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Abstract. With the increasing use of poly(ADP‑ribose) poly-
merase (PARP) inhibitors in cancer therapy, understanding 
their resistance is an urgent research quest. Additionally, 
CHFR is an E3 ubiquitin ligase, recruited to double‑strand 
breaks (DSBs) by PAR. Furthermore, ALC1 is a new onco-
gene involved in the invasion and metastasis of breast cancer. 
Moreover, PARylated PARP1 activates ALC1 at sites of DNA 
damage, yet the underlying mechanism remains unclear. 
Mass spectrometric analysis, western blot analysis and immu-
noprecipitation were performed to confirm the interaction 
between CHFR and ALC1 in the physiological condition. 
Deletion mutants of CHFR and ALC1 were generated to 
map the interaction domain. PARP1/2 inhibitors were added 
to identify the ubiquitination of ALC1 by CHFR. ALC1 

half‑life was examined to compare the expression of ALC1 
protein in the presence and absence of PARP1/2 inhibitors. 
The results revealed that the transcriptional level of ALC1 
was not upregulated in breast cancer tissues. CHFR interacted 
with ALC1. The PBZ domain of CHFR, the PMD domain 
and the MACRO domain of ALC1 domain are the necessary 
regions for the interaction depending on PAR. Ubiquitination 
of ALC1 by CHFR was dependent on PARylation and resulted 
in the degradation of PARylated ALC1. PARP1/2 inhibitors 
decreased the ubiquitination of PAR‑dependent ALC1, and the 
expression of ALC1 was upregulated by PARP1/2 inhibitors. 
Ubiquitination mediated by CHFR resulted in the degrada-
tion of ALC1. In conclusion, PARP1/2 inhibitors decrease the 
ubiquitination of ALC1 leading to the accumulation of ALC1, 
which affects the therapeutic effects of DNA damage response 
drugs in breast cancer treatment.

Introduction

PARP inhibitors are toxic to cells with defects in homolo-
gous recombination  (HR)‑mediated DNA double‑strand 
break (DSB) repair, including cells with mutations in BRCA1 
and BRCA2, genes whose loss of function predisposes patients 
to breast and ovarian cancer (1). BRCA1 and BRCA2 are the 
most important genetic factors in hereditary breast cancer (2). 
PARP1/2 inhibitors induce synthetic lethality in cancer cells 
defective in the HR repair pathway including BRCA1/2 (3). 
Previous research indicates that PARP1 [poly(ADP‑ribose) 
polymerase 1] facilitates DNA repair by binding to DNA breaks 
and attracting DNA repair proteins to the site of damage (4). 
Moreover, the local chromatin relaxation at DNA damage 
sites is regulated by PARP1 enzymatic activity  (5). Many 
patients benefit from the treatment of PARP inhibitors (6). 
Furthermore, PARP inhibitor, niraparib, also showed signifi-
cant clinical benefit in patients without HR deficiencies (7). 
Given the expanding clinical use of PARP inhibitors and the 
high likelihood of acquired resistance, there is a significant 
need to identify and overcome the mechanisms of resistance.

Amplified in liver cancer 1 (ALC1) [also known as CHD1L 
(chromodomain‑helicase‑DNA‑binding protein  1‑like], 
a poly(ADP‑ribose) and ATP‑dependent remodeler is 
involved in the chromatin‑relaxation process  (8,9). The 
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presence of ALC1 overexpression has been suggested to be 
associated with aggressive tumor biology in breast cancer, 
multiple myeloma and lung cancer  (10‑13). Additionally, 
ALC1 interacts with PARP1/PARylation in base excision 
repair (14). Notably, this interaction is mediated through the 
interplay of the ALC1 macro‑domain and the PAR moiety of 
PARylated‑PARP1 (15), which activates ALC1 at sites of DNA 
damage  (16). CHFR (checkpoint with forehead‑associated 
and RING finger domains) is a nuclear protein and func-
tions as a tumor suppressor in the early mitotic checkpoint 
by actively delaying passage into mitosis in response to 
mitotic stress  (17,18). Previous research has demonstrated 
that CHFR functions as an E3 ubiquitin ligase, resulting in 
interaction between CHFR and PARP1 induced by mitotic 
stress (19). Additionally, the interaction between CHFR and 
PARP1 plays an important role in cell cycle regulation and 
cancer therapy  (20). Given the evidence that primary and 
secondary resistance to PARP inhibition have led to treat-
ment failure (21), the development of new biomarkers and the 
ability to identify potential mechanisms of resistance are vital. 
However, the associations among PARP, CHFR and ALC1 
in regards to cancer development and therapeutic response 
remain undefined.

Materials and methods

Breast cancer tissues. A cohort of 28 paired human breast and 
peripheral non‑tumor tissues extracted during surgical resec-
tion were collected from breast cancer patients in Shanghai 
Changhai Hospital from 2013 January to 2015 January. All 
cancer specimens were frozen in liquid nitrogen and stored 
at ‑80˚C after surgical resection. This study was approved by 
the Institutional Review Board of the Second Military Medical 
University (Shanghai, China). All participants gave informed 
consent before they entered the study. The patients included 
all women, with a median age of 54 years (range 31‑85 years). 

Quantitative Real‑time PCR. Total RNA was extracted from 
breast cancer tissues or peripheral non‑cancer tissues samples 
using the TRIzol Reagent (Invitrogen) according to the 
manufacturer's instructions, and 1‑2 µg of RNA was treated 
by RNase‑free DNaseΙ (Takara) to remove genomic DNA 
contamination. qRT‑PCR analysis was conducted using a 
SYBR Green Supermix kit (Toyobo, Osaka, Japan) with a Light 
Cycler 480 II (Roche, Basel, Switzerland). The cycle param-
eters were 95˚C for a 1 min hot start and 45 cycles of 95˚C for 
10 sec, 60˚C for 10 sec and 72˚C for 20 sec. The fold change 
in expression was calculated using the ΔΔCt method with 
the B2M mRNA as an internal control. Experiments for each 
sample were performed with two duplicates.

Cell lines and cell culture. The human breast carcinoma cell 
line (MCF‑7), and 293T cells (CRL‑3216) were obtained from 
the Shanghai Cell Bank of the Chinese Academy of Sciences 
(Shanghai, China). The cells were maintained in Dulbecco's 
modified Eagle's medium (DMEM) (Thermo Fisher Scientific, 
Inc.) and 1% penicillin/streptomycin (P/S) (Sigma‑Aldrich; 
Merck  KGaA) supplemented with 10%  (v/v) fetal bovine 
serum (FBS) (Pan). All cells were grown at 37˚C with 5% CO2 
in a humidified incubator.

Plasmids. Full length UB (ubiquitin) was cloned into a modi-
fied pCDNA3 vector to generate encoding hemagglutinin 
(HA)‑tagged UB. Meanwhile, ALC1 was cloned into the 
pRIES2‑EGFP vector to construct S‑FLAG‑SBP (SFB)‑tagged 
ALC1. The pCMV‑Myc/HA‑CHFR recombinant plasmid was 
constructed. The deletion mutants of CHFR were generated 
by using the QuikChange Site‑Directed Mutagenesis kit 
(Stratagene; Agilent Technologies, Inc.) according to the 
manufacturer's protocol.

Antibodies, chemicals and reagents. Antibodies against ALC1 
(cat. no. ab51324; Abcam), anti‑HA (cat. no. ab18181; Abcam) 
and GAPDH (cat. no. ab8245; Abcam) were purchased from 
Abcam. Anti‑FLAG (cat.  no.  F3165; Sigma), anti‑β‑actin 
(cat. no. A5441; Sigma), anti‑Myc (cat. no. M4439; Sigma) 
antibodies were purchased from Sigma‑Aldrich/Merck KGaA. 
Anti‑CHFR antibody (cat. no. PA5‑28079) was purchased from 
Thermo Fisher Scientific, Inc. The working concentration of 
antigens was 1:1,000 dilution.

MG132, dimethyl sulphoxide (DMSO) and cycloheximide 
(CHX) were purchased from Sigma. MG132 and CHX were 
prepared in DMSO to obtain 10 and 100 µM stock solutions, 
respectively. Aliquots were stored at ‑20˚C to avoid freeze‑thaw 
cycles, and a working solution was freshly prepared with 
culture medium immediately prior to use.

The PARP inhibitors AZD2281 (olaparib), and PJ34 
(iniparib) were purchased from Selleck Chemicals. AZD2281 
and PJ34 were dissolved in DMSO, and stored as per the 
manufacturers' recommendations. Cells were seeded at 
1x106 cells in 10 ml of medium and 24 h after seeding, the 
cells were treated with 10 µM AZD2281 or 10 µM PJ34 for 
24 h in fresh medium.

Protein affinity purification. The soluble fraction was incubated 
with 0.5 ml of streptavidin‑conjugated beads (Thermo Fisher 
Scientific, Inc.) at 4˚C for 2 h. The beads were washed three 
times with NETN100 buffer. Associated proteins were eluted 
with 2  mM biotin in 1X  PBS and incubated further with 
50 µl of S beads (Novagen) at 4˚C for an additional 2 h, and 
then washed by NETN buffer five times. The bound proteins 
were eluted with SDS sample buffer (4% SDS, 20% glycerol, 
10% 2‑mercaptoethanol, 0.004% bromphenol blue, 0.125 M 
Tris‑HCl), analyzed by SDS‑PAGE (polyacrylamide gel 
electrophoresis) and silver staining. The objective band was 
analyzed by mass spectrometry.

Plasmid transfection. The 293T cells were seeded in 6‑well 
plates (4x105 cells/well) one day before transfection. The next 
day, transfection was performed using Lipofectamine 2000 
reagent (Thermo Fisher Scientific, Inc.) when the cells reached  
~80‑90% confluence according to the manufacturer's protocol. 
Medium was replaced after 4‑6 h with complete medium 
with FBS and P/S. Cells were harvested for use after 48 h of 
incubation.

Western blot analysis. The cells were harvested and washed 
with phosphate‑buffered saline (PBS). Next, the cells were 
lysed with 30 ml of ice‑cold NETN100 buffer [150 mM 
NaCl, 1% Triton X‑100, 1 mM phenylmethyl‑sulfonyl fluo-
ride, and 25 mM Tris (pH 7.5)] containing cocktail which 
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was the protease inhibitor (Santa Cruz Biotechnology, Inc.). 
The cell lysates were centrifuged at 12,000 x g at 4˚C for 
8 min. The clear supernatant extract was boiled in SDS 
buffer (SDS, glycerol, bromic acid, 1 M Tris·HCl) for 8 min 
and stored at ‑20˚C. A total of 100 µl of the cell lysates 
were subjected to electrophoresis on SDS‑12.5% polyacryl-
amide gels. Then, the separated proteins were blotted on a 
PVDF (polyvinylidene fluoride) membrane (GE Healthcare) 
using a semi‑dry transfer unit (Bio‑Rad). The membranes 
were incubated in TBS with 5%  non‑fat milk and 0.1% 
Tween-20 for 1  h at room temperature  (RT) and then 
incubated with the primary antibodies overnight at  4˚C. 
After washing with Tris‑buffered saline containing 0.1% 
Tween-20, the membranes were incubated with a secondary 
antibody, either HRP‑conjugated anti‑mouse IgG (Santa 
Cruz Biotechnology, Inc.; sc‑516176, dilution 1:2,000) or 
HRP‑conjugated anti‑rabbit IgG (Santa Cruz Biotechnology, 
Inc.; cat. no. sc‑516087; dilution 1:2,000) for 40 min at RT. 
The blots were visualized with a chemiluminescent ECL kit 
(Santa Cruz Biotechnology, Inc.).

Co‑immunoprecipitation and immunoblotting. Cells were 
lysed with 1X cell lysis buffer (Cell Signaling Technology) 
and rotated at 12,000 x g at 4˚C for 8 min. Cell debris was 
removed by centrifugation and the soluble fraction was 
collected and precleared with protein A/G agarose beads for 
2 h at 4˚C. The precleared cell lysate was incubated with the 
indicated antibodies (anti‑FLAG antibody) overnight followed 
by incubation with protein A/G beads for at least 2 h at 4˚C. 
Immunoprecipitates were then washed 6 times with cell lysis 
buffer and boiled in 1X SDS loading buffer. Samples were 
resolved on SDS‑PAGE and transferred to PVDF membranes 
and immunoblotting was carried out with antibodies as 
indicated.

Statistical analysis. The statistical analyses were performed 
with the ANOVA and a relevant post hoc test. A value of 
P<0.05 was considered indicative of a statistically significant 
result. All data were analyzed using either GraphPad Prism 6 

software (GraphPad Software, Inc.) or SPSS  20.0  (IBM). 
Values are shown as mean ± SEM for each group.

Results

Transcription level of ALC1 is not regulated in breast cancer 
tissues. Although the presence of ALC1 overexpression has 
been observed in breast cancer tissues (10), little is known 
concerning the mRNA level of ALC1 in breast cancer devel-
opment. To address this issue, we evaluated the transcriptional 
expression level of ALC1 in breast cancer tissues and periph-
eral non‑tumor tissues. There was no difference in relative 
mRNA levels in 28 breast cancer samples compared with the 
adjacent non‑cancerous tissues as analyzed by quantitative 
real‑time PCR (qPCR) (Fig. 1). 

CHFR interacts with ALC1. In order to investigate the high 
level of ALC1 in breast cancer, mass spectrometry analysis 
was used to analyze the associated proteins. Stably expressing 
SBP‑tagged ALC1 293T cells were generated and used to 
identify the associated proteins of ALC1 by tandem affinity 
purification. Compared with the control group, a component 
with a molecular weight of ~70 kDa was observed in the puri-
fied complex by silver staining. Mass spectrometry analysis 
demonstrated that the band represented CHFR (Fig. 2A).

To confirm the interaction between CHFR and ALC1 
in the physiological condition, we performed reciprocal 
immunoprecipitation of the exogenous proteins. SBP‑ALC1 
plasmids were transfected into the first group and HA‑CHFR 
plasmids were transfected into the second group. SBP‑ALC1 
and HA‑CHFR plasmids were co‑transfected into the third 
group. Cell lysates were collected 30 h later. The samples 
were analyzed by western blot analysis. The protein bands 
on the PVDF membranes were detected with anti‑FLAG 
antibody and anti‑HA antibody. As a result, the bands of the 
interacting proteins were detected in the third group, and 
the interaction was not found in the first or second group. 
As expected, exogenously expressed HA‑Tagged CHFR 
interacted with SBP‑Tagged ALC1 in  vitro  (Fig.  2B). To 

Figure 1. The mRNA level of ALC1 was analyzed in 28 paired breast cancer tissues with their corresponding non‑cancerous tissues by quantitative reverse 
transcriptase PCR (RT‑qPCR). The columns show the upregulated or downregulated fold change of ALC1 mRNA level in breast cancer tissues, as compared 
with that in the corresponding adjacent non‑cancerous liver, where β‑actin was used as an internal control. ALC1, amplified in liver cancer protein 1.
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explore whether endogenous ALC1 interacts with CHFR‑like 
exogenous proteins, endogenous immunoprecipitation 
experiments were performed. MCF‑7 cells were collected, 
some were incubated with CHFR antibody with NETN 
lysate, and the others were incubated with IgG as control. 

Then the proteins were detected by western blot analysis. 
The PVDF membranes were incubated with the ALC1 
antibody. The ALC1 band was found in the panel incubated 
with CHFR antibody previously, but no band was detected 
in the other panel (Fig. 2C). To map the ALC1‑interacting 

Figure 2. CHFR interacts with ALC1. (A) Silver staining of affinity‑purified ALC1 complexes. The extracts of 293T cells stably expressing SBP‑ALC1 or SBP 
vector were subjected to tandem affinity. The protein bands were analyzed by mass spectrometry. The bands were labeled as SBP‑ALC1 and CHFR. (B) ALC1 
interacts with CHFR in vitro. SBP‑ALC1 and HA‑CHFR were co‑transfected into 293T cells. Cell lysates were analyzed by co‑immunoprecipitation (IP) and 
western blotting with HA or Flag antibodies respectively. (C) ALC1 interacts with CHFR in vivo. MCF‑7 cell lysates were analyzed by IP and western blot-
ting with anti‑ALC1 or CHFR antibodies, respectively. IgG was used as the control. (D) SBP‑tagged wild‑type ALC1 and deletion mutants were transfected 
with HA‑CHFR into 293T cells. Cell lysates were pulled down by streptavidin‑conjugated beads and examined by western blotting using HA antibody. 
(E) HA‑tagged CHFR and its deletion mutants were transfected with SBP‑ALC1 into 293T cells. Cell lysates were immunoprecipitated with anti‑FLAG 
antibody, and examined by western blotting using anti‑HA antibody. CHFR, checkpoint with forehead‑associated and RING finger domains; ALC1, amplified 
in liver cancer protein 1; CHD1L, chromodomain‑helicase‑DNA‑binding protein 1‑like.
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region with CHFR, ATP (adenosine triphosphate) (aa61‑240) 
domain, Helicase (aa351‑510) domain, PMD (PAR modi-
fication domain) (aa527‑673) domain, and MACRO 
(aa701‑891) domain deletion mutants of ALC1 were gener-
ated. Immunoprecipitation experiments showed that both 
the MACRO domain (376‑592aa) and PMD (aa527‑673) 
deletion mutants failed to associate with CHFR (Fig. 2D). 
Meanwhile, to map the CHFR‑interacting region with ALC1, 
FHA (filamentous hemagglutinin) (aa38‑89) domain, RING 
(aa303‑346) domain and PBZ (poly(ADP‑ribose)‑binding 
zinc finger) (aa620‑644) deletion mutants of CHFR were 

generated and their abilities to interact with ALC1 were 
tested. Only the PBZ deletion mutant failed to interact with 
ALC1 (Fig. 2E).

Ubiquitination of ALC1 by CHFR is dependent on PARylation. 
We sought to determine whether PAR is crucial for the 
interaction of ALC1 and CHFR. The results showed that the 
endogenous ALC1 protein cannot bind to CHFR with PARP 
inhibitors which disrupt the PAR interaction. However, the 
endogenous ALC1 proteins were bound to CHFR without 
PARP inhibitors, suggesting that PARP1/2 inhibitors influence 
the interaction between ALC1 and CHFR proteins (Fig. 3A). 
PARP inhibitors were found to abolish the PAR‑dependent 
recruitment of CHFR and ALC1 to the DSB sites. These data 
indicated that PAR deficiency could suppress the interaction 
between CHFR and ALC1. Yet, it was not ascertained whether 
CHFR regulates the level of ALC1 protein. The CHFR contains 
a RING domain, which has the function of UB ligase E3. 
Since the E3 enzymes play the most important role in the 
ubiquitination reaction, we hypothesized that UB may be able 
to bind to the ALC1 through CHFR. ALC1 is ubiquitinated 
and degraded by proteasome through the ubiquitin‑proteasome 
pathway, thereby expression of ALC1 is reduced. Based on this 
hypothesis, experiments were designed. First, to verify whether 
there is ubiquitination, three groups were used. HA‑UB was 
transfected in the first group, HA‑UB and SBP‑ALC1 were 
transfected in the second group, HA‑UB, SBP‑ALC1 and 
MYC‑CHFR were transfected in the third group. The experi-
ments were performed using 293T cells, respectively. After 24 h 
of transfection, MG132 at a concentration of 10 µM was added 
to inhibit proteolysis and the cells were harvested after 4 h. The 
cells were lysed with a NETN lysate containing 10 µM MG132. 
The transferred PVDF membranes were incubated with HA, 
FLAG and MYC antibodies to evaluate the transfection effect. 
The results showed that UB bands were significantly attenu-
ated in the third panel compared with the other groups in 293T 
cells. The results suggest that ALC1 can be ubiquitinated 
mediated by CHFR (Fig. 3B). Downregulation of the level of 
ALC1 protein is related to the ubiquitination of itself. It is not 
known whether the regulation is affected by PARP inhibitors. 
To verify this issue, the following experiment was performed. 
HA‑UB, SBP‑ALC1 and MYC‑CHFR plasmids were all trans-
fected into the three groups of 293T cells at the same time. 
To one group AZD2281was added, PJ34 was added to another 
group, and DMSO was added to the control group. After 24 h of 
transfection, MG132 was added at the concentration of 10 µM 
to inhibit proteolysis, and the cells were harvested after 4 h. UB 
bands were observed in the control group, but not in the group 
with the addition of PARP1/2 inhibitors (Fig. 3C). These results 
suggested that PARP1/2 inhibitors can inhibit the ubiquitination 
of ALC1.

CHFR regulates the stability of ALC1. As a result of ubiq-
uitination of ALC1 mediated by CHFR, the level of ALC1 
protein may be decreased. The plasmids HA‑CHFR‑WT, 
HA‑CHFR‑D‑RING and HA‑CHFR‑D‑PBZ were transfected 
into 293T cells to express CHFR proteins respectively. The 
expression of CHFR was detected by HA antibody and the 
expression of ALC1 protein was detected by ALC1 antibody, 
and GAPDH was used as internal reference. The expression 

Figure 3. Ubiquitination (Ub) of ALC1 by CHFR is dependent on PARylation. 
(A) The endogenous ALC1 protein was unable to bind to CHFR with PARP. 
(B) UB bands were significantly deepened in the first panel compared with the 
other groups in 293T cells. (C) UB bands were observed in the first group, but not 
in the group with the addition of PARP1 inhibitors. PARP, poly(ADP‑ribose) 
polymerase; CHFR, checkpoint with forehead‑associated and RING finger 
domains; ALC1, amplified in liver cancer protein 1.
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of the endogenous ALC1 protein was decreased in cells with 
CHFR overexpression. To investigate the effect of PARP 
inhibitors on ubiquitination of ALC1, AZD22811 and PJ34 
were added to the cells transfected with HA‑CHFR. In addi-
tion, untransfected cells were used as negative controls, and 
transfected cells treated with DMSO were used as positive 
controls. The results showed that the expression of endogenous 
ALC1 was not decreased with the addition of PARP inhibitors, 
suggesting that PARP inhibitor could inhibit the ubiquitination 
of ALC1 mediated by CHFR (Fig. 4A).

To compare the expression of ALC1 protein in the 
presence and absence of PARP1/2 inhibitors, the effect of 
PARP1/2 inhibitors on ALC1 half‑life was examined. The 
MCF‑7 cells were cultured for 24 h, and then the culture 
media were replaced with the addition of PARP1/2 inhibitors, 
AZD2281, PJ34 or DMSO at a concentration of 10 µM. After 
10 h, CHX was added at a final concentration of 100 µM. 
At 0, 1, 2, 4 and 6 h, the cells were harvested. The results 
showed that the PARP1/2 inhibitors extended the half‑life 
of ALC1, indicating that PARP1/2 inhibitors increased the 
expression of ALC1 (Fig. 4B).

Discussion

Local chromatin relaxation at DNA damage sites is regulated 
by PARP1 enzymatic activity which is one of the earliest 
cellular responses to DNA damage (22). PARP1/2 inhibitors 
lead to the inhibition of PARylation with various oncogenic 
proteins to inhibit the DNA repair pathway (23). Yet PARP 

inhibitor resistance is also a growing concern in the clinical 
setting. The most widely accepted mechanism of PARP1/2 
inhibitor resistance is the restoration of the HR pathway 
through secondary reversion mutations  (24). Moreover, a 
previous study showed that acquisition of PARP1/2 inhibitors 
and cisplatin resistance is associated with replication fork 
protection in BRCA2‑deficient tumor cells (25). Our study 
revealed a new mechanism. ALC1, a poly(ADP‑ribose)‑ and 
ATP‑dependent remodeler, is involved in the chromatin‑relax-
ation process regulated by PARP1 (8). Moreover, ALC1 is 
an oncogene located at Chr1q21 and it is amplified in many 
solid tumors (26). ALC1 is highly expressed in breast cancer 
tissues, and high expression of ALC1 protein suggests poor 
prognosis (13). The relationship among drug resistance, high 
expression of ALC1 and PARP inhibition remains unclear. 
Furthermore, the mRNA of ALC1 is not regulated in breast 
cancer tissues. The results indicated that there was no signifi-
cant difference in the transcription level of ALC1 between 
breast cancer tissues and adjacent non‑cancerous tissues. 
It was speculated that epigenetic modifiers regulate ALC1 
expression. Then we further analyzed the associated proteins 
interacting with ALC1. CHFR was found to bind with ALC1 
by mass spectrometry. CHFR functions as an E3 Ub‑ligase 
of associated proteins and is responsible for its proteasome 
degradation (27). The results indicate that CHFR may play a 
crucial role in the regulation of ALC1. 

Based on the results, we speculated how the ALC1 protein 
interacts with the CHFR protein and a schematic representa-
tion of the interaction is shown (Fig. 5). First, PARP1/2 binds 

Figure 4. CHFR regulates the stability of ALC1. (A) CHFR overexpression decreased the protein level of ALC1 (CHD1L). The decrease in ALC1 by CHFR 
was reversed by PARP inhibitors. (B) The decrease in the half‑life of ALC1 by CHFR was suppressed by PARP inhibitors. CHFR promoted ALC1 degradation. 
Three groups were treated with cycloheximide (CHX), the sample was collected at the indicated time points and then immunoblotted with antibodies against 
ALC1 and GAPDH. Quantification of ALC1 protein levels (normalized to GAPDH) is shown. PARP, poly(ADP‑ribose) polymerase; CHFR, checkpoint with 
forehead‑associated and RING finger domains; ALC1, amplified in liver cancer protein 1; CHD1L, chromodomain‑helicase‑DNA‑binding protein 1‑like.
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rapidly to the site of DNA double‑strand breaks (DSBs) and 
undergoes PARylation when the DNA is damaged. Next, 
ALC1 and CHFR are recruited to the site of DNA damage. 
The macro domain of ALC1 binds to PAR, and then CHFR 
can recognize ALC1 through the PBZ domain. It was found 
that CHFR could mediate the ubiquitination of ALC1 and 
affect the stability of ALC1 protein, which could lead to the 
degradation of ALC1. The presence of CHFR can keep ALC1 
from playing a role only in the DNA damage response, but 
not in mediating malignant biological behavior. In the treat-
ment of breast cancer, the use of PARP inhibitors may inhibit 
PARylation. Then ALC1 and CHFR would not be recruited 
together at the sites of DSBs. Thus, ubiquitination of ALC1 
would be reduced and accumulation of ALC1 would be 
higher than before. Once ALC1 protein is highly expressed, 
its potential malignant biological behavior may affect the 
prognosis of the patient. For most BRCA1/2‑deficient patients, 
high expression of ALC1 has no impact on the therapeutic 
effect of PARP1/2 inhibitors. However, for patients who 
exhibit resistance to PARP1/2 inhibitors, high ALC1 should 
not be ignored. This study also elucidated the reason why the 
expression of ALC1 protein is high in breast cancer, but the 
mRNA level is normal. This is a type of epigenetic modifica-
tion. In brief, PARP1/2 inhibitors may turn on another tumor 
proliferation pathway while shutting down DNA damage 
repair, which may be one of the causes for the failure of the 
efficacy of PARP inhibitors. ALC1 is recruited by PARP1/2 
at DNA damage sites, and degraded by CHFR. However, 
PARP1/2 inhibitors can reverse the degradation of ALC1 by 

CHFR. High ALC1 accumulation contributes to development 
of cancer. In other words, PARP1/2 inhibitors, DNA damage 
drugs combined with anti‑ALC1 drugs may help to improve 
the therapeutic effect for breast cancer patients. This should be 
considered when choosing therapeutic strategies for patients. 
By inhibiting ALC1 expression, PARP1 inhibitors can be 
effective for more breast cancer patients that exhibit potential 
drug resistance. However, one limitation of the study is that 
PARP1/2 gene knockout cell lines were not constructed, which 
can validate the expression of ALC1 without PARP1/2.

To conclude, in the present study, we demonstrated 
that ALC1 can interact with CHFR depending on PAR. 
Ubiquitination mediated by CHFR functioning as an E3 
ubiquitin ligase results in the degradation of ALC1. PARP1/2 
inhibitors decrease the ubiquitination of ALC1 and lead to the 
accumulation of ALC1, which affects the therapeutic effects of 
DNA damage response drugs in breast cancer treatment.
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Figure 5. Schematic representation of the interaction between ALC1 and 
CHFR. CHFR, checkpoint with forehead‑associated and RING finger 
domains; ALC1, amplified in liver cancer protein 1; Ub, ubiquitination; 
PARP, poly(ADP‑ribose) polymerase; DSBs, double strand breaks.
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