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F-box proteins β-TrCP1 and β-TrCP2 are paralogs present
in the human genome. They control several cellular processes
including cell cycle and DNA damage signaling. Moreover, it is
reported that they facilitate DNA damage-induced accumula-
tion of p53 by directing proteasomal degradation of MDM2, a
protein that promotes p53 degradation. However, the individ-
ual roles of β-TrCP1 and β-TrCP2 in the genotoxic
stress-induced activation of cell cycle checkpoints and DNA
damage repair remain largely unknown. Here, using biochem-
ical, molecular biology, flow cytometric, and immunofluores-
cence techniques, we show that β-TrCP1 and β-TrCP2
communicate during genotoxic stress. We found that expres-
sion levels of β-TrCP1 are significantly increased while levels of
β-TrCP2 are markedly decreased upon induction of genotoxic
stress. Further, our results revealed that DNA damage-induced
activation of ATM kinase plays an important role in main-
taining the reciprocal expression levels of β-TrCP1 and
β-TrCP2 via the phosphorylation of β-TrCP1 at Ser158.
Phosphorylated β-TrCP1 potently promotes the proteasomal
degradation of β-TrCP2 and MDM2, resulting in the activation
of p53. Additionally, β-TrCP1 impedes MDM2 accumulation
via abrogation of its lysine 63-linked polyubiquitination by
β-TrCP2. Thus, β-TrCP1 helps to arrest cells at the G2/M
phase of the cell cycle and promotes DNA repair upon DNA
damage through attenuation of β-TrCP2. Collectively, our
findings elucidate an intriguing posttranslational regulatory
mechanism of these two paralogs under genotoxic stress and
revealed β-TrCP1 as a key player in maintaining the genome
integrity through the attenuation of β-TrCP2 levels in response
to genotoxic stress.

The ubiquitin-proteasome system (UPS) is mainly respon-
sible for ubiquitination of proteins. Ubiquitination is an
important posttranslational modification and is a process of
conjugation of ubiquitin to protein (1). Ubiquitination of
proteins is carried out through three major steps by a
sequential activity of three classes of enzymes. In the first step,
ubiquitin is activated by ubiquitin-activating enzyme E1 in the
presence of ATP. The activated ubiquitin is then transferred to
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the ubiquitin-conjugating enzyme E2, and finally the activated
ubiquitin is transferred to the substrate proteins through E3
ubiquitin ligase enzyme (2).

SCF E3 ubiquitin ligases are the largest class of E3 ubiquitin
ligases. They play a crucial role in cell cycle progression, cell
proliferation, DNA damage, apoptosis, and many other cellular
functions (3). SCF complex is a multisubunit complex
comprising three invariable components SKP1, Cullin1 (Cul1),
Rbx1, and a variable component F-box protein (4). F-box
protein β-transducin repeat-containing protein (β-TrCP) is a
component of SCF (SKP1, Cul1, and F-box protein) E3 ubiq-
uitin ligase complex. It is well established that β-TrCP rec-
ognizes substrates having consensus sequence DSGXXS
degron to promote their proteasomal degradation (5). In the
human genome, β-TrCP has two paralogs (namely β-TrCP1
and β-TrCP2) (6). Previous study showed that β-TrCP1
knockout mice are viable with reduced fertility (7). It is also
reported that MEFs from β-TrCP1 knockout mice display
mitotic abnormalities with centrosome overduplication and
chromosome misalignment indicating that it plays important
role in progression of mitosis (7). In contrast, β-TrCP2
knockout mice died before embryonic day 10.5 indicating that
these two paralogs have distinct cellular function (8).

Several studies have shown that cellular functions of β-
TrCP1 and β-TrCP2 are indistinguishable and therefore
maximum studies cited them as β-TrCP (5, 9, 10). Hence, it
was difficult to understand whether the study is related to β-
TrCP1 or β-TrCP2. β-TrCP1 and β-TrCP2 form homo and
heterodimer by utilizing their dimerization domain; however,
homodimer is more functional in promoting the degradation
of its substrate (11). β-TrCP is known to regulate many cellular
processes such as NF-κB signaling (12), β-catenin signaling
(13), TGF-β signaling (10), apoptosis (14), autophagy (15), and
cell cycle (9, 16).

β-TrCP is involved in diseases such as cancer. It was re-
ported that β-TrCP can function as either tumor suppressor or
oncogene or both in a context-dependent manner (5, 9, 17). A
recent study showed that β-TrCP1 may function as tumor
suppressor and β-TrCP2 as an oncogene (18). Generally,
perturbation of function of tumor suppressor and/or oncogene
results in impairment of DNA damage response/repair that
gives rise to chromosomal instability and cancer predisposition
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β-TrCP1 degrades β-TrCP2 during DNA damage
(19, 20). Previous studies showed that β-TrCP plays important
roles in DNA damage response and maintains the genome
integrity by controlling multiple substrates (17, 21–23). For
instance, β-TrCP promotes CReP degradation upon DNA
damage to shut down the translational machinery through
Figure 1. Expression levels of β-TrCP1 are increased while expression leve
were treated with 5 Gy ionizing radiation (IR) for 4 h or 10 mJ/m2 UV for 4 h or 0
the indicated proteins. p53 was used as positive control for induction of DNA
three independent experiments. B, HCT116 cells were treated with 5 Gy ionizi
were immunoblotted for the indicated proteins. Data are representative of two
of IR for 4 h. WCL were immunoblotted for the indicated proteins. Data are rep
with increasing doses of IR for 4 h. WCL were immunoblotted for the indicated
cells were treated with 5 Gy IR and cells were collected at the indicated time o
representative of two independent experiments. F, MCF7 cells were treated
immunofluorescence analysis using β-TrCP1 and β-TrCP2 antibodies. Data a
expression levels of indicated proteins as in Figure 1F. Random fields were sel
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inactivation of eIF2α (24). It is also reported that β-TrCP
downregulates Cdc25A to maintain intra-S-phase checkpoint
(16) while SCFβTrCP-mediated Claspin degradation is impor-
tant for checkpoint recovery during genotoxic stress (25).
Recent studies showed that β-TrCP directs the degradation of
ls of β-TrCP2 are decreased following genotoxic stresses. A, MCF7 cells
.05% H2O2 for 2 h. Whole-cell protein lysates (WCL) were immunoblotted for
damage and tubulin was used as loading control. Data are representative of
ng radiation (IR) for 4 h or 10 mJ/m2 UV for 4 h or 0.05% H2O2 for 2 h. WCL
independent experiments. C, MCF7 cells were treated with increasing doses
resentative of three independent experiments. D, HCT116 cells were treated
proteins. Data are representative of two independent experiments. E, MCF7
f post IR and WCL were immunoblotted for the indicated proteins. Data are
with 5 Gy IR and cells were collected at the indicated time of post IR for
re representative of three independent experiments. G, quantification of
ected and the fluorescence intensity was measured using Image J software.



β-TrCP1 degrades β-TrCP2 during DNA damage
MDM2 in response to DNA damage to initiate DNA damage
response pathway through activation of p53 (21, 22); however,
it is not clear whether β-TrCP1 or β-TrCP2 is involved in
DNA damage-induced activation of p53. β-TrCP also pro-
motes the degradation of pro-caspase-3 to protect the cells
from DNA damage-induced apoptotic cell death (26). Though
numerous studies have been done to understand the role of β-
TrCP in DNA damage response; however, distinct role of in-
dividual β-TrCP1 and β-TrCP2 in DNA damage response and
repair is poorly understood. Our study established that tumor
suppressor β-TrCP1 promotes the degradation of β-TrCP2
following genotoxic stress to facilitate the activation of cell
cycle checkpoint and DNA damage repair to maintain the
genomic stability.

Results

β-TrCP1 is accumulated, whereas β-TrCP2 is declined at the
protein level upon genotoxic stresses

β-TrCP functions as a tumor suppressor/oncogene in a
context-dependent manner. Tumor suppressor as well as
oncogene plays key role during genotoxic stress. Several
studies showed that β-TrCP plays a crucial role in DNA
damage response. However, during genotoxic stress, role of
β-TrCP1 and β-TrCP2 at the individual level is largely un-
known. Toward this, first we examined the levels of β-TrCP1
and β-TrCP2 following exposure to genotoxic stress by either
radiation (UV and IR) or oxidative stress (H2O2) in MCF7
cells. Interestingly, we observed that β-TrCP1 levels were
significantly increased while β-TrCP2 levels were markedly
declined following DNA damage induction (Fig. 1A). Similar
results were also observed in HCT116 cells, indicating that
DNA damage-induced differential expression of β-TrCP1 and
β-TrCP2 is a general phenomenon (Fig. 1B). Interestingly, the
converse correlation of their expression was observed in
single-strand break (UV radiation and H2O2) and double-
strand break (ionizing radiation) DNA damage induction,
indicating that the observed phenomenon is also not specific
to a particular type of DNA damage (Fig. 1, A and B). To
further support our observation, we examined the levels of
β-TrCP1 and β-TrCP2 following exposure to different doses of
IR. Results showed a dose-dependent ablation of β-TrCP2
levels with concomitant increased levels of β-TrCP1 (Fig. 1, C
and D).

To prevent the deleterious effects of DNA damage and to
maintain the genome integrity, cells attempt to repair their
genome. We therefore asked whether there is any correlation
of differential expression of β-TrCP1 and β-TrCP2 during
DNA damage response and repair. To address this, first we
examined the expression levels of β-TrCP1 and β-TrCP2 for a
period of 24 h post irradiation. Immunoblotting results
showed that levels of β-TrCP1 were increased with decreased
levels of β-TrCP2 till 6 h post IR and then β-TrCP1 was
decreasing with concomitant increasing levels of β-TrCP2 to
restore their cellular levels at 24 h post irradiation (Fig. 1E). To
further support this observation, we performed immunofluo-
rescence study. In agreement with the immunoblotting data,
immunofluorescence results also showed a converse correla-
tion in the expression levels of β-TrCP1 and β-TrCP2
following genotoxic stress (Fig. 1, F and G). Collectively, our
results demonstrated that β-TrCP1 and β-TrCP2 levels are
differentially regulated upon DNA damage.

DNA damage-induced differential regulation of β-TrCP1 and
β-TrCP2 is at the proteasomal level

Next, we were interested to understand the mechanism of
the genotoxic-stress-induced differential expression of
β-TrCP. The observed differential expression of β-TrCP1 and
β-TrCP2 following genotoxic stresses could be either at the
transcriptional level or at the posttranslational level. We,
therefore, first monitored the mRNA levels of β-TrCP1 and
β-TrCP2 following DNA damage. The real-time RT-PCR re-
sults showed that mRNA levels of β-TrCP1 and β-TrCP2
remained unaltered following genotoxic stress (Fig. 2, A and
B), indicating that DNA damage-induced differential expres-
sion of β-TrCP1 and β-TrCP2 could be at the post-
transcriptional level. To explore this, we have irradiated cells
in the absence and presence of proteasomal inhibitor MG132.
Immunoblotting results showed that IR-induced ablation of
β-TrCP2 was markedly blocked following inhibition of pro-
teasome by MG132 at 4 h post irradiation (Fig. 2C). Interest-
ingly, ablation of β-TrCP1 was also significantly inhibited
following treatment of MG132 at 24 h post irradiation
(Fig. 2C). In addition, we performed cycloheximide chase assay
and results revealed that half-life of β-TrCP2 is shortened
following genotoxic stress (Fig. 2, D and E). As expected, the
half-life of β-TrCP1 was extended following irradiation (Fig. 2,
D and E). To further authenticate the proteasomal regulation
of β-TrCP2, we examined the polyubiquitinated levels of
β-TrCP2 following genotoxic stress. Immunoblotting of im-
munoprecipitates showed that the levels of polyubiquitinated
β-TrCP2 were significantly increased at 4 h post irradiation
(Fig. 2F). Collectively, these results suggest that β-TrCP2 un-
dergoes proteasomal degradation at the early time point of
genotoxic stress induction.

β-TrCP1 directs polyubiquitination-mediated degradation of
β-TrCP2 upon induction of DNA damage

The preceding results demonstrate that β-TrCP1 is accu-
mulated and β-TrCP2 is degraded upon induction of DNA
damage (Figs. 1 and 2). A previous study showed that β-TrCP1
and β-TrCP2 regulate each other at the proteasomal level (18).
We therefore posit that β-TrCP1 might be involved in
degradation of β-TrCP2 following induction of DNA damage.
To test this, β-TrCP2 levels were monitored in MCF7 cells
expressing either NS (non-silencing shRNA) or β-TrCP1
shRNA following exposure to IR. Immunoblotting results
revealed that DNA damage-induced β-TrCP2 ablation was
markedly blocked in β-TrCP1 knockdown cells, indicating that
β-TrCP1 plays an important role in proteasomal attenuation of
β-TrCP2 upon induction of DNA damage (Fig. 3A). To sup-
port our observation, we examined the levels of β-TrCP2 in
HCT116 cells following depletion of β-TrCP1. Results revealed
J. Biol. Chem. (2021) 296 100511 3



Figure 2. DNA damage-induced alteration of β-TrCP1 and β-TrCP2 expression levels occurs through proteasome mediated pathway. A and B, MCF7
cells were treated with 5 Gy IR as indicated and cell were collected at 4 h post radiation exposure. Then, total RNA was extracted using TRIzol reagent, cDNA
prepared followed by real-time RT-PCR to examine the mRNA levels of β-TrCP1(A)/β-TrCP2(B). Data are representative of three independent experiments. C,
MCF7 cells were treated with 5 Gy IR as indicated and cells were collected at the indicated time point of post IR in the absence or presence of MG132. WCL
were immunoblotted for the indicated proteins. Data are representative of three independent experiments. D, MCF7 cells were exposed to 5 Gy IR and
allowed to grow for 1 h. Then, cycloheximide (40 μg/ml) was added to control and irradiated cells for the indicated time. WCL were immunoblotted for the
indicated proteins. Data are representative of three independent experiments. E, quantification of levels of β-TrCP1 and β-TrCP2 as in Figure 2D. Protein
levels were quantified using Image J software. Expression levels of β-TrCP1 and β-TrCP2 were normalized with tubulin and then set to 1 for β-TrCP1 and β-
TrCP2 at 0 h. The levels at other time points were calculated with respect to 0 h. F, MCF7 cells expressing His-ubiquitin were exposed to 5 Gy IR and
irradiated cells were grown for indicated time periods. WCL were pulled down with Ni-NTA beads. Pulled fractions and inputs WCL were immunoblotted for
the indicated proteins. Data are representative of two independent experiments. CHX, cycloheximide.

β-TrCP1 degrades β-TrCP2 during DNA damage
that DNA damage-induced degradation of β-TrCP2 was
significantly blocked in β-TrCP1-depleted HCT116 cells
(Fig. S1A). To support our immunoblotting results, we per-
formed immunofluorescence study. In agreement with the
immunoblotting results, we found that DNA damage-induced
ablation of TrCP2 is markedly blocked in β-TrCP1 depleted
cells (Fig. 3B and Fig. S1B). To further authenticate the
involvement of β-TrCP1 in DNA damage-induced ablation of
β-TrCP2, we examined the levels of β-TrCP2 following ectopic
expression of the wild type and the F-box motif deleted β-
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TrCP1 mutant (ΔF-β-TrCP1) in β-TrCP1-depleted cells.
Immunoblotting results showed that DNA damage-induced
ablation of β-TrCP2 in β-TrCP1 depleted cells was resumed
following ectopic expression of the wild-type β-TrCP1 but not
with the mutant ΔF-β-TrCP1 (Fig. 3C). Next we examined
how the regulation of β-TrCP2 by β-TrCP1 is happening
through SCF complex under normal condition. We found that,
unlike β-TrCP1, ΔF-β-TrCP1 could not promote the degra-
dation of β-TrCP2 (Fig. S1C). Taken together, these results
suggest that β-TrCP1 directs the DNA damage-induced



Figure 3. β-TrCP1 directs ablation of β-TrCP2 upon DNA damage. A, MCF7 cells expressing either NS or β-TrCP shRNA were treated with 5 Gy IR for 4 h as
indicated. WCL were immunoblotted for the indicated proteins. pATM was used as DNA damage sensing marker. Data are representative of two inde-
pendent experiments. B, NS or β-TrCP1 knockdown MCF7 cells were treated with 5 Gy IR and cells were collected for immunofluorescence analysis using β-
TrCP1 and β-TrCP2 antibodies. γH2AX was used as positive control. Data are representative of three independent experiments. C, NS and β-TrCP1-depleted
MCF7 cells were transfected with either vector control or indicated plasmids for 36 h. Transfected NS and β-TrCP1 knockdown cells were then treated with
5 Gy IR for 4 h as indicated. WCL were immunoblotted for the indicated proteins. pATM was used as DNA damage marker. Data are representative of three
independent experiments. D, quantification of levels of β-TrCP2 as in Fig. S1E. Protein levels were quantified using Image J software. Expression levels of β-
TrCP2 were normalized with tubulin and then set to 1 for β-TrCP2 at 0 h. The levels at other time points were calculated with respect to 0 h. E, NS or β-TrCP1
knockdown MCF7 cells were either untreated or treated with 5 Gy IR for 4 h and WCL were immunoprecipitated with anti-β-TrCP2 antibody. Immuno-
precipitates and inputs WCL were immunoblotted for the indicated proteins. Data are representative of two independent experiments. F, MCF7 cells were
exposed to 5 Gy IR and irradiated cells were collected at the indicated time points. WCL were immunoprecipitated with anti-β-TrCP2 antibody. Immu-
noprecipitates and inputs WCL were immunoblotted for the indicated proteins. Data are representative of two independent experiments. CHX,
cycloheximide.

β-TrCP1 degrades β-TrCP2 during DNA damage
degradation of β-TrCP2 through SCF complex. To authenti-
cate the SCF complex-dependent event, expression levels of β-
TrCP2 were examined following depletion of Cul1 upon
genotoxic stress. Immunoblotting result showed that DNA
damage-induced degradation of β-TrCP2 was impaired upon
Cul1 depletion (Fig. S1D). Further, cycloheximide chase
immunoblotting assay was performed to examine the stability
of β-TrCP2. Result revealed that DNA damage-induced turn-
over of β-TrCP2 is declined in β-TrCP1 knockdown cells
(Fig. 3D and Fig. S1E). Next, polyubiquitinated levels of β-
TrCP2 were examined in β-TrCP1 knockdown cells under
genotoxic stress. We found that DNA damage-induced poly-
ubiquitinated levels of β-TrCP2 were sharply declined
following depletion of β-TrCP1 (Fig. 3E). Finally, we
J. Biol. Chem. (2021) 296 100511 5



β-TrCP1 degrades β-TrCP2 during DNA damage
investigated whether the degradation of β-TrCP2 following
DNA damage is due to its enhanced interaction with β-TrCP1,
which further leads to polyubiquitination-mediated degrada-
tion. To test this, we performed co-immunoprecipitation
experiment. Immunoblotting of immunoprecipitates revealed
that the interaction of β-TrCP1 with β-TrCP2 was significantly
increased at 4 h and then declined to basal level interaction at
24 h post irradiation (Fig. 3F). Collectively, these results
showed that accumulated β-TrCP1 directs the proteasomal
degradation of β-TrCP2 under genotoxic stress.

ATM phosphorylates and stabilizes β-TrCP1 to promote β-
TrCP2 degradation upon DNA damage

The above described results prompted us to examine how β-
TrCP1 is empowered to direct the degradation of β-TrCP2
under genotoxic stresses. We speculated that DNA damage
signaling pathways might play crucial role in this process.
Among the DNA damage signaling pathways, ATM kinase
plays a pivotal role in double-strand DNA damage response
and repair processes (27, 28). It is reported that ATM phos-
phorylates approximately 700 substrates having SQ/TQ site
(28). Interestingly, analysis of the β-TrCP1 and β-TrCP2
amino acid sequences revealed the presence of one putative
ATM phosphorylation site present in β-TrCP1 at Ser-158
position, which is conserved among the vertebrates (Fig. 4A).
In contrast, β-TrCP2 does not have ATM phosphorylation site.
We therefore reasoned that ATM might be involved in the
accumulation as well as empowerment of β-TrCP1 to facilitate
the degradation of β-TrCP2 upon DNA damage. To test this
possibility, we performed a series of experiments. First, the
cells were exposed to ionizing radiation in the absence and
presence of an ATM inhibitor. The results showed that the
DNA damage-induced accumulation of β-TrCP1 as well as
downregulation of β-TrCP2 expression is significantly abro-
gated upon inactivation of ATM (Fig. 4B).

Proteasomal degradation of protein warrants its poly-
ubiquitination. We therefore examined the levels of poly-
ubiquitinated β-TrCP2 following induction of genotoxic stress
in the absence and presence of ATM inhibitor. Immunoblot-
ting of immunoprecipitates demonstrated that DNA damage-
induced polyubiquitinated β-TrCP2 levels were markedly
declined following inactivation of ATM (Fig. 4C). To under-
stand how ATM inactivation abrogates DNA damage-induced
polyubiquitination of β-TrCP2, we asked whether ATM plays
any role in the interaction of substrate (β-TrCP2) and receptor
(β-TrCP1). Immunoblotting of immunoprecipitates revealed
that the interaction of β-TrCP1 and β-TrCP2 was sharply
increased following induction of DNA damage (Fig. S2A) and
was sharply diminished following inactivation of ATM
(Fig. S2A). These results suggest that ATM-mediated phos-
phorylation of β-TrCP1 at Ser158 position might be playing an
important role for its accumulation as well as interaction be-
tween β-TrCP1 and β-TrCP2. To test this possibility, we
generated the wild-type, phosphorylation mimetic (S158D)
and phosphorylation defective (S158A) mutants of β-TrCP1.
Immunoblotting results demonstrated that ectopically
expressed β-TrCP1 is significantly accumulated following
6 J. Biol. Chem. (2021) 296 100511
induction of genotoxic stress, which was abrogated following
inactivation of ATM (Fig. 4D). In contrast, phosphorylation
defective β-TrCP1 mutant failed to accumulate following in-
duction of DNA damage (Fig. 4D), indicating that ATM plays
role in accumulation of β-TrCP1 upon genotoxic stress. To
further support our observation, we examined phosphorylated
levels of the wild type and the mutant (S158A) β-TrCP1
following irradiation. Results revealed that phospho-serine
levels of the wild-type β-TrCP1 were significantly increased
upon induction of genotoxic stress, which was significantly
declined following inhibition of ATM (Fig. S2B). In contrast,
we did not observe any delectable change in phospho serine
levels of the mutant (S158A) β-TrCP1 following induction of
DNA damage, indicating that ATM phosphorylates β-TrCP1
at Ser158 position (Fig. S2B).

Next, we investigated why the phosphorylated form of β-
TrCP1 is accumulated upon DNA damage. Is it because of
incompetency of β-TrCP2 to target the phosphorylated β-
TrCP1? To explore this possibility, we examined the levels of
β-TrCP1 phosphomimetic S158D mutant following ectopic
expression β-TrCP2. Result showed that unlike the wild-type
β-TrCP1, the β-TrCP1(S158D) mutant is resistant toward
degradation by β-TrCP2, indicating that ATM-mediated
phosphorylation at Ser158 protects β-TrCP1 from β-TrCP2-
mediated degradation upon DNA damage (Fig. 4E). Further,
co-immunoprecipitation results demonstrated that inability of
β-TrCP2 to degrade β-TrCP1 was neither due to disruption of
β-TrCP1 and β-TrCP2 interaction nor due to preferential
homodimer formation of β-TrCP1 (Fig. S2, C and D). Finally,
we examined the polyubiquitinated levels of β-TrCP1 wild type
and S158D mutant following expression of β-TrCP2. Results
revealed that β-TrCP2 facilitates the polyubiquitination of the
wild-type β-TrCP1, as expected, but failed to do so for the β-
TrCP1(S158D) mutant (Fig. 4F). Thus, ATM protects β-TrCP1
from the E3 SCFβ-TrCP2-mediated proteasomal degradation
under genotoxic stress.
Degron motif in β-TrCP2 is important for its degradation by β-
TrCP1

F-box proteins are the substrate receptor in SCF complex.
Our preceding results showed that β-TrCP1 directs protea-
somal degradation of β-TrCP2 upon genotoxic stress. We then
asked whether β-TrCP1 targets the single form of β-TrCP2
(non-SCF complex form). To address this we generated F-box
motif deleted β-TrCP2 mutant (Fig. 5A). Immunoblotting re-
sults showed that the F-box motif deleted β-TrCP2 undergoes
degradation upon genotoxic stress (Fig. 5B). We also found
that DNA damage-induced degradation of the F-box motif
deleted β-TrCP2 is inhibited in β-TrCP1 knockdown cells
indicating that β-TrCP1 targets non-complex form of β-TrCP2
for directing degradation (Fig. 5C).

β-TrCP recognizes phospho-degron motif (DSGxxS) for
directing degradation of the substrate (5). We then asked
whether β-TrCP1 recognizes phospho-degron motif in β-
TrCP2 to promote its degradation upon genotoxic stress. To
address this, we generated β-TrCP2 degron mutant (DM) and



Figure 4. ATM phosphorylates and stabilizes β-TrCP1 upon DNA damage. A, schematic shows the conservation of Ser-158 residue in β-TrCP1 among
the vertebrates. B, MCF7 cells were exposed to 5 Gy IR. Irradiated cells were grown in the absence or presence of KU-55933 for 4 h as indicated and WCL
were immunoblotted for the indicated proteins. Data are representative of two independent experiments. C, MCF7 cells expressing His-ubiquitin were
treated with 5 Gy IR in the absence or presence of KU-55933 for 4 h and WCL were pulled down with Ni-NTA beads. Pulled fractions and inputs WCL were
then immunoblotted for the indicated proteins. Data are representative of two independent experiments. D, MCF7 cells expressing either wild type or
S158A mutant of β-TrCP1 were irradiated in the absence or presence of KU-55933. WCL were immunoblotted for the indicated proteins. Data are
representative of two independent experiments. E, WCL of MCF7 cells expressing either wild type or S158D mutant of β-TrCP1 in the absence or presence of
myc-β-TrCP2 were immunoblotted for the indicated proteins. Data are representative of two independent experiments. F, WCL of MCF7 cells transfected
with either myc-β-TrCP2 alone or with wild type, S158A or S158D mutants of β-TrCP1 were immunoprecipitated with anti-FLAG antibody. Immunopre-
cipitates and inputs WCL were immunoblotted for the indicated proteins. Data are representative of two independent experiments.

β-TrCP1 degrades β-TrCP2 during DNA damage
examined the expression following genotoxic stress (Fig. 5A).
Immunoblotting results showed that DM is resistant to DNA
damage-induced degradation (Fig. 5D). In agreement, we
found that turnover of DM is slowed down as compared with
the wild-type β-TrCP2 (Fig. 5, E and F). Finally, we examined
the polyubiquitinated levels of the DM following genotoxic
stress. Results showed that the DM is not polyubiquitinated
following genotoxic stress (Fig. 5G). Collectively, these results
suggest that degron motif is important for the degradation of
β-TrCP2 under genotoxic stress.
β-TrCP1 assists G2/M cell cycle arrest upon DNA damage by
facilitating degradation of β-TrCP2 and MDM2

Next, we were interested to understand why β-TrCP1 di-
rects degradation of β-TrCP2 under genotoxic stresses. It is
reported that β-TrCP plays an important role in proteasomal
degradation of MDM2 to stabilize p53 (21, 22). However,
whether β-TrCP1 or β-TrCP2 facilitates the proteasomal
degradation of MDM2 was not addressed. Interestingly, β-
TrCP1 is accumulated under genotoxic stresses (Fig. 1). We
therefore hypothesized that β-TrCP1 might be involved in
J. Biol. Chem. (2021) 296 100511 7



Figure 5. DNA damage-induced β-TrCP1-mediated β-TrCP2 degradation is degron sequence dependent. A, schematic shows wild-type β-TrCP2, ΔF-β-
TrCP2, and degron mutant β-TrCP2. B, MCF7 cells expressing β-TrCP2, ΔF-β-TrCP2 were exposed to 5 Gy IR for 4 h. WCL were immunoblotted for the
indicated proteins. Data are representative of two independent experiments. C, NS and β-TrCP1 knockdown MCF7 cells expressing ΔF-β-TrCP2 were
exposed to 5 Gy IR for 4 h. WCL were immunoblotted for the indicated proteins. Data are representative of two independent experiments. D, wild type and
degron mutant β-TrCP2 expressing MCF7 cells were exposed to 5 Gy IR for 4 h. WCL were immunoblotted for the indicated proteins. Data are representative
of two independent experiments. E, wild type and degron mutant β-TrCP2 expressing MCF7 cells were exposed to 5 Gy IR and allowed to grow for 1 h.
Then, cycloheximide (40 μg/ml) was added to control and irradiated cells for the indicated time. WCL were immunoblotted for the indicated proteins. Data
are representative of two independent experiments. F, quantification of levels of β-TrCP2 as in Figure 5E. Protein levels were quantified using Image J
software. Expression levels of β-TrCP2 were normalized with tubulin and then set to 1 for β-TrCP2 at 0 h. The levels at other time points were calculated with
respect to 0 h. G, wild type and degron mutant β-TrCP2 expressing MCF7 cells were exposed to 5 Gy IR for 4 h. WCL were immunoprecipitated with anti-myc
antibody. Immunoprecipitates and inputs WCL were immunoblotted for the indicated proteins. Data are representative of two independent experiments.
CHX, cycloheximide.

β-TrCP1 degrades β-TrCP2 during DNA damage
degradation of MDM2 during genotoxic stress. Indeed, we
found that DNA damage-induced MDM2 attenuation and p53
stabilization are inhibited in β-TrCP1-depleted cells (Fig. 6A,
compare lane 2 and lane 4). We then speculated that accu-
mulated β-TrCP2 in β-TrCP1-depleted cells might impede the
DNA damage-induced degradation of MDM2. To test this
possibility, we examined the levels of MDM2 in β-TrCP1 and
β-TrCP2 double-knockdown cells following genotoxic stress.
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Interestingly, we found that MDM2 is degraded following
DNA damage induction in β-TrCP1-β-TrCP2 double-
knockdown cells (Fig. 6A). This observation prompted us to
examine whether β-TrCP2 has any role in protecting MDM2
from degradation during genotoxic stress. Immunoblotting
results revealed that DNA damage-induced degradation of
MDM2 is blocked following ectopic expression of β-TrCP2
(Fig. 6B). Interestingly, as expected, genotoxic stress-mediated



Figure 6. β-TrCP1-mediated β-TrCP2 degradation activates G2/M checkpoint upon DNA damage through ablation of MDM2. A, MCF7 cells
expression indicated that shRNA was exposed to 5 Gy IR for 4 h and WCL were immunoblotted for the indicated proteins. Data are representative of two
independent experiments. B, MCF7 cells were transfected with indicated plasmid for 42 h. Transfected cells were then exposed to IR (5 Gy) as indicated.
Cells were then collected at 4 h post irradiation and WCL were immunoblotted for the indicated proteins. Data are representative of two independent
experiments. C, quantification of levels of MDM2 as in Fig. S3A. Protein levels were quantified using Image J software. Expression levels of MDM2 were
normalized with tubulin and then set to 1 for MDM2 at 0 h. The levels at other time points were calculated with respect to 0 h. D, MCF7 cells expressing His
K63-only ubiquitin mutant, myc-MDM2, and FLAG-β-TrCP2 as indicated were either untreated or treated with 5 Gy IR for 4 h. Cells were then harvested and
whole-cell lysates were incubated with Ni-NTA beads. The pulled down fractions and inputs were immunoblotted for the indicated proteins. Data are
representative of three independent experiments. E, WCL of NS, β-TrCP1 knockdown, β-TrCP2 knockdown, or β-TrCP1 and β-TrCP2 double-knockdown
MCF7 cells were immunoprecipitated with anti-MDM2 antibody. The immunoprecipitates and inputs were immunoblotted for the indicated proteins.
Data are representative of two independent experiments. F, quantification of cell population at the G2/M phase from the Fig. S3G. Data represent the mean
(±SD) of three independent experiments. CHX, cycloheximide.

β-TrCP1 degrades β-TrCP2 during DNA damage
accumulation of p53 is also severely compromised following
ectopic expression of β-TrCP2 (Fig. 6B), indicating that β-
TrCP2 may protect MDM2 from degradation by facilitating
degradation defective polyubiquitination. To test this possi-
bility, we examined the turnover of MDM2 in MCF7 cells
expressing shRNA for either NS or β-TrCP1 or β-TrCP2 or
both β-TrCP1-β-TrCP2 by cycloheximide chase assay.
Immunoblotting results revealed that turnover of MDM2 is
significantly increased upon depletion of β-TrCP2 (Fig. 6C and
Fig. S3A). To strengthen our observation, polyubiquitinated
J. Biol. Chem. (2021) 296 100511 9
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levels of MDM2 were examined upon β-TrCP2 expression in
the absence and presence of irradiation. Results revealed that
β-TrCP2 promoted K63-linked polyubiquitination of MDM2,
which is declined upon DNA damage (Fig. 6D). In a comple-
mentary approach, we examined the K63-linked poly-
ubiquitinated levels of MDM2 upon depletion of either β-
TrCP1 or β-TrCP2 or both. Results revealed that levels of K63-
linked polyubiquitination of MDM2 were significantly
decreased upon β-TrCP2 depletion. Interestingly, K63-linked
polyubiquitination was increased following depletion of β-
TrCP1 and noticeably decreased upon co-depletion of β-
TrCP2 in β-TrCP1-depleted cells (Fig. 6E). In addition, we
found that ectopically expressed β-TrCP1 promotes K48-
linked polyubiquitination, whereas β-TrCP2 directs K63-
linked polyubiquitination of MDM2 (Fig. S3B). To further
authenticate, polyubiquitination assay of MDM2 by β-TrCP1/
β-TrCP2 was performed in vitro. In agreement with in vivo
polyubiquitination data, in vitro results confirmed that β-
TrCP1 promotes K48-linked ubiquitination, whereas β-TrCP2
directs K63-linked ubiquitination of MDM2 (Fig. S3, C and D).
Finally, we examined the direct interaction of β-TrCP1/β-
TrCP2 with MDM2 using recombinant proteins. Immuno-
blotting of immunoprecipitates showed that MDM2 interacts
with both β-TrCP1 and β-TrCP2 (Fig. S3E). In addition, we
found that β-TrCP1 and MDM2 interaction was increased
following genotoxic stress (Fig. S3F). Taken together, these
results suggest that, during genotoxic stress condition, β-
TrCP1 negatively regulates MDM2 by promoting K48-linked
polyubiquitination, and in parallel it inhibits K63-linked
ubiquitination of MDM2 by promoting β-TrCP2 degrada-
tion. Thus, β-TrCP1-mediated attenuation of MDM2 and β-
TrCP2 is important for the activation of p53 during genotoxic
stress.

Genotoxic-stress-induced MDM2 degradation facilitates
p53 accumulation (21, 29). It is known that accumulated p53
helps to arrest the cells at G2/M phase of the cell cycle during
genotoxic stress (30). We found that β-TrCP1 helps in accu-
mulation of p53 under genotoxic stress (Fig. 6A). We therefore
examined whether DNA damage-induced β-TrCP1 accumu-
lation has any role in G2/M phase cell cycle arrest. FACS
analysis revealed that β-TrCP1-depleted cells are defective in
arresting cells at the G2/M phase (Fig. 6F and Fig. S3G). In
contrast, co-depletion of β-TrCP2 in β-TrCP1 depleted cells
restores the DNA damage-induced G2/M cell cycle arrest
(Fig. 6F and Fig. S3G). Collectively, our results demonstrated
that β-TrCP1 plays an important role in p53 accumulation-
mediated cell cycle arrest upon genotoxic stress via facili-
tating ablation of β-TrCP2 as well as MDM2.

DNA damage-induced attenuation of β-TrCP2 by β-TrCP1 is
important to promote cell survival

DNA damage response pathways activate multiple down-
stream processes that arrest cell cycle to allow the repair of
damaged DNA (31–34). Our results show that β-TrCP1 helps
to arrest the cells at the G2/M phase through facilitating p53
accumulation. We then examined whether β-TrCP1-mediated
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attenuation of β-TrCP2 has any role in DNA damage repair
process. We monitored the DNA repair by assessing the
response of H2A histone family member X (H2AX) phos-
phorylation (γH2AX), a marker of DNA double-strand breaks
(35). Results revealed that β-TrCP1-depleted cells are defective
in DNA damage repair (Fig. 7, A and B and Fig. S4A). For
instance, noticeable number of γH2AX foci was detected even
after 24 h of post DNA damage in β-TrCP1-depleted cells
(Fig. 7, A and B). Interestingly, depletion of β-TrCP2 in β-
TrCP1-depleted cells resumed the DNA damage repair (Fig. 7,
A and B). In a complementary approach, we examined γH2AX
foci following ectopic expression of either β-TrCP1 or ΔF- β-
TrCP1 mutant in β-TrCP1-depleted cells. Results revealed that
DNA damage repair defect in β-TrCP1-depleted cells was
resolved upon ectopic expression of the wild type β-TrCP1 but
not with the ΔF- β-TrCP1 mutant (Fig. 7, A and B). Further,
DNA damage repair was assessed by comet assay and result
showed the prevalence of distinct comet tails even at 24 h of
post DNA damage in β-TrCP1-depleted cells (Fig. 7C and
Fig. S4B). Interestingly, overexpression of the wild-type β-
TrCP1 but not the ΔF- β-TrCP1 in β-TrCP1-depleted cells
resolved the DNA damages (absence of comet tail at post 24 h
of irradiation) (Fig. 7C and Fig. S4B).

Typically, DNA damage repair defective cells are more
prone to cell death upon genotoxic cell death. We therefore
examined the survival of wild-type cells, β-TrCP1-depleted
cells, and β-TrCP1- β-TrCP2 double-knockdown cells with
and without irradiation. In agreement with the previous study,
we observed an increased colony-forming ability of β-TrCP1
knockdown cells under normal condition (Fig. 7D) (18). The
long-term colony formation assay also revealed that irradiated
β-TrCP1-depleted cells form lesser number of colonies as
compared with the wild-type cells (Fig. 7D). However,
knockdown of β-TrCP2 in β-TrCP1-depleted cells increased
the survival of the irradiated cells and formed similar number
of colonies as in control cells (Fig. 7D). Collectively, these
results demonstrated that β-TrCP1 and β-TrCP2 axis is
important to activate DNA damage response and repair
pathway to maintain the genome integrity.

Discussion

Paralogs β-TrCP1 and β-TrCP2 are known to regulate
numerous biological processes including cell cycle progres-
sion, cellular signaling, development, DNA damage response,
and their deregulation is associated with pathological condi-
tions such as cancer. Previous studies have shown that β-
TrCP1 can function as a tumor suppressor while β-TrCP2 can
function as an oncogene (17, 18, 36–42). It is also reported that
tumor suppressors play important role in DNA damage
response (43–45) and β-TrCP is known to be involved in DNA
damage (16, 21–23). However, their distinct role as well as
regulation during DNA damage response and repair has
remained elusive. In this study, we unravel the functional
importance of β-TrCP1 and β-TrCP2 regulation in the context
of DNA damage response. Our study reveals that β-TrCP1
attenuates expression levels of β-TrCP2 to facilitate p53



Figure 7. β-TrCP1 regulates DNA repair and cell survival upon DNA damage through attenuating β-TrCP2. A, MCF7 cells stably expressing NS, β-TrCP1
or coexpressing β-TrCP1 and β-TrCP2 shRNA were transfected with either vector control or WT- β-TrCP1 or ΔF-β-TrCP1 as indicated for 36 h. Cells were then
exposed to 5 Gy IR for 0, 4, and 24 h. Cells were stained for γH2AX (cyan) and DNA (blue) and γH2AX foci were counted in total 110 cells from ten random
fields. Data are representative of three independent experiments. B, quantification of γH2AX foci per cell as in panel A. Random ten fields were observed
and counted number of γH2AX per cell. C, MCF7 cells stably expressing NS, β-TrCP1 or coexpressing β-TrCP1 and β-TrCP2 shRNA were transfected with
either vector control or WT- β-TrCP1 or ΔF-β-TrCP1 as indicated for 36 h. Cells were then exposed to 5 Gy IR for 0, 4, and 24 h. Cell were then trypsinized and
subjected for comet assay. Comet positive cells were counted from ten random fields and plotted. Data are representative of three independent exper-
iments. D, MCF7 cells stably expressing NS, β-TrCP1 or coexpressing β-TrCP1 and β-TrCP2 shRNA were transfected with either vector control or WT- β-TrCP1
or ΔF-β-TrCP1 as indicated for 36 h. Cells were then exposed to 5 Gy IR and allowed to form colonies. Colonies were then stained with crystal violet dye.
Colonies were counted and colony number in NS untreated condition was normalized to 100% and the number of colonies for others were determined with
respect to NS untreated cells. Data are representative of three independent experiments.

β-TrCP1 degrades β-TrCP2 during DNA damage
activation and cell fitness upon DNA damage (Figs. 6 and 7).
For the first time, we elucidated the molecular insight of cross-
regulation of β-TrCP1 and β-TrCP2 during DNA damage
response (Fig. 8).

β-TrCP1 activates DNA damage response signal by direct-
ing the ablation of β-TrCP2. β-TrCP1 and β-TrCP2 form
homodimer and heterodimer by utilizing their dimerization
domain. Interestingly, homodimer is more potent than
heterodimer in promoting the degradation of the substrates
(11). It was thought that β-TrCP1-β-TrCP2 heterodimer also
targets the substrate for proteasomal degradation. It was a
long-standing question why E3 ubiquitin ligase activity of β-
TrCP1- β-TrCP2 heterodimer is less potent than the homo-
dimer. We have demonstrated the molecular insights respon-
sible for functionality of homo- and heterodimer under
genotoxic stress. A recent study (18) and our present study
J. Biol. Chem. (2021) 296 100511 11



Figure 8. Model depicting the proteasomal regulation β-TrCP2 by
β-TrCP1 following DNA damage.

β-TrCP1 degrades β-TrCP2 during DNA damage
demonstrate that heterodimer is formed to degrade each other.
Under glucose deprivation or serum starvation, heterodimer is
formed to promote degradation of β-TrCP1 by SCF-β-TrCP2.
Here we showed that heterodimer formation results in
degradation of β-TrCP2 by β-TrCP1 under genotoxic stress.
Thus, heterodimer formation is facilitated by stress conditions,
but degradation of paralogs is dependent on the cell fate de-
cision. It appears that if cells need to survive glucose depri-
vation or serum starvation, SCF- β-TrCP2 is empowered to
degrade β-TrCP1 to prevent cell death, and conversely SCF- β-
TrCP1 is empowered to direct degradation of β-TrCP2 to
facilitate DNA damage response and repair process.

ATM is the central upstream kinase activated upon
genotoxic-stress-induced DNA double-strand breaks (46).
Upon activation, ATM phosphorylates approximately 700
cellular proteins having SQ/TQ consensus motif (28). We
found that β-TrCP1 significantly accumulated and directs the
degradation of β-TrCP2 in ATM-dependent manner. Further,
we showed that ATM-mediated phosphorylation of β-TrCP1
at Ser158 is important for its protection from proteasomal
degradation by β-TrCP2. ATM plays a critical role in
empowering the ubiquitin ligase activity of SCF-β-TrCP1 over
SCF-β-TrCP2. Thus, ATM is the key player in blocking the
degradation of tumor suppressor β-TrCP1 to facilitate the
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inactivation of oncogene β-TrCP2 during DNA damage
response. Therefore, our study suggests that β-TrCP1 may play
a critical role in inactivating oncogenic function of β-TrCP2 to
activate DNA damage checkpoints during genotoxic-stress-
inducing cancer chemotherapeutic drugs. In contrast to gen-
otoxic stress, previous study showed that glucose deprivation
or serum starvation empowers SCF-β-TrCP2 to target β-
TrCP1 for proteasomal degradation to inactivate SCF-β-
TrCP1 ubiquitin ligase activity in AMPK kinase dependent
manner (18). Interestingly, both β-TrCP1 and β-TrCP2 have
phosphorylation site for AMPK kinase. However, AMPK
selectively phosphorylates β-TrCP1 at Ser82 to mark it for
proteasomal degradation by β-TrCP2. Interestingly, between
β-TrCP1 and β-TrCP2, only β-TrCP1 has putative phosphor-
ylation of ATM. Our data suggest that ATM phosphorylates
β-TrCP1 at Serine-158 position, which makes it resistant for
β-TrCP2-mediated degradation but enhances hetero-
dimerization of β-TrCP1 and β-TrCP2. It is also possible that
phosphorylation at Serine-158 might alter the conformational
change in the degron motif in β-TrCP1 and make it resistant
to β-TrCP2. We found that β-TrCP1 directs the degradation of
β-TrCP2 through recognizing degron sequence in β-TrCP2. It
might be possible that other DNA damage-related kinases may
phosphorylate β-TrCP2 to direct its proteasomal degradation
by β-TrCP1 under genotoxic stress. It is also possible that
other type of posttranslational modifications might help to
empower β-TrCP1 to direct β-TrCP2 degradation. Thus, ki-
nase pathways play a pivotal role in determining the stability of
paralogs under different stress conditions.

It is reported that potency of cancer chemotherapeutic
drugs depends on the activation of p53 (47). Activation of p53
is blocked through proteasomal degradation by MDM2 in
cancer. Therefore, activation of p53 requires degradation of
MDM2. A previous study showed that β-TrCP1 and β-TrCP2
interact with MDM2 (21). However, it was unclear whether β-
TrCP1 or β-TrCP2 or both were involved in proteasomal
degradation of MDM2 since both β-TrCP1 and β-TrCP2 were
silenced simultaneously in all the experiments. Moreover, it
was shown that depletion of either β-TrCP1 or β-TrCP2 re-
sults in accumulation of MDM2 (22). Our study, for the first
time, revealed that β-TrCP1 facilitates the activation of p53
through promoting the degradation of both MDM2 and β-
TrCP2 during genotoxic stress. β-TrCP1 directs K48-linked
polyubiquitination of MDM2 (Fig. S3B top panel and
Fig. S3D); in contrast, β-TrCP2 facilitates K63-linked poly-
ubiquitination of MDM2 and thereby prevents its degradation
(Fig. 6D, Fig. S3B bottom panel and Fig. S3C). Our study
suggests that β-TrCP1 increases the turnover of MDM2
through two parallel pathways following induction of geno-
toxic stress; prevents K63-linked polyubiquitination of MDM2
by β-TrCP2 and directly facilitates the degradation-specific
polyubiquitination of MDM2.

During genotoxic stress, halting the cells at different cell
cycle phases is important to provide sufficient time to repair
the genome. Halting the cells at different phases requires
activation of checkpoints. Our study showed that β-TrCP1
plays a vital role in halting the genotoxic stress exposed cells at
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the G2/M phase of the cell cycle through activation of p53. A
previous study showed that cells defective in activation of G2/
M phase checkpoint undergo cell death following irradiation-
induced genotoxic stress (48). Indeed, we found that β-TrCP1-
depleted cells are defective in arresting at the G2/M phase of
the cell cycle and these cells are hypersensitive to cell death
following genotoxic stress (Figs. 6F and 7D).

Typically, tumor suppressors play vital role in DNA
damage repair to maintain the genome integrity. Our results
demonstrated that β-TrCP1-depleted cells are defective in
resolving the DNA damage due to accumulation of β-TrCP2
(Fig. 7). Accumulated β-TrCP2 in β-TrCP1 knocked down
cells facilitates augmentation of MDM2 levels through pro-
moting K63-linked polyubiquitination to prevent activation
of p53. Genotoxic stress-induced p53 monitors DNA dam-
age repair through activating nonhomologous end joining
and homologous recombination process (49). Therefore, p53
induction deficient β-TrCP1-depleted cells are defective in
DNA damage repair as evident from the presence of γH2AX
foci even after 24 h post irradiation. As a result, β-TrCP1-
depleted cells are more prone for cell death upon geno-
toxic stress. Thus, β-TrCP1 may play a critical role in
barring normal cells from generation of genomically unsta-
ble cells as well as protect the cells from cell death during
radiation therapy. On the other hand, underexpression of
β-TrCP1 in cancer cells may facilitate the accumulation of
mutant cells that have the potential to fuel cancer devel-
opment. Overall, our study deciphers the molecular insights
of context-dependent function of β-TrCP, which reveals that
β-TrCP1 could function as tumor suppressor, whereas
β-TrCP2 could function as an oncogene following genotoxic
stresses and therefore β-TrCP1-mediated attenuation of
β-TrCP2 could be exploited for effective cancer
chemotherapy.

Experimental procedures

Cell culture

HEK-293T, MCF7, HCT116 cells were kind gift from Prof.
Michael R. Green, University of Massachusetts Medical
School. Cells were cultured in either DMEM or RPMI sup-
plemented with 10% FBS containing streptomycin and peni-
cillin under humid condition at 37 �C.

Plasmids and shRNAs

The cDNAs of β-TrCP2 was cloned in mammalian
expression vector pCMV6-Entry having C-terminal FLAG and
myc-tag. GST-SKP1 was a kind gift from Ashutosh Kumar (IIT
Bombay, India). Ubc13 was from kind gift from Dr Ranabir
Das (NCBS, India). His-ubiquitin and K63 (ubiquitin mutant
has only K63 lysine, rest lysine residues are mutated to
alanine)-only ubiquitin mutants were the kind gift from Dr
Wuhan Xiao (Chinese Academy of Science, China). cDNA of
β-TrCP1 was a kind gift from Jae U. Jung (University of
Southern California, USA). β-TrCP1 was subcloned in
p3XFLAG-CMV-14 and pCMV-myc-C vectors. FLAG-F-box
deleted β-TrCP1 (ΔF-β-TRCP1), S158A-β-TrCP1 and
S158D-β-TrCP1 were cloned in p3XFLAG-CMV-14 vector
(Sigma). FLAG-β-TrCP2 and FLAG-F-box deleted β-TrCP2
(FLAG-ΔF-β-TrCP2) were also cloned in p3XFLAG-CMV-14
vector (Sigma). β-TrCP2 and degron mutant-β-TrCP2 (DM)
were also cloned in pCMV-myc-C vector. β-TrCP1 and β-
TrCP2 were also cloned in PET-28a vector. Primers used in
this study are listed in Table S1. Short hairpin RNAs (shRNAs)
and packaging plasmids (pPAX2 and pMD2.G), GST-MDM2
and GST-MDM2 (C464A) were kind gifts from Prof.
Michael R. Green (University of Massachusetts Medical
School, USA). shRNAs sequences are mentioned in Table S2.

Generation of stable knockdown cells

Stable knockdown cells were generated as described previ-
ously (50). Briefly, lentivirus shRNA along with viral packaging
vectors (shRNA:pPAX2:pMD2.G = 1:1:0.5 weight ratio) was
transfected in HEK-293T cells using polyethyleneimine for
48 h. Virus-containing media was collected, filtered through
0.45 μm syringe filter, and host cells were transduced with
filtered virus in the presence of 8 μg/ml polybrene for 48 h.
Infected cells were then grown in the presence of 1 μg/ml
puromycin for 7 days to select lentivirus-expressing cells.
Scramble NS shRNA-expressing cells were used as wild-type
cells throughout our study. Knockdown efficiency was deter-
mined by immunoblotting.

Antibodies

Anti-β-TrCP1 (sc-390629), anti-His (sc-8036), anti-HA (sc-
7392), anti-Ubiquitin (sc-8017), anti-p53 (sc126), anti-ATM
(sc-53173), anti-GST (sc-138), and anti-MDM2 (sc-813) were
purchased from Santa Cruz Biotechnology. anti-pATM
(13050) and anti-K63-linked ubiquitin (5621), anti-γH2AX
(9718), and anti-K48-linked ubiquitin antibodies (8081) were
purchased from Cell Signaling Technology. We purchased
anti-β-TrCP2 (PA5-29878) from Thermo Fisher Scientific,
anti-γH2AX (ab26350) from Abcam and anti-myc
(11667149001) from Roche. Antibody against Cullin1 (100-
401-A01) was procured from Rockland. We obtained anti-
FLAG (F1804) and anti-Tubulin (T5168) antibodies from
Sigma-Aldrich.

SDS-PAGE and western blotting

Cells were harvested, washed with ice-cold PBS, and lysed
with lysis buffer (50 mM Tris pH7.4, 250 mM NaCl, 5 mM
EDTA, 50 mM NaF, 1 mM Na3VO4, 0.5% Triton X-100, and
protease inhibitor cocktail) in ice for 30 min. Lysates were then
spun down at 16,000g at 4 �C for 20 min and supernatants
were collected. The protein concentration was measured by
Bradford assay using bovine serum albumin as a standard (51).
Protein samples were prepared using SDS sample buffer
(50 mM Tris pH 6.8, 2% SDS, 10% glycerol 1% β-mercaptoe-
thanol, 0.024% bromophenol blue) and boiled for 5 min and
stored at −80 �C. Samples were run on SDS-PAGE to resolve
the proteins according to their molecular weight and trans-
ferred onto the PVDF membrane. After blocking with 3%
skimmed milk/5% BSA, the membrane was incubated with
J. Biol. Chem. (2021) 296 100511 13



β-TrCP1 degrades β-TrCP2 during DNA damage
respective primary antibody for overnight with gentle rocking.
Next day, membrane was washed with TBST buffer and
incubated with HRP-conjugated respective secondary antibody
for 1 h at 25 �C. Finally, the membrane was washed thrice with
TBST buffer and developed using chemiluminescence sub-
strates (Pierce) in GE Amersham Imager 600.

In vivo ubiquitination assay

The in vivo ubiquitination assays were performed as
described previously (50). Briefly, plasmids were transfected in
MCF7 cells with indicated combination for 36 h. Transfected
cells were then grown in the presence of 5 μM MG132 for
additional 6 h. Cells were then harvested and protein extracts
were prepared as described above. Protein extracts
(600–800 μg per immunoprecipitation reaction) were then
immunoprecipitated with 2 to 3 μg primary antibody. The
immunoprecipitates and input protein extracts were resolved
by SDS-PAGE and immunoblotted for the indicated proteins.

In addition, we also performed polyubiquitination assay
under denaturing condition as described previously (52).
Briefly, cells were harvested and lysed in 1% SDS lysis buffer
(50 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 1% SDS, 1 mM
DTT), and boiled for 5 min. Lysates were clarified by centri-
fugation at 16,000g for 20 min. Supernatant was diluted ten
times and the proteins concentration was measured using
Bradford method. The diluted proteins (800 μg/pull-down
experiment) were then incubated with Ni-NTA beads over-
night at 4 �C. After washing thrice, the beads were incubated
with 1X SDS dye for 10 min at RT followed by boiling in water
bath for 5 min. Elutes were loaded on SDS-PAGE and poly-
ubiquitinated proteins were detected by immunoblotting.

Protein purification

Recombinant proteins were purified from BL21 DE3 strain
as described previously (53). Briefly, the transformed cells were
grown at 37 �C in LB broth containing ampicillin/kanamycin
until they reached early log phase (A 600 � 0.4–0.6), and then
protein expression was induced by the addition of 0.5 mM
IPTG to the culture and was allowed to grow for an additional
6 h. Cells were harvested by centrifugation at 3000g at 4 �C for
10 min and suspended in lysis buffer (50 mM Tris pH 8,
100 mM NaCl, 1 mM phenyl-methylsulfonyl fluoride, 0.1% (v/
v) β-mercaptoethanol, and 10 mM MgCl2). Lysozyme (0.4 mg/
ml) was added to the cell suspension, incubated on ice for 1 h,
and then the suspension was sonicated for six cycles with 20 s
pulse. The insoluble debris was removed by centrifugation at
12,000g at 4 �C for 30 min. The supernatant was allowed to
bind to respective agarose beads, and the protein was eluted
with respective elution buffer. Protein concentrations were
determined by the Bradford method (51).

In vitro protein–protein interaction

GST-MDM2, His-β-TrCP1, and His-β-TrCP2 were
expressed in bacterial system and purified by affinity chro-
matography. For in vitro interaction, purified GST or GST-
MDM2 protein was incubated with His-β-TrCP1 or His-β-
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TrCP2 as indicated for 6 h at 4 �C. His-β-TrCP1 and His-β-
TrCP2 were pulled down using Ni-NTA beads. Finally, beads
were washed three times and proteins were eluted by adding
1X SDS-dye to the reaction mixture and boiled for 5 min. The
reaction mixtures were resolved by SDS-PAGE, transferred
onto PVDF membrane, and blots were probed with the indi-
cated antibodies.

In vitro ubiquitination assay

For in vitro ubiquitination assay, β-TrCP1, β-TrCP2, SKP1,
Ubiquitin, E1, Ubc13, and Cdc34 were affinity purified using
bacterial expression system. The E3 ligase complex together
with purified E1, E2, Rbx1, ubiquitin, and ATP was incubated
as indicated with purified GST-MDM2 (C464A) in ubiq-
uitylation buffer (50 mM Tris8, 5 mM MgCl2, 0.1% Tween 20,
1 mM β–mercaptoethanol) at 25 �C for 1 h. The reactions
were stopped by the addition of 5XSDS sample loading buffer,
boiled for 5 min, and run on SDS-PAGE for immunoblotting.

Real-time RT-PCR

Total RNA was extracted using Trizol (Invitrogen) according
to the manufacturer’s instructions and 1 μg of extracted total
RNA was used to synthesize cDNA using kit from Takara. Real-
timePCRwas performedusing SYBR green reagent fromTakara.
mRNA levels of actin were used as internal control to normalize
the mRNA levels of β-TrCP1 and β-TrCP2 and the ratio of β-
TrCP1:actin or β-TrCP2:actin was set to 1 for control condition.
The primers used for real-time RT-PCR are listed in Table S3.

Immunofluorescence

Cells were fixed with 3.7% formaldehyde and permeabilized
with ice-cold methanol. Cells were stained with primary an-
tibodies for 3 h at room temperature. Then, the cells were
incubated with fluorophore-conjugated secondary antibody
(Alexa fluor 488 or Alexa fluor 594) for 2 h, and then DNA was
stained with Hoechst-33258. After each step of staining, cells
were washed thrice in PBS. Finally, stained cells were mounted,
observed under confocal microscope (Zeiss LSM 880). Data
was analyzed using ZEISS ZEN software quantified using
ImageJ software.

Comet assay

Comet assay was performed as described previously (54).
Briefly, cells were embedded in 0.65% low-melting agarose on
a glass slide. Cells were incubated in lysis buffer (2.5 M NaCl,
0.1 M EDTA, 10 mM Tris, 1% SDS, 1% (v/v) Triton X-100,
pH-10) containing 10% DMSO overnight at 4 �C. Slides were
then incubated with alkaline electrophoresis buffer (10 M
NaOH and 200 mM EDTA, pH-13) for 30 min to allow the
DNA to unwind. Subsequently, electrophoresis was carried out
for 30 min at 300 mA. Next, the slides were neutralized with
0.4 M Tris buffer pH-7.5 and then immersed in 70% ethanol
for 5 min, air-dried, stained with ethidium bromide, and were
observed under an epifluorescence microscope (Olympus
1X71 microscope). Comet positive cells were counted and
plotted.
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Long-term colony formation assay

For colony formation assay, NS, shβ-TrCP1, and shβ-
TrCP1-shβ-TRCP2 expressing cells (5 × 103 cells per 35 mm
dish) were seeded and grown for 3 days. Next, colonies were
exposed to 5 Gy IR and then allowed to form colonies. Finally,
cells were fixed with 3.7% formaldehyde and colonies were
stained with crystal violet (Sigma-HT90132) for 15 min.
Stained cells were then washed with PBS to remove residual
crystal violet solution. Images were acquired using GE
Amersham Imager 600.

Genotoxic stress induction

Genotoxic stresses were induced by either radiation
exposure or chemical treatments. For exposure of cells to
UV irradiation, media was removed, washed two times with
PBS, and then cells were exposed to UV radiation
(10 mJ/m2) using a Hoefer Scientific UV cross-linker. For
exposure of cells to ionizing radiation, cells were irradiated
with 5 Gy using a Co60 irradiator. Irradiated cells were then
kept in the CO2 incubator and collected at the indicated
time periods. For H2O2, cells were grown in the press of
0.05% H2O2 for 2 h. Collected cells were then processed for
either immunoblotting or immunoflourescence or comet
assay or FACS analysis.

FACS analysis

Cells were irradiated and collected by trypsinization at the
indicated time. After washing with PBS, cells were fixed with
95% ethanol and stored at −20 �C overnight. Cells were
washed with PBS, treated with RNase A, labeled with
propidium iodide, and analyzed by BD FACS Calibur for cell
cycle.

Statistical analysis

Each experiment was repeated at least three times. Values
are shown as mean ± SD. Statistical significance was tested
using Student’s t-test (Microsoft Excel) or ANOVA. p values of
***(<0.001), ** (<0.01), and *(<0.05) were considered
significant.

Data availability

All data presented in the paper are contained within the
article.

Supporting information—This article contains supporting
information.
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