig. 1); therefore, increased
RNF144A protein might also increase RNF144A-DNA-PKcs
complex formation on DNA damage (Fig. 3 F and G). To in-
vestigate further, we treated HEK293T cells with ADR for 2-24 h,
prepared the cellular lysates, and incubated them with the same
amount of FLAG-RNF144A (which was immunoprecipitated by
anti-FLAG beads from other HEK293T cells transfected with an
empty vector control plasmid or FLAG-RNF144A). The coim-
munoprecipitated DNA-PKcs was relatively constant (Fig. S2D).
We further used a series of RNF144A-truncated proteins and
showed that the RNF144A amino acids 173-252 were responsible
to interact with DNA-PKcs (Fig. 3H). The high-molecular weight
smear seen above the band of FLAG-RNF144A(173-292) on IP:
FLAG/IB:FLAG film in Fig. 3H is modified FLAG-RNF144A
(173-292) protein, and it was also seen in a longer-exposed film of
FLAG immunoblot of whole-cell lysates. The amino acids 173-252
contain RING2 and the intervening sequence between RING2
and the TM domain (Fig. 37), suggesting that an RNF144A-DNA-
PKcs—specific interaction does not require the TM domain.

RNF144A Has E3 Ubiquitin Ligase Activity and Promotes Ubiquitination
of DNA-PKcs. RNF144A contains the RING1-IBR-RING2 (RBR)
domain and a potential single-TM domain, suggesting its po-
tential E3 ubiquitin ligase activity (Fig. 37). When RNF144A was
overexpressed in HEK293T cells, it was readily ubiquitinated,
which was revealed in the experiment of HA—ubiquitin cotrans-
fection (Fig. 44). This result suggested autoubiquitination of
RNF144A when it is overexpressed inside the cells. The ubig-
uitinated smear disappeared when either the RBR domain or the
TM domain was truncated (Fig. 44), suggesting that its E3
ubiquitin ligase activity inside the cells may be highly regulated
by the TM domain through unknown mechanisms. To show its
bona fide E3 ligase activity, we purified GST and GST-RNF144A
and performed in vitro ubiquitination assay. Indeed, GST-
RNF144A could autoubiquitinate itself in vitro (Fig. 4B). These
data show that RNF144A is a bona fide E3 ubiquitin ligase.
Interestingly, under this in vitro condition, the autoubiquitina-
tion of RNF144A was mainly monoubiquitination. It was possi-
ble that additional factors for efficient polyubiquitination as seen
in vivo were missing in this in vitro reaction. Taken together,
these data show that RNF144A functions as an E3 ubiquitin
ligase in vivo and in vitro.

To determine whether RNF144A regulates ubiquitination
of DNA-PKcs, we also performed an in vitro ubiquitination

E2650 | www.pnas.org/cgi/doi/10.1073/pnas.1323107111

assay using purified DNA-PKcs as a substrate. As shown in
Fig. 4C, purified RNF144A(WT) promoted polyubiquitination
of DNA-PKcs. These data indicate that RNF144A is capable of
ubiquitinating DNA-PKcs in vitro. We also investigated the
ubiquitination of DNA-PKcs in vivo. WT RING1-dead mutant
(C20A/C23A) and RING/HECT-inactive mutant of RNF144A
(C198A) were overexpressed in HEK293T cells, and ubigq-
uitination of DNA-PKcs was analyzed. Only WT RNF144A was
able to promote ubiquitination of DNA-PKGcs, indicating that the
E3 ubiquitin ligase activity of RNF144A was responsible for this
increase of DNA-PKcs ubiquitination (Fig. 4D). These data show
that RNF144A can bind to and ubiquitinate DNA-PKcs in vivo
and in vitro. Combined with the observation that transient
overexpression of RNF144A decreased DNA-PKcs protein level
(Fig. 3 F and G), these data are consistent with the idea that
RNF144A can promote DNA-PKcs degradation. To further
obtain supporting evidence, we performed a **S-methionine pulse-
chase experiment to determine the half-life of DNA-PKcs in
HEK293T cells that were transiently transfected with either a con-
trol empty vector or FLAG-tagged RNF144A (Fig. 4 E and F).
Consistent with a previous study (35), phosphorimager analysis of
these pulse-chase experiments showed that the half-life of DNA-
PKcs was up to 48 h in control HEK293T cells (Fig. 4 E and F). In
contrast, its half-life was reduced to around 24 h on expression of
RNF144A. Taken together, these results indicate that RNF144A
can ubiquitinate DNA-PKcs and promote its degradation.

RNF144A Interacts with DNA-PKcs Mainly in the Cytosol. The pres-
ence of a potential TM domain in RNF144A suggests its mem-
brane localization (Fig. 37). The DNA-PK complex has been
reported to localize outside the nucleus, such as in lipid rafts
(21), plasma membrane (20), and endosomes (22), etc., for signal
transduction function, including activation of Akt (19, 20). Thus, we
were interested in determining the localization of the RNF144A—
DNA-PKcs complex.

We characterized the subcellular localization of RNF144A.
Limited by available RNF144A antibodies capable of detecting
endogenous RNF144A by immunofluorescence, we used FLAG-
tagged RNF144A to monitor its subcellular localization. RNF144B
has been reported to mainly appear in the cytoplasm, plasma
membrane, Golgi apparatus (5), and the mitochondria (1). How-
ever, unlike RNF144B, we observed that RNF144A partially
localized with B-tubulin, calnexin (a marker for endoplasmic
reticulum), and Rab5 (a marker for endosomes) (Fig. S3). Like
Rab5, RNF144A is also distributed around plasma membrane and
the perinuclear area (Fig. 54). To gain additional evidence for the
endosomal localization of RNF144A, we constructed EGFP- or
mCherry-RNF144A and showed its colocalization with different
endosomal markers: EEA1 and Rab5 (early endosome) and Rab7
(late endosome) (Fig. 5B and Fig. S4). Deletion of the TM domain
(amino acids 250-270) caused a redistribution of RNF144A to
a homogenous pattern throughout the cells, suggesting that
the TM domain might restrict its subcellular localization (Fig.
S5). The plasma membrane and endosomal localizations imply that
RNF144A might participate in endocytosis, trafficking, activation,
and degradation of target proteins in the cytosol.

We also checked the localization of DNA-PKcs after ADR
treatment (Fig. 5 C-F and Fig. S6). Interestingly, although DNA-
PKcs localizes mainly in the nucleus in untreated cells, ADR
treatment caused a time-dependent increase of cytoplasmic
DNA-PKcs in U20S cells. This conclusion was supported by two
independent assays, immunofluorescence staining (Fig. 5 C and
D) and biochemical fractionation (Fig. 5E), suggesting a function
of cytoplasmic DNA-PKcs during DDR. Also, a high-molecular
weight smear in addition to a band corresponding to the antici-
pated 470-kDa protein was observed mainly in the cytosol frac-
tion, suggesting that the cytoplasmic DNA-PKcs might be modified.
To further confirm our finding in U20S cells, we performed similar
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Fig. 4. RNF144A functions as an E3 ligase and promotes DNA-PKcs ubiquitination. (A) Different FLAG-tagged constructs were cotransfected to HEK293T cells
with HA-ubiquitin. After 24 h, cell lysates were harvested for FLAG IP followed by HA immunoblotting to detect RNF144A ubiquitination in vivo. *IgG heavy
chain. (B) Western blot analysis shows autoubiquitination of GST-RNF144A in vitro. The in vitro ubiquitination assay was performed as described in Materials
and Methods. (C) In vitro ubiquitination assay of DNA-PKcs by RNF144A. GST-RNF144A was purified and treated with PreScission Protease to remove GST tag.
The purified RNF144A protein was incubated with purified DNA-PKcs, E1, UbcH7, HA-Ubiquitin, and ATP reaction buffer at 30 °C for 1 h. Samples were
separated by SDS/PAGE and immunoblotted. (D) RNF144A promoted ubiquitination of DNA-PKcs in vivo. WT RING1-dead mutant (C20A/C23A) and RING/
HECT-inactive mutant of RNF144A (C198A) were cotransfected with HA-ubiquitin to HEK293T cells. After 24 h, cells were treated with MG132 for 6 h, and cell
lysates were harvested and immunoprecipitated by anti-DNA-PKcs antibody followed by immunoblotting. (E and F) HEK293T cells were transfected with
either an empty FLAG vector or FLAG-RNF144A; 24 h later, cells were labeled with [>SImethionine for 1 h and chased in media containing excess unlabeled
methionine for the indicated times. (E, Left) DNA-PKcs was immunoprecipitated from equal cell numbers for each time point with DNA-PKcs antibody and
analyzed by SDS/PAGE. The **S-labeled DNA-PKcs was visualized by a Phosphorimager. The intensity at time 0 h was set as 100%. The relative intensity
compared with that of the 0-h sample is shown below and plotted on a semilog scale graph. Control GAPDH immunoblots from the same input lysates for
each IP are shown below each panel. Ub, ubiquitin.

Relative 35S-DNA-PKcs level (%) T
B
o

0 10 20 30 40 50 60
Chase time (hr)

FLAG-RNF144A

assays in a pair of glioma cell lines with different DNA-PKcs status,
MO59K (DNA-PKcs WT) and M059J (DNA-PKcs—deficient;
as a control for DNA-PKcs staining and immunoblotting), and
obtained similar results (Fig. 5F and Fig. S6). Because the nuclear/
cytosolic shuttling of DNA-PKcs can be regulated (26), we suspect
that ADR treatment might induce nuclear exit of DNA-PKcs.
However, the exact mechanism needs additional investigation.

We then performed cell fractionation and co-IP to determine
where the RNF144A-DNA-PKcs complex is located. Indeed,
RNF144A interacted with DNA-PKcs mainly in the cytosol
(Fig. 5G).

Ho et al.

RNF144A Down-Regulates DNA-PKcs to Enhance Apoptosis During
DNA Damage. Consistent with the observations that RNF144A
was able to ubiquitinate and degrade DNA-PKcs (Fig. 4), de-
pletion of RNF144A in U20S cells led to an increase in DNA-
PKcs level (Fig. 64). Interestingly, although RNF144A interacts
with mainly cytoplasmic DNA-PKcs, knockdown of RNF144A
caused an increase of DNA-PKcs in both cytosol and nucleus. It
is quite likely that the DNA-PKcs accumulated in the cytosol of
RNF144A-depleted cells can be translocated into the nucleus.
Although there was more DNA-PKcs in the nucleus, the Ser-
2056 autophosphorylated DNA-PKcs was found mainly in the
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Fig. 5. RNF144A localizes at endosomes and interacts with cytoplasmic DNA-PKcs. (A and B) RNF144A localizes at endosomal organelles. (A) The immu-
nofluorescence images (100x) show that RNF144A (red) partially overlapped with Rab5, an endosomal marker, and (green) positive dots. FLAG-tagged
RNF144A was transfected into U20S cells. On the next day, cells were fixed and stained with anti-FLAG antibody (red) and anti-Rab5 antibody (green). (B, Left
and Center) EGFP-tagged RNF144A was transfected into U20S cells for 1 d. Cells were fixed and stained with EEA1 or Rab5 antibody and a Texas Red-
conjugated secondary antibody. (B, Right) mCherry-tagged RNF144A was cotransfected with EGFP-tagged Rab7 (48) into U20S cells for 1 d. Immunofluo-
rescence images (100x) were acquired by a Zeiss inverted microscope. Expanded image data are shown in Fig. S4. ((—F) ADR-induced redistribution of
DNA-PKcs from the nucleus to the cytoplasm. U20S cells were treated with ADR (5 uM) for the indicated time, and then, they were fixed and stained with
anti-DNA-PKcs (green) and Hoechst 33258 (blue). (C) Orange arrow indicates the cells with cytoplasmic DNA-PKcs staining. High-magnification images of the
ADR-treated cells are shown in Right. The specificity of anti-DNA-PKcs antibody for immunofluorescence study was verified using a pair of glioma cells:
MO059K (DNA-PKcs—proficient) and M059) (DNA-PKcs—deficient) cells (Fig. S6). (D) The percentages of cells with cytoplasmic DNA-PKcs staining on ADR
treatment were counted (from 1,000 cells) and shown. Error bars represent SDs from three independent experiments. (E) Western blot analysis shows ADR-
induced cytoplasmic DNA-PKcs in a time-dependent manner. (F) M059K (DNA-PKcs—proficient) and M059) (DNA-PKcs—deficient) cells were treated with ADR
(5 pM) for 9 h, and then, they were harvested for fractionation and Western blot analysis. (G) FLAG-tagged RNF144A interacted with cytoplasmic DNA-PKcs.
An empty FLAG vector or FLAG-tagged RNF144A was transfected to HEK293T cells. After 24 h, cell fractionation was performed. Cytosolic (C) or nuclear (N)
extracts were then immunoprecipitated by FLAG M2 beads and immunoblotted with indicated antibodies. Ctrl, control.

cytosol, suggesting that it was highly active in the cytosol. To
determine whether the apoptosis resistance by RNF144A knock-
down on DNA damage is DNA-PKcs—-dependent, we used a
DNA-PKcs-specific inhibitor NU7441. Consistent with Fig. 2,
RNF144A depletion significantly reduced the ADR-induced
PARP cleavage and caspase 3/7 activities (Fig. 6 B and C). The
DNA-PK inhibitor restored the effect of ADR-mediated cleav-
age of PARP and caspase 3/7 activities in RNF144A knockdown
cells. However, an ataxia telangiectasia mutated (ATM)-specific
inhibitor, KU55933, failed to rescue RNF144A depletion effect
on caspase 3/7 activities (Fig. 6C). These results indicate that
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the apoptosis resistance in RNF144A-depleted cells can be
reversed by inhibition of DNA-PK, thus supporting a role for
DNA-PKcs in mediating the prosurvival phenotype in those
RNF144A-depleted cells. We also investigated whether the ef-
fect on apoptosis by RNA144A depended on its E3 ligase ac-
tivity. We rescued RNF144A-depleted cells with either WT or
RING1-dead mutant (C20A/C23A) RNF144A. Expression of
WT RNF144A could rescue ADR-induced apoptosis; however,
the C20A/C23A mutant failed to do so, although the mutant was
expressed at a higher level than WT (Fig. 6D). Thus, RNF144A
requires its E3 ligase activity to promote apoptosis during DNA
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damage. Taken together, these data strongly suggest that RNF144A
ubiquitinates and degrades DNA-PKcs to down-regulate its pro-
survival functions and promote apoptosis after cells suffer from
severe DNA damage.

Discussion

We have carried out the first, to our knowledge, biochemical and
functional characterization of the RBR domain protein RNF144A.
We found that RNF144A is induced on DNA damage and showed

a role for p53 in the induction as well as DNA damage-induced
apoptosis. Colocalization with Rab5-positive vesicles suggests that
RNF144A may actively modulate trafficking and turnover of the
plasma membrane and endosomal residents. Using the IP-MS
method, we identified DNA-PKcs as an RNF144A-interacting
protein and showed their interaction in the cytosol. RNF144A can
ubiquitinate cytoplasmic DNA-PKcs and promote its degradation.
This regulation leads to inhibition of DNA-PKcs prosurvival func-
tion during DDR. These p53-RNF144A-DNA-PKcs mechanisms
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Fig. 6. RNF144A down-regulates DNA-PKcs to promote apoptosis during DNA damage. (A) Depletion of RNF144A increased pS2056-DNA-PKcs in the cytosol
and total DNA-PKcs in both cytosol and nucleus. RNF144A-depleted stable U20S cells were harvested for subcellular fractionation to separate cytoplasmic (C)
and nuclear (N) fractions. Western blot analysis from each fraction was then performed. (B) A DNA-PK inhibitor restored ADR-induced cell apoptosis in
RNF144A-depleted cells. S, scrambled shRNA control; #1, RNF144A shRNA#1; #2, shRNA2. RNF144A-depleted stable U20S cells were treated with ADR (5 pM)
for 4 h without or with pretreatment of DNA-PKi before ADR. Cell lysates were then harvested for Western blot analysis as indicated. (C) RNF144A-depleted
stable U20S cells were treated with ADR (5 pM) for 7 h with pretreatment of DNA-PKi or ATMi. Cells were then harvested for caspase 3/7 activity assay. (D)
RNF144A (WT and C20A/C23A mutant) were transfected into RNF144A-knockdown U20S cells to rescue its expression. Cells were treated with ADR (5 pM) for
10 h and then harvested for caspase 3/7 activity assay. (Lower) Because C20A/C23A mutant RNF144A sometimes expressed less than WT (Fig. 4D), to ensure that we
had a least equal or more C20A/C23A mutant RNF144A expression than WT, we transfected more C20A/C23A mutant RNF144A plasmid than WT, which accounts for
the higher expression of C20A/C23A mutant. (E) A proposed model for how RNF144A down-regulates the prosurvival signaling of DNA-PKcs and promotes cell
death during DDR. A basal level of RNF144A may be responsible for other physiological functions or baseline down-regulation of DNA-PKcs. DNA damage stabilizes
p53 and induces p53-dependent accumulation of RNF144A. RNF144A protein might also be stabilized by yet-to-be-determined mechanism(s). The accumulated
RNF144A then interacts with and degrades more DNA-PKcs through the ubiquitin-proteasome system and inhibits the prosurvival function of DNA-PKcs. Through
this mechanism, we propose that accumulation of RNF144A may shift the cell fates from cell survival to apoptosis on persistent or severe DNA damage.
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may shift cell fates from the survival mode to programmed cell
death when the cells encounter severe or persistent DNA damage
beyond repair (Fig. 6F).

During evolution, cells develop many conserved pathways to
adapt to DNA damage and maintain genome integrity. The
signals for initiating cell-cycle arrest, DNA repair, apoptosis, and
senescence can be sequentially triggered while genome surveil-
lance proteins detect DNA damage (9). Competition between
DNA repair and apoptosis will decide the final cell fate. Cells are
able to use the NHEJ pathway to repair DSBs throughout the
whole cell cycle. Although the NHEJ pathway can repair DSBs,
it can generate mutations and potentially, tumor transformation
(12, 13). Induction of p53-dependent apoptosis is important to
abort the process (36, 37). We now provide a previously un-
identified link between the p53 signaling pathway and DNA-
PKcs regulation through an endosomal E3 ligase RNF144A to
induce apoptosis and eliminate the damaged cells when the
damage is beyond repair.

RNF144A is an RBR-containing protein, and it is able to in-
teract with E2-conjugating enzymes, UbcH7 and UbcHS, through
its RING1 domain (7). To our knowledge, our study is the first
one to show its E3 ubiquitin ligase activity and show that
RNF144A is able to promote its autoubiquitination and ubig-
uitination of DNA-PKcs both in vivo and in vitro (Fig. 4 A-D).
RNF144A is unstable and degraded through the proteasome-
dependent pathway (Fig. 3B). Intriguingly, the TM domain
seems to play an important role in regulation of RNF144A E3
ligase activity and physiological function(s). On one hand,
RNF144A might require its TM for full activity (Fig. 44). On the
other hand, the TM domain might also restrict the interaction
between RNF144A and its targets in specific subcellular regions
(Fig. S5). Thus, RNF144A seems to be tightly regulated at
multiple levels: (i) transcription (induction on DNA damage),
(if) posttranslation (protein stability), and (iii) regulation of ac-
tivity and possible substrate selectivity (through TM). Recent
studies suggest that the ligase activities or the RBR proteins are
tightly regulated. For example, the E3 ligase activity of Parkin or
HOIP is inhibited by its N terminus in the absence of a binding
partner. Binding of the ubiquitin-interacting motifs of Eps15 or
the SH3 domain from endophilin Al to the Parkin N-terminal
ubiquitin-like domain releases its autoinhibition (38). The asso-
ciation with HOIL-1L or SHARPIN unblocks the inhibition and
activates HOIP E3 ligase activity (39, 40). The requirement of
the TM domain for its full E3 ligase activity of RNF144A might
suggest a yet-to-be identified mechanism to regulate its activity.

We also looked at the expression profile of RNF144A in the
gene expression BioGPS database, which profiled a panel of 79
human and 61 mouse tissues (41). In human tissues/cell lines,
expression of RNF144A is differentially expressed in the human
CNS, particularly the cerebellum, retina, adrenal gland, uterus,
pancreatic islet cells, CD34+ and CD4+ T cells, CD56+ NK
cells, and a chronic myelogenous leukemia cell line K562.
According to SAGE Geni analysis in the SAGE Anatomic
Viewer server from the National Cancer Institute, its expression
is also found in human brain, retina, spinal cord, muscle, and
some breast tissues (CD24+ luminal epithelium and possibly,
CD10+ myoepithelium). At least 36 RNF144A somatic muta-
tions (F98I, A137V, R139C, C203F, D221N, and more) are
discovered in renal carcinoma, prostate cancer, large intestine
cancer, lung cancer, and others (42-44). It will be very interesting
to further determine whether these mutations affect the function
of the RNF144A-DNA-PKcs complex to cause tumors.

Although RNF144A also shares high homology sequence with
RNF144B in amino acids 173-252, we did not observe a strong
interaction between RNF144B and DNA-PKcs (Fig. 3B). This
observation might be because of a different subcellular lo-
calization or protein orientation on the plasma membrane be-
tween RNF144A and RNF144B or other unknown mechanisms.
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Another possibility is that the motif (*’*ESLDDDFLL**) in
RNF144A, but not RNF144B, might contain a similar conserved
human Ku80 binding motif (*’EEGGDVDDLL’?) for DNA-
PKcs (45). This difference also implies that RNF144A and
RNF144B may regulate different subsets of proteins. Additional
experiments will be needed to address these interesting ques-
tions. During our manuscript preparation, Jiang et al. (46)
showed that DNA-PKcs is ubiquitinated and bound to valosin-
containing protein (VCP), possibly for regulation of proteasome-
dependent degradation. VCP is a member of the AAA class of
ATPases, found predominantly in the cytoplasm, and involved in
diverse biological processes, including endoplasmic reticulum-
associated degradation and ubiquitin fusion degradation (47).
Knockdown of VCP in glioblastoma cells led to accumulation of
DNA-PKcs and resistance to ionizing irradiation, ultimately
resulting in shorter survival times in an orthotopic xenograft
mouse model (46). This study supports the importance of reg-
ulation of DNA-PKcs ubiquitination in the cytoplasm. However,
the E3 ligase for DNA-PKcs was not identified. Here, we show
that RNF144A is the first, to our knowledge, mammalian E3
ligase for DNA-PKcs. It will be very interesting to determine
whether VCP is also involved in RNF144A-DNA-PKcs regula-
tion in the future. A previous study suggested that RNF144A
suppresses tumor migration and invasion (8). Our study identi-
fies a previously unidentified role for RNF144A in apoptosis
induction through suppression of the prosurvival signaling
function of DNA-PKcs. This regulation may provide a mecha-
nism for the organisms to remove the cells suffering from severe
DNA damage and prevent future cancer development. There-
fore, these studies suggest a tumor suppressor function for
RNF144A.

Materials and Methods

Cell Culture and Transfection. HEK293T and H1299 cells were maintained in
DMEM supplemented with 10% (vol/vol) FBS, penicillin [50 international unit
(IU)/mL], and streptomycin (50 pg/mL). M059K and MO059)J cells were main-
tained in DMEM:F12 at 1:1 supplemented with 10% (vol/vol) FBS, penicillin,
streptomycin, 1% nonessential amino acid, and 0.5 mM sodium pyruvate.
HCT116 and U20S cells were grown in McCoy's 5A medium supplemented
with 10% FBS, penicillin, and streptomycin. Mouse embryonic fibroblast cells
were cultured in DMEM supplemented with heat-inactivated 10% FBS, peni-
cillin (100 1U/mL), and streptomycin (100 pg/mL). All cells were grown in a hu-
midified incubator at 37 °C with 5% CO and 95% air. A standard Lipofectamine
2000 (Life Technologies) method was used for transfection of HEK293T,
U20S, and H1299 cells.

In Vivo and in Vitro Ubiquitination Assay. For in vivo ubiquitination assay,
HEK293T cells were transfected with HA-ubiquitin, FLAG-tagged RNF144A
(WTs or mutants), or a control FLAG vector as indicated. One day later, cells
were treated with 20 pM MG132 for 6 h. Cells were then lysed in radio-
immunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 8.0, 150 mM Nadcl,
0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS) or SDS lysis buffer
followed by boiling for 5 min at 95 °C. The cell lysates were reconstituted to
0.1% SDS by 1:10 dilution in TNN (Tris, NaCl, NP40) buffer supplemented
with a mixture of protease inhibitors. The lysates were then sonicated and
clarified by 10 min of centrifugation at 16,000 x g in a microfuge. Equivalent
amounts of lysates were incubated overnight with a DNA-PKcs antibody/
Protein G agarose or FLAG-M2 agarose beads (SIGMA) at 4 °C. Beads were
washed five times with RIPA buffer. The beads were then boiled in Laemmli
buffer and analyzed by SDS/PAGE followed by Western blot analysis using
HA antibody. The in vitro ubiquitination assay was performed in 50 pL re-
action buffer (50 mM Tris, pH 8, 1 mM DTT, 5 mM MgCl,, 100 mM Nadl, 5
mM ATP or 5 uL 10x energy regeneration solution; Boston Biochem). In each
reaction, 15 nM human recombinant E1 (Boston Biochem), 0.5 mM UbcH7
(Boston Biochem), and 5 mM HA-ubiquitin (Boston Biochem) were mixed
with 0.77-1 mM GST-RNF144A or GST-RNF144A mutant and DNA-PKcs
(Promega) in the reaction buffer and incubated at 37 °C for 1 h. Samples
then were subjected to IP with the indicated antibody and then immuno-
blotting with HA antibody.
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Measurement of Protein Stability. HEK293T cells transiently expressing FLAG
or FLAG-tagged RNF144A for 24 h were prestarved by replacing the culture
media with DMEM without L-methionine and L-cysteine (Gibco by Life
Technologies) for 30 min. Cells were labeled in vivo with [3°S]methionine/
Cysteine EasyTagTMEXPRESS35S Protein Labeling Mix (PerkinElmer) using
300 pCi/mL for 1 h. After labeling, cells were washed one time with DMEM
containing 5 mM L-methionine and 3 mM L-cysteine and then incubated in
the same media for the indicated chase times. Equal cell numbers from each
time point were harvested, and labeled DNA-PKcs protein was immuno-
precipitated with DNA-PKcs antibody and resolved by SDS/PAGE. Labeled
DNA-PKcs was visualized by exposure to a phosphorimager screen, scanned
using a Phosphorimager (Molecular Dynamics), and quantitated by Image)
software (National Institutes of Health).
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