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Objective: To investigate the effects and underlying mechanism of 2-hexyl-4-pentynoic acid (HPTA), a derivative
of valproic acid (VPA), on radiotherapy in breast cancer.
Methods: MCF7 cells and 7,12-dimethylbenz-[α]-anthracene (DMBA)-induced transformed human normal breast
cells (MCF10A–DMBA cells) were irradiated with 8 Gy X-rays. For both cells there were four groups: control,
valproic acid (VPA)/HPTA, IR, and VPA/HPTAþIR groups. MTT and clonogenic survival assays were performed
to assess cell proliferation, and comet assay was performed to evaluate DNA damage. Protein expression of
γH2AX, 53BP1, Rad51, and BRCA1 was examined via immunofluorescence and immunoblotting. Cycloheximide
chase and ubiquitination experiments were conducted to determine Rad51 ubiquitination. In vivo experiments
involved a rat model of DMBA-induced breast cancer, with four fractionated doses of 2 Gy. Tumor tissue path-
ological changes and γH2AX, Rad51, and UCHL3 expression levels were measured by hematoxylin-eosin staining,
immunohistochemistry, and immunoblotting.
Results: Compared with the IR group, 15 μmol/L HPTA reduced the cell proliferation ability of irradiated MCF7
cells (t¼2.16, P<0.05). The VPA/HPTAþIR group exhibited significantly increased DNA double-strand breaks
relative to those in the IR group (VPAþIR vs. IR, t¼13.37, P<0.05; HPTAþIR vs. IR, t¼8.48, P<0.05). Immu-
nofluorescence and immunoblotting experiments demonstrated that the VPA/HPTAþIR group displayed signifi-
cantly increased cell foci formation, γH2AX and 53BP1 protein expression levels compared to the IR group
[(γH2AX: VPAþIR vs. IR, t¼8.88, P< 0.05; HPTAþIR vs. IR, t¼8.90, P< 0.05), (53BP1, VPAþIR vs. IR, t¼5.73, P<
0.05; HPTAþIR vs. IR, t¼6.40, P< 0.05)]. Further, Rad51 expression was downregulated (VPAþIR vs. IR, t¼3.12,
P< 0.05; HPTAþIR vs. IR, t ¼ 2.70, P<0.05), and Rad51 inhibition effectively counteracted HPTA-induced
radiosensitization. Ubiquitination detection further verified that HPTA inhibits Rad51 expression via UCHL3-
dependent Rad51 deubiquitination. In vivo study results showed that 20 mg/kg HPTA significantly enhanced
the radiosensitivity of breast tumors in rats by inhibiting Rad51 expression.
Conclusions: HPTA is a highly effective radiosensitizer that enhances the radiotherapeutic efficacy of breast cancer
treatment through UCHL3-dependent deubiquitination of Rad51.
1. Introduction

In recent years, breast cancer incidence in women has witnessed a
rapid increase. Radiotherapy, a common treatment for breast cancer, has
proven effective in improving post-mastectomy survival rates and
reducing locoregional and ipsilateral recurrences.1 However, ionizing
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radiation (IR) carries risks of severe adverse effects due to incidental
dosage to the heart, lungs, and contralateral breast.2 Therefore, the
identification of a suitable radiosensitizer to enhance or sustain the
therapeutic damage to malignant cells is of great interest.

Histone deacetylase inhibitors (HDACIs) have been explored as po-
tential candidates for cancer therapy. Their potential mechanisms
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include inducing cell cycle arrest (G1 phase), inhibiting DNA synthesis,
promoting apoptosis, destabilizing chromosome structures, and inducing
autophagy.3-5 The previous studies demonstrated that valproic acid
(VPA), an HDACI used for epilepsy at therapeutic dosage of 50–100
mg/ml, increased the radiosensitivity of esophagus cancer,6 lung cancer,7

prostate cancer,8 colon cancer,9 osteosarcoma, and breast cancer
cells.10,11 At present, VPA derivatives are gaining attention, with some
potentially showing similar anti-tumor effects to high-dose VPA. In
particular, 2-hexyl-4-pentynoic acid (HPTA) reportedly exerts a strong
inhibitory effect on HDAC activity in HeLa and cerebellar granule
cells12,13 (IC50 at 11–15 μmol/L HPTA vs. 348–448 μmol/L VPA).
Although higher doses of HPTA14 (1.25 mmol/kg, equivalent to 227.85
mg/kg; 450 μmol/L) have raised concerns pertaining to teratogenesis,
lower doses have not been associated with toxicity or adverse events.
HPTA, thus, seemed to hold promise as a sensitizer for breast cancer
treatment.15

We previously found that VPA-induced radiosensitization is closely
related to the impairment of DNA double-strand break (DSB) repair.10

Error-free homologous recombination (HR) repair relies on a homolo-
gous template, such as a sister chromatid, with recombinase Rad51
playing a pivotal role in this process. VPA has been reported to sensitize
breast cancer cells by inhibiting Rad51 protein expression by promoting
RFWD3–Rad51 ubiquitination.16 Both ubiquitination and deubiquitina-
tion are crucial for maintaining Rad51 levels. Recent studies have
demonstrated the significance of ubiquitin carboxyl-terminal hydrolase
L3 (UCHL3) in Rad51 deubiquitination. UCHL3 recruits Rad51 to DNA
damage sites, promoting HR and rendering cancer cells resistant to DNA
damage.17 Another study investigated perifosine, an inhibitor of UCHL3,
as a means to inhibit HR-mediated DNA DSB repair, highlighting the
UCHL3–Rad51 deubiquitination pathway as a potential cancer therapy
target.18 Herein our objective was to explore HPTA as a radiosensitizer to
IR in different in vitro and in vivo breast cancer models, with the aim to
decipher the underlying mechanisms.

2. Materials and methods

2.1. Cells and administration

2.1.1. Cell culture
MCF7 and U2OS cell lines were purchased from American Type

Culture Collection (ATCC, USA) and maintained in Dulbecco's modified
Eagle's media with 10% fetal bovine serum (GIBCO, USA) and 1% pen-
icillin–streptomycin (Sigma, USA). MCF10A cells were provided by Stem
Cell Bank, Chinese Academy of Sciences, and cultured with Dulbecco's
modified Eagle's media (DMEM)mixed with F-12 Ham (Sigma, USA)
containing 5% horse serum (GIBCO, USA), 100 ng/ml cholera toxin
(Sigma, USA), 20 ng/ml epidermal growth factor (Sigma, USA), 0.5 μg/
ml hydrocortisone (Sigma, USA), 10 μg/ml human insulin (Sigma, USA),
and 1% penicillin–streptomycin (Sigma, USA). HCC1937 cells were sta-
bly transfected with pcDNA3-wild-type BRCA1 (wtBRCA1) and vector
control (pcDNA3). HCC1937 cells were cultured in RPMI 1640 media
containing 10% fetal bovine serum (Gibco, USA) and 1% pen-
icillin–streptomycin (Sigma, USA). All cells were confirmed to be free of
mycoplasma contamination and maintained at 37�C with 5% CO2.

2.1.2. Drug treatment and IR administration
IR was administered to both rats and cells using an X-ray irradiator (X-

RAD225 OptiMAX, Pxi, USA) at 250 kVp and 12 mA, with a dose rate of
2.08 Gy/min. Cells were treated with VPA (Sigma, USA) or HPTA (TCI,
Japan) 24 h prior to IR.

2.2. In vitro experiments

2.2.1. MTT assay
Cells were seeded in a 96-well plate at a density of 1�103 cells per

well. They were treated with VPA (500 μmol/l) or HPTA (15, 30, 60
2

μmol/l) for 24 h, followed by exposure to 4 Gy X-ray. Subsequently, MTT
solution (5 mg/ml, Sigma,USA) was added to the treated cells and
incubated for 4 h at 37 �C. The medium was then replaced with dimethyl
sulfoxide, and absorbance was measured at 490 nm using an enzyme
immunoassay analyzer (Bio-Tek Synergy H1, USA).

2.2.2. Comet assay
Neutral and alkaline comet assay were performed using the Trevigen

Comet Assay kit (4252-040-K, Trevigen, Gaithersburg, Maryland, USA).
Cells were pretreated with 500 μmol/L VPA and 15 μmol/L HPTA for 24
h, followed by exposure to 8 Gy X-rays. Low-melting agar was combined
with cell suspension at a ratio of 1:10 post-treatment, followed by im-
mediate spreading onto comet slides. The slides were cooled for 30 min
and then immersed in a lysis solution. Subsequently, they were immersed
into cold alkaline unwinding solution for 1 h (for alkaline comet assay),
followed by transfer into neutral or alkaline electrophoresis buffer at 21
V for 30 min at 4�C in the dark. Afterwards, the slides were washed twice
with distilled water and 70% ethanol for 5 min, dried, and then stained
with SYBR Gold (1:10,000, Trevigen, USA). The olive tail moment was
utilized to represent cell-related DSBs.

2.2.3. Immunofluorescence
Cells were seeded in an eight-well chamber at a density of 3 � 104

cells per well. The detailed procedure has been described in our previous
studies.19,20 Cells were treated with 500 μmol/l VPA and 15 μmol/l
HPTA for 24 h, followed by exposure to 8 Gy X-rays. For immunoblotting,
primary antibodies specific to various proteins were employed, including
γH2AX (1:500; EMD Millipore, Germany), 53BP1 (1:1,000; Gene Tex,
USA), Rad51 (1:100; Santa Cruz, USA), and BRCA1 (1:100; Santa Cruz,
USA). The secondary antibodies included Alexa Fluor 594 goat
anti-mouse IgG (HþL) (1:300; Molecular Probes, Germany) and Alexa
Fluor 488 chicken anti-rabbit IgG (HþL) (1:300; Molecular Probes,
Germany). Images were captured using a fluorescence microscope
(IX71þDP73, Olympus).

2.2.4. Immunoblotting
Immunoblotting was performed as previously reported.19 Cells were

treated with 500 μmol/l VPA and 15 μmol/l HPTA for 24 h, followed by
exposure to 8 Gy X-rays. Whole-cell lysates were collected 6 h after IR.
The primary antibodies used included γH2AX (1:500; EMD Millipore,
Germany), 53BP1 (1:1,000; Gene Tex, USA), BRCA1 (1:200; Santa Cruz,
USA), BRCA1 (1:250; Calbiochem, Germany), Rad51 (1:200; Santa Cruz,
USA), Rad51 (1:2,500; Calbiochem, Germany), Ku70 (1:200; Santa Cruz,
USA), Ku80 (1:200; Santa Cruz, USA), DNA-dependent protein kinase
catalytic subunit (DNA-PKcs, 1:5,000; Abcam, England), ubiquitin (1:1,
000; Cell Signaling Technology, USA), UCHL3 (1:1,000; Proteintech,
USA), and GAPDH (1:2,000, ZSGB-BIO, China). The secondary antibodies
used included goat anti-mouse IgG (HþL) (1:5,000, Thermo Fisher, USA)
and goat anti-rabbit IgG (HþL) (1:5,000, Thermo Fisher, USA).

2.2.5. DSB assay
For the HR assay, we utilized MCF7 cells expressing a recombination

substrate of the pDR-GFP reporter. This allowed us to determine the
number of GFP-positive cells in the treated cells for analyzing sponta-
neous HR frequency using flow cytometry according to the method in
references 10, 11. For the nonhomologous end-joining (NHEJ) assay, we
utilized U2OS cells expressing an end-joining reporter (EJ5-GFP). This
facilitated the determination of the number of GFP-positive cells in the
treated cells for analyzing spontaneous NHEJ frequency using flow
cytometry according to the method in reference 21.

2.2.6. BrdU incorporation for cell cycle analysis
For cell cycle analysis, 10 μmol/L BrdU (Sigma, USA) was immedi-

ately added to the treated cells for 30 min before harvesting, followed by
fixation in 70% ethanol at �20�C overnight. Afterwards, cells were
incubated with 0.4 mg/mL pepsin (Sigma, USA) in 2 mol/L HCL and
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neutralized with 0.1 mol/L sodium borate. Subsequently, cells were
incubated with the primary antibody anti-BrdU (BD, USA) and the sec-
ondary antibody Alexa Fluor-594 goat anti-mouse IgG (Molecular Probes,
Germany). Nuclei were stained with DAPI (Sigma, USA). The filtered
cells were then subjected to cell cycle analysis using flow cytometry.

2.2.7. Real-time quantitative reverse transcriptase PCR (qRT-PCR)
Genes with notable changes were identified through RNA sequencing

using forward and reverse sequencing primers (Sangon Biotech, China).
Primer specificity was verified using NCBI. Detailed protocols have been
described in our earlier study.22 MCF7 cells without any treatment served
as control, and target gene expression in each group was compared. [ΔΔCt
¼ experimental group; ΔCt ¼ control group ΔCt. ΔCt ¼ (average Ct of the
target gene of the control sample� average Ct of the control sample
GAPDH)]

Primers and their sequences are listed in Supplementary Table 1.

2.2.8. Clonogenic survival assay
Cells were seeded in P60 dishes and treated with 500 μmol/L VPA and

15 μmol/L HPTA for 24 h, followed by exposure to IR (2, 4, 6 Gy). They
were cultured for approximately 2 w until visible colonies formed. At the
endpoint, cells were fixed with ethanol and stained with 0.1 % crystal
violet in 20 % methanol for 30 min, as previously reported.15,23 The
number of cell colonies were counted, and cell survival fraction calcu-
lated as follow: Cell survival fraction¼ (number of clones/seeded cells) /
plating efficiency. These experiments were performed in triplicate.

2.3. In vivo experiments

2.3.1. Animal keeping and breast cancer model establishment
Female Sprague-Dawley (SD) rats were purchased from Pengyue

Laboratory Animal Co. Ltd. Jinan, China. Detailed protocols have been
described in our previous study.10 All rats were housed in a specific
pathogen-free environment at (23� 1)�C, with a daily light cycle of 12 h.
They were provided ad libitum access to fresh food and water throughout
the experiment. Animal care was conducted in accordance with relevant
Chinese laws and guidelines for experimentation and scientific purposes.
Breast tumors were induced in 50-d-old female SD rats weighing (150 �
15) g (n ¼ 60) through a single administration of 20 mg/ml 7,12-dime-
thylbenz-[α]-anthracene (DMBA, Sigma, USA) dissolved in sesame oil via
oral gavage. The animals were palpated twice weekly for tumors.

At 50 d after gavage, rats with appropriate tumor size and location
were selected for grouping (n ¼ 6 in each group) and further investiga-
tion. Tumor size in each group was recorded and measured using a
vernier caliper. Tumor volume was calculated as: V¼ L � W2� 0.5.

2.3.2. Hematoxylin-eosin and immunohistochemical staining
Hematoxylin-eosin and immunohistochemical staining was per-

formed according to Reference 22. The primary antibodies used were
γH2AX (1:500, EMD Millipore, Germany), Rad51 (1:500; Calbiochem,
Germany), and BrdU (1:50, BD, USA), and the secondary antibodies used
were biotinylated goat anti-mouse IgG (1:300, Vector, Germany) and
biotinylated goat anti-rat IgG (1:300, Vector, Germany). Integrated op-
tical density of γH2AX and Rad51 immunohistochemical staining was
quantified with Image-Pro Plus (Media Cybernetics).

2.3.3. Chemical carcinogen-induced rat breast cancer-derived primary cells
The detailed procedure has been described elsewhere.24 After breast

cancer model establishment, SD rats were anesthetized using chloral
hydrate, and breast cancer tissues were obtained in a sterile manner.
These tissues were excised into small pieces (2 mm � 2 mm) and placed
on coated dishes for primary cell culture. Cells from the second and third
passages were used for immunofluorescence analyses of γH2AX and
53BP1.
3

2.3.4. Immunoprecipitation
Whole-cell lysate was mixed with Rad51 antibody (1 μg/mg protein

lysate; Proteintech, USA) at 4�C for 2–3 h; protein A-Sepharose beads
were added to this mixture, followed by incubation at 4�C overnight. The
mixture was washed 4 times, denatured at 95�C for 5 min, and immu-
noblotting was then performed using standard protocols.

2.3.5. siRNA transfection
MCF7 cells were transfected with siRNAs (40 nmol/L final concen-

tration) using lipofectamine 2000, as per manufacturer instructions
(Sangon Biotech, Shanghai). siRNAs used in this study are listed in
Supplementary Table 2.

2.4. Statistical analysis

Values represent mean � standard deviation for the groups. Data
were analyzed using independent sample t-test and normalized by Bon-
ferroni post hoc test using SPSS for Windows v23.0 (Armonk, NY: IBM
Corp; licensed to Shandong University). The P value < 0.05 indicated
statistically significant differences.

3. Results

3.1. Low concentration of HPTA increases radiosensitization of tumor cells

Our previous study demonstrated that 500 μmol/L VPA inhibits
breast cancer cell proliferation and increases cell sensitivity to radia-
tion,11 whether HPTA exerts a similar effect on breast cancer cells was
firstly investigated in this study. MTT experiments were replicated using
HPTA and MCF7 cells. We evaluated three concentrations of HPTA (15,
30, and 60 μmol/L) against 500 μmol/L VPA (as positive control), and
cells were subjected to 4 Gy. As expected, we observed that cell prolif-
eration in the HPTA-treatment groups was inhibited after IR (P<0.01,
Fig. 1A). However, relative to the positive control, there were no statis-
tically significant differences between the three different concentrations
of HPTA (ns, P> 0.05, Fig. 1A), indicating that HPTA at a low concen-
tration (15 μmol/L) possesses similar radiosensitizing effect as 500
μmol/L VPA. The results of clonogenic assay with MCF7 cells also indi-
cated that 15 μmol/L HPTA exerts similar radiosensitizing effects in vitro
as VPA (Fig. 1B, S1B). Consequently, 15 μmol/L HPTA was used for
subsequent experiments.

Next, comet assays were performed to examine whether the lower
concentration of HPTA could induce DSBs after IR in MCF7 cells. Neutral
comet assay results revealed an increase in DSB levels in the HPTA-
treatment group at 0, 30, and 120 min after IR exposure compared to
DSB levels in the control group (P < 0.01; Fig. 1C). Alkaline comet assay
results corroborated these findings (Fig. S1C). Furthermore, the forma-
tion of γH2AX and 53BP1 foci were assessed in MCF7 cells after IR
exposure by immunofluorescence. The proportion of MCF7 cells with
γH2AX or 53BP1 foci formation showed a significant increase at 6 h post-
IR (81.37% and 87.34% respectively; Fig. 1D). HPTA treatment further
augmented these percentages to 97.50% (γH2AX) and 98.21% (53BP1)
(P<0.01; Fig. 1D). At 24 h post-IR, γH2AX and 53BP1 foci remained
significantly more abundant in the HPTA-treated group as compared
with that in the control group (P<0.01). Immunoblotting findings indi-
cated an increase in γH2AX and 53BP1 levels after IR exposure, with
further increases in the HPTA-treated group (P<0.01), consistent with
the results obtained for the VPA-treated positive control group (Fig. 1E).

Subsequently, these findings were evaluated using the environmental
carcinogen DMBA to induce transformation in MCF10A cells
(MCF10A–DMBA cells). As anticipated, HPTA treatment increased IR-
induced DNA damage in MCF10A–DMBA cells, resembling the effects
seen with VPA (Figs. S1D–S1F).

To summarize, our data demonstrated that 15 μmol/L HPTA enhances
radiosensitization in breast cancer cells, similar to the effects of 500
μmol/L VPA.



Fig. 1. Low 2-hexyl-4-pentynoic acid (HPTA) concentration enhances radiosensitization in tumor cells. A. MTT assay were used to detect growth of MCF7 cells treated
with valproic acid (VPA) and 2-hexyl-4-pentynoic acid (HPTA) and exposed to 4 Gy ionizing radiation (IR). B. Clonogenic survival assay were used to detect survival
fraction (%) of MCF7 cells treated with VPA and HPTA and different doses of IR. Cells were treated with VPA or HPTA for 24 h before IR exposure. C. Neutral comet
assay were used to assess 8 Gy-induced DNA double-strand breaks (DSBs) in MCF7 cells, and assessment of relative DSBs. D. γH2AX, 53BP1, Rad51, and BRCA1 foci
formation in MCF7 cells treated with 500 μmol/L VPA and 15 μmol/L HPTA after exposure to 8 Gy. Images depict γH2AX, 53BP1, Rad51, and BRCA1 foci formation
before exposure to 8 Gy at 6 h and 24 h after exposure to 8 Gy. DAPI was used for nuclei staining. Percentage of γH2AX, 53BP1, Rad51, and BRCA1 foci formation was
evaluated. Cells containing at least 20 γH2AX or 53BP1 foci per cell and at least 10 Rad51 or BRCA1 foci per cell were regarded as positive cells. E. Immunoblotting
was used to detect γH2AX, 53BP1, Rad51, and BRCA1 levels in MCF7 cells. Each data point in the graph represents data collected from three independent experiments
(mean � SD). P was calculated by t-test (*P<0.05, **P< 0.01).
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3.2. Low-dose HPTA inhibits HR function for repairing IR-induced DNA
DSBs

To determine whether the radiosensitizing effect mediated by HPTA
is associated with DNA repair function, HR frequency was evaluated.
4

Using MCF7 cells expressing the pDR-GFP recombination reporter, HR
frequency assay was performed through using flow cytometry after
introducing I-SceI-induced DSBs (Fig. S2A). HR frequency was observed
to decrease in cells treated with 15 μmol/L HPTA by 42.88% as compared
to that in cells without HPTA treatment (P<0.01; Fig. 2A). Furthermore,



Fig. 2. Low 2-hexyl-4-pentynoic acid (HPTA) con-
centration inhibits homologous recombination (HR)
function for repairing ionizing radiation (IR)-induced
DNA double-strand breaks (DSBs). A. MCF7 cells
expressing pDR–GFP were transfected with I-SceI or
GFP plasmids and then treated with 15 μmol/L HPTA
for 24 h. GFP served as a positive control to assess
transfection efficiency. Images show HR frequency in
HPTA-treated cells, as measured by flow cytometry. B.
Cell cycle profiling of MCF7 cells pretreated with
HPTA for 24 h. C. MCF7 cells were treated with 10
mmol/L RI-1 for 24 h, and Rad51 protein expression
was detected by immunoblotting. Colony formation
assay: MCF7 cell survival was assessed after different
treatments. Survival fraction of different groups is
shown. D. Colony formation assay: Survival of
HCC1937 cells with and without BRCA1 expression
was assessed after different treatments. Survival frac-
tion of different groups is shown. Each data point in
the graph represents data collected from three inde-
pendent experiments (mean � SD). P was calculated
by t-test (*P < 0.05, **P < 0.01).
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cell cycle analyses indicated that HPTA did not cause cell accumulation in
the S phase (P>0.05; Fig. 2B), indicating that the reduction in HR
function was not correlated with cell cycle. Thus, our data demonstrated
that low HPTA concentration effectively inhibits HR repair activity.

The recombinase Rad51, a key component of the mechanism under-
lying HR, was the next target of investigation to determine whether
HPTA affects its activity. Immunofluorescence assay findings revealed
that at 6 h after IR, the percentage of cells with Rad51 foci in the negative
control group was 71.22% and was reduced by 14.04% (P<0.01) in the
HPTA-treated group (Fig. 1D). At 24 h after IR, as DNA repair was
gradually completed, the percentage of cells with Rad51 foci decreased.
However, relative to the negative control group (49.96%), the HPTA-
treated group still exhibited a significant reduction in Rad51 foci for-
mation (13.05%, P<0.01). In addition, we found that the changes in
another HR-associated protein, BRCA1, foci formation were similar to
those observed for Rad51 (Fig. 1D). These findings were consistent with
the changes in Rad51 and BRCA1 protein levels observed through
immunoblotting (P<0.01; Fig. 1E) and at the transcriptional level
5

(P<0.01; Fig. S2B). In MCF10A–DMBA cells, both Rad51 and BRCA1
proteins were also significantly inhibited in the HPTA-treated group in
response to DNA damage (P<0.05; Figs. S1E and S1F).

To investigate whether the radiosensitizing effect mediated by VPA is
Rad51 dependent, RI-1 was employed, an inhibitor of Rad51, to suppress
Rad51 activity in MCF7 cells.25 Immunoblotting analysis indicated that
10 mmol/l RI-1 significantly inhibited Rad51 protein expression
(Fig. 2C). Rad51 inhibition led to increased sensitivity to IR, thus
compromising the radiosensitizing effect of HPTA (Fig. 2C, S2C). We also
confirmed that BRCA1 had a similar effect as Rad51 using an isogenic
paired cell line (HCC1937) with and without BRCA1 expression, sug-
gesting that the radiosensitizing effect of HPTA is BRCA1 dependent
(Fig. 2D, S2D). These findings indicated that HPTA impairs Rad51 and
BRCA1 activity upon IR exposure, further confirming that
HPTA-mediated radiosensitization of tumor cells is associated with the
inhibition of HR.

Next, to investigate the possibility that HPTA influences NHEJ repair,
U2OS cells was used by expressing the EJ5-GFP reporter to measure
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NHEJ frequency21,26 using flow cytometry after introducing I-SceI-in-
duced DSBs (Fig. S2E). NHEJ frequency was found to decrease in cells
treated with 15 μmol/L HPTA by 19.48 % as compared to that in cells
without HPTA treatment (P<0.05; Fig. S2E), indicating that HPTA dis-
rupts NHEJ function. Immunoblotting assay was performed with MCF7
cells to detect the major NHEJ-associated proteins in our cell models, and
the results showed that after 8 Gy, no significant changes in DNA-PKcs,
Ku70, and Ku80 proteins were observed (P>0.05; Fig. S2F). Consid-
ering that the reduction in NHEJ efficiency induced by HPTA (19.48 %)
was not as obvious as that observed in HR (42.88%), we believe that the
effect of HPTA on HR is more significant than that on NHEJ.
6

3.3. HPTA-induced radiosensitization involves changes in Rad51 stability
and ubiquitination

To investigate whether changes in Rad51 and BRCA1 protein levels
are associated with protein stability, cycloheximide (CHX) chase assay
was performed. (Fig. 3A, S3). After IR exposure, Rad51 protein levels in
the control group decreased to 54.45% and 36.61% at 4 h and 8 h after
CHX treatment, respectively. In contrast, in the HPTA-treated group,
Rad51 protein levels decreased to 55.29% and 31.39% only at 2 h and 4 h
after CHX treatment, respectively. These findings suggested that the half-
life of Rad51 protein in the HPTA-treated group was shortened by 2 h,
indicating that HPTA can inhibit Rad51 protein stability. The change
Fig. 3. 2-Hexyl-4-pentynoic acid (HPTA) affects
Rad51 stability and ubiquitination during the radio-
sensitization process. A. Rad51 protein changes were
detected by immunoblotting after treating MCF7 cells
with cycloheximide (CHX, 40 μg/ml) for 0, 1, 2, 4,
and 8 h. MCF7 cells were treated with 40 mmol/l
MG132 at 6 h before harvesting whole cell extracts. B.
Rad51 protein expression was detected by immuno-
blotting. C. Rad51 ubiquitination was detected by
immunoprecipitation. Protein band intensities were
quantified by ImageJ. Each data point in the graph
represents data collected from three independent ex-
periments (mean � SD). *P<0.05, **P<0.01.
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observed in BRCA1 protein after CHX treatment paralleled that of Rad51
(Fig. S3).

Given that Rad51 protein stability was found to be related to HPTA-
mediated radiosensitization, we explored its ubiquitination status in
MCF7 cells. Cells were treated with the 26S proteasome inhibitor MG132
for 6 h before harvesting. We found that MG132 restored the effects of
HPTA on Rad51 protein levels (Fig. 3B) and that Rad51 ubiquitination
was increased by the combined treatment compared to IR alone (P<0.01,
Fig. 3C). These findings suggested that HPTA exerts its radiosensitizing
effect of breast cancer cells by regulating Rad51 ubiquitination.
3.4. UCHL3–Rad51 deubiquitination pathway is involved in HPTA-
mediated radiosensitizing effect

UCHL3 has been found to directly interact and deubiquitinate
Rad51.27 Thus, herein we investigated the effect of UCHL3 using MCF7
cells. Immunoblotting analysis indicated that the combined treatment
significantly reduced UCHL3 protein levels compared to IR alone
(Fig. 4A). Furthermore, co-immunoprecipitation experiments showed
that both UCHL3 and Rad51 were part of a protein complex (Fig. 4B),
suggesting an association between these proteins. To validate our results,
we established an MCF7 cell line with siRNA-mediated depletion of
UCHL3 (Fig. 4C). After downregulating UCHL3 expression in MCF7 cells,
no significant differences were found in Rad51 protein levels in the IR
alone and combined treatment groups (Fig. 4C, S4); besides, the
increased ubiquitination level of Rad51 was abolished (P>0.05, Fig. 4D).
7

Thus, we believe that UCHL3-dependent Rad51 deubiquitination is
involved in HPTA-mediated radiosensitizing effect.
3.5. HPTA exhibits radiosensitizing effects by targeting the UCHL3–Rad51
deubiquitination pathway in DMBA-induced breast cancer in vivo

To determine whether HPTA exhibits a radiosensitizing effect in vivo,
a rat model of DMBA-induced breast cancer was used, which has been
previously described and utilized in related studies (Figs. S5A and
S5B).24 4 fractionated doses of 2 Gy, based on previous studies, were
administered.28 HPTA (20 mg/kg) was administered before, during, and
after IR exposure (Fig. S5C). All rats survived throughout the 32
d observation period. In comparison with the IR alone group, HTPA
pretreatment significantly reduced tumor volume (P<0.05, Fig. 5A),
indicating that HPTA exhibits radiosensitizing effects in vivo. 10 d after
treatment, tumors were excised under general anesthesia (Fig. 5A);
tumor size in the combined treatment group was smaller than that in the
IR alone group. Hematoxylin-eosin staining results revealed that IR
exposure led to vacuole structure formation in breast cancer tissues, and
large damaged areas and cells were observed in the combined treatment
group (Fig. 5B). These results demonstrated that 20 mg/kg HPTA can
effectively sensitize breast cancer to IR treatment.

Whether HPTA influences DNA damage and repair proteins in vivo
were explored next. After the administration of both HPTA and IR, DSBs
detected by γH2AX were enhanced through immunohistochemistry
(P<0.01; Fig. 5C), although no statistically significant change was
Fig. 4. Ubiquitin carboxyl-terminal hydrolase L3
(UCHL3)–Rad51 deubiquitination pathway is involved
in HPTA-mediated radiosensitizing effect. A. UCHL3
protein expression level in MCF7 cells was detected by
immunoblotting. B. Interaction between UCHL3 and
Rad51 proteins was assessed through immunoblotting
using protein beads containing Rad51 antibody. C.
siRNA was used to deplete UCHL3 in MCF7 cells, and
Rad51 expression was detected by immunoblotting. D.
Rad51 ubiquitination in MCF7 cells after UCHL3
depletion was detected through immunoblotting.
Protein band intensities were quantified by ImageJ.
Each data point in the graph represents data collected
from three independent experiments (mean � SD).
*P<0.05, **P<0.01.



Fig. 5. 2-Hexyl-4-pentynoic acid (HPTA) exhibits
radiosensitizing properties to ionizing radiation (IR)
treatment in 7,12-dimethylbenz-[α]-anthracene
(DMBA)-induced breast cancer in vivo. A. Tumor vol-
ume changes across different groups, normalized by
the untreated group (n ¼ 6 in each group). B.
Morphological changes in tumors were evaluated by
hematoxylin–eosin staining. C. γH2AX expression in
situ was detected by immunohistochemical staining,
and integrated optical density was analyzed. D.
γH2AX, Rad51, and UCHL3 protein levels were
detected by immunoblotting using whole lysates of
treated tumor tissues. E. Rad51 expression in situ was
detected by immunohistochemical staining, and inte-
grated optical density was analyzed. Each data point
in the graph represents data collected from three in-
dependent experiments (mean � SD). *P < 0.05, **P
< 0.01.
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observed through immunoblotting (Fig. 5D). Breast cancer-derived pri-
mary culture cells were used to further validate our findings(Fig. S5E).
γH2AX and 53BP1 foci formation in these primary culture cells (Fig. S5F)
supported the earlier findings of HPTA-induced DSB accumulation. With
regard to repair proteins, both immunohistochemistry and immuno-
blotting indicated that Rad51 levels in the combined treatment group
were significantly lower than those in the IR alone group (P<0.01;
Fig. 5D and E). Importantly, UCHL3 expression was significantly down-
regulated in the combined treatment group (P<0.01; Fig. 5E). Based on in
vivo experiment results, we concluded that low-dose HPTA exhibits
radiosensitizing effects associated with increased DSBs via the HR-
associated UCHL3–Rad51 pathway.

4. Discussion

In this study, we found that 15 μmol/L HPTA has a radiosensitizing
effect on breast tumor cells in vitro and in vivo. This is accomplished by
8

targeting the UCHL3-dependent Rad51 deubiquitination pathway, which
modulates HR-mediated DNA DSB repair, leading to increased sensitivity
to IR (Fig. 6). Our finding showed that HPTA serves as a potential radi-
osensitizer for breast cancer by regulating UCHL3-dependent Rad51
deubiquitination.

4.1. New role of HPTA, a highly effective radiosensitizer

Since the discovery of the antitumor and radiosensitizing effects of
VPA,6, 7, 10, 11 interest has grown in exploring the potential of VPA for the
clinical usage due to its ready availability (listed as an essential medicine
by the World Health Organization), low cost, and long history of thera-
peutic use in epilepsy. However, adverse events of VPA are dose-
dependent, and the higher dose required for its radiosensitizing effects
in experimental studies have limited its clinical potential. There is now
renewed interest in VPA derivatives, such as HPTA, which are potentially
safer and as effective as VPA in terms of their radiosensitizing effects. We



Fig. 6. Molecular model for radiosensitization of breast tumors by 2-hexyl-4-pentynoic acid (HPTA)/valproic acid (VPA). Inhibition of homologous recombination
(HR)-mediated DNA double-strand break (DSB) damage repair by the ubiquitin carboxyl-terminal hydrolase L3 (UCHL3)-dependent Rad51 deubiquitination pathway.
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propose that HPTA can serve as a promising radiosensitizer for breast
cancer. Notably, our in vitro and in vivo working model results indicate
that a lower dose of HPTA (15 μmol/L) is as effective as the higher dose
(500 μmol/L) of VPA, suggesting that HPTA is more efficacious than VPA.

Furthermore, we found that HPTA exhibited antitumor effects in the
DMBA-induced breast cancer rat model. Our tumor growth experiment
and hematoxylin–eosin staining findings revealed, for the first time, that
HPTA alone can inhibit tumor growth and exert antitumor effects. A
previous study reported similar observations with VPA.29 In contrast to
the results of our cellular-level experiments, an obvious effect of HPTA
treatment alone on tumor cell viability was not observed; in addition, an
increase in the DNA DSB marker γH2AX in our animal model was not
observed, either. Altogether, these results suggest that HPTA exerts
antitumor effects in vivo through a mechanism distinct from IR. Further
investigations are warranted.
4.2. Radiosensitizing effects of HPTA and HR/NHEJ mechanism

IR is known to induce DNA DSBs in cancer cells. However, the robust
functioning of HR evidently contributes to treatment resistance and
therapy failure.30 On the contrary, HR deficiency often triggers genomic
instability, increasing cancer susceptibility.31 Therefore, targeting the HR
repair pathway holds potential to enhance the sensitivity of cancer cells
to IR treatment.

Rad51 is one of the most important proteins in HR, as it participates in
Rad51-ssDNA filament-dependent homology search and synaptic com-
plex formation, both of which are critical steps in HR. Disrupting HR
repair by regulating Rad51 protein expression represents a promising
approach in cancer therapy.32 In this study, we demonstrated that HPTA
has the capability to inhibit Rad51 protein expression, thereby affecting
HR function and exerting its radiosensitizing effect via the aforemen-
tioned pathway.

The initial stages of HR repair involves the recognition of DNA
damage site and modification of end resection. Some studies have
9

indicated that BRCA1, existing as a heterodimer with BRCA1-associated
RING domain-1, participates in the HR repair process through the DNA
end resection pathway.33 The inhibition or absence of BRCA1 function
leads to impaired HR repair as well as increased sensitivity to DNA
damage.34 In our cellular model, HPTA was found to inhibit BRCA1
protein expression, hindering the initiation phase of HR repair. How
HPTA affects the early repair processes of BRCA1-mediated HR function
demands further exploration.

NHEJ, another mode of DNA DSB repair, primarily involves the direct
ligation of DSB ends by DNA ligase, with the assistance of Ku70/Ku80
and DNA-PKcs. This process involves the recruitment of recombinase
Artemis to DSBs ends, which, in turn, recruits the XRCC4/DNA ligase IV/
XLF complex to promote DSB end joining.35 We found that HPTA inhibits
NHEJ repair but does not impact major proteins (Ku70/Ku80,
DNA-PKcs). Thus, we hypothesize that HPTA affects other proteins
associated with the NHEJ pathway; further studies are warranted.

4.3. HPTA-mediated radiosensitization is associated with UCHL3-Rad51
deubiquitination

We observed that HPTA results in a further reduction in Rad51 pro-
tein levels in tumor cells upon IR exposure, accompanied by an increase
in Rad51 protein ubiquitination level. This suggests that Rad51 inhibi-
tion by HPTA is mediated through protein ubiquitination. Further
investigation revealed that HPTA regulates Rad51 protein ubiquitination
by inhibiting UCHL3 expression.

Although it remains unknown whether HPTA directly inhibits
UCHL3, a previous study indicated that in response to DNA damage, ATM
can phosphorylate and activate UCHL3.27 It has also been reported that
VPA and fludarabine reduce Akt and ATM total protein and phosphory-
lation levels.36 Therefore, it is plausible that HPTA, as a VPA derivative,
directly inhibits UCHL3 activation by inhibiting ATM protein expression.
Further studies are warranted on this topic.
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