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Nasopharyngeal carcinoma (NPC) is notably prevalent in East and Southeast Asia, where despite 
advancements in radiotherapy leading to high control rates, challenges like radioresistance and 
collateral tissue damage remain significant. While Schisandrin B (SchB) has been demonstrated 
antitumor effects in various tumors, its efficacy in NPC remains unexplored. In this study, we 
explored the antitumor potential of Sch B on NPC, particularly its effects on cell proliferation and 
radiosensitivity. Our research demonstrates that Sch B effectively inhibits the proliferation of NPC 
cell lines HONE-1 and CNE-1 by inducing cell cycle G1 phase arrest, specifically through the down-
regulation of cyclin-dependent kinase 4/6, without impacting the normal nasopharyngeal epithelial 
cell line NP69. This selective inhibitory effect positions Sch B as a targeted therapeutic agent, sparing 
healthy tissue from adverse effects. Furthermore, we observed that Sch B enhances the efficacy of 
radiotherapy in NPC cells by obstructing DNA double-strand break repair mechanisms, suggesting 
that a combined treatment regimen of Sch B and radiation could offer a superior therapeutic strategy. 
These findings propose Sch B not only as a potent inhibitor of NPC cell proliferation but also as an 
enhancer of radiosensitivity, providing a promising avenue for improving NPC treatment outcomes.
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Nasopharyngeal carcinoma (NPC) is an epithelial carcinoma originating from the nasopharyngeal mucosal 
lining and particularly prevalent in East and Southeast Asia1. Radiotherapy is the primary treatment for NPC2. 
Although the 5-year control rate of nonmetastatic NPC by radiotherapy can reach 80–90%, the challenges of 
radiation resistance and damage to surrounding normal tissues remain significant issues in clinical practice2,3. 
Radiosensitizers are chemical compounds designed to increase the sensitivity of tumors to ionizing radiation 
so as to reduce damage of surrounding normal tissues. Natural small-molecule compounds often exhibit 
bidirectional beneficial effects in reducing radiation damage and enhancing immunity, making them an ideal 
source of radiosensitizers4,5.

Schisandrin B (SchB), a natural small-molecule compound isolated from Schisandra chinensis (Turcz.) Baill., 
has been widely reported for its neuroprotective, liver protection, antioxidant, anti-inflammatory, antiviral, and 
anti-tumor effects6–9. In recently years, the antitumor effects of Sch B have received increasing attention, with 
studies reporting its efficacy in colorectal cancer, breast cancer, lung cancer, etc.10–18. Its inhibition effects on 
cancer involve several biological mechanisms, with induction of cell cycle arrest and apoptosis being among the 
most frequently authenticated19. However, the application of Sch B in NPC has not been investigated to date. 
Besides, Sch B has shown its potential as a chemotherapeutic drug sensitizer that promoted doxorubicin-induced 
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apoptosis of breast and hepatic tumor cells without affecting normal cells20. Previous studies have demonstrated 
that Sch B could enhance the efficacy of 5-Fluorouracil (5-FU) chemotherapy in gastric cancer cells21 and the 
intensify restriction of docetaxel (DTX)-induced cervical cancer cell growth22. This prompts the intriguing 
question of whether it exhibits similar potential as a radiosensitizer to increase the effectiveness of radiotherapy.

In this study, we first explored the antitumor effect of Sch B on NPC, and the results demonstrated that Sch B 
could significantly inhibit the proliferation of HONE-1 and CNE-1 cells in vitro, through a mechanism associated 
with CDK4/6 regulated cell cycle. More importantly, at a concentration of 40 μM, Sch B exhibited significant 
killing efficiency against NPC cells without affecting the proliferation and cell cycle of normal nasopharyngeal 
epithelial cells NP69. Besides, our study demonstrated that Sch B augmented the antitumor activity of radiation 
by delaying the repair of radiation-induced DNA double-strand breaks. This study suggests that combining 
radiation with Sch B is an effective therapeutic strategy for preventing NPC progression.

Results
Sch B suppresses cell proliferation in NPC cells in vitro but not normal nasopharyngeal 
epithelial cell
Due to the reported mechanisms of Sch B on other tumors are mainly focused on inhibiting cell proliferation, 
we first investigated the effects of Sch B on NPC and normal nasopharyngeal epithelial cell proliferation through 
CCK-8 cytotoxicity-proliferation assay and colony formation assay. The results showed that Sch B inhibited the 
proliferation of NPC cell line HONE-1, which was time and dose dependent. With the increase of time and 
concentration of Sch B, the proliferation inhibition of HONE-1 cells gradually increased, and IC50 values of 
24, 48 and 72 h were 68.49, 39.10 and 40.95 μM, respectively (Fig. 1A). In another NPC cell line CNE-1, Sch 
B exhibited the similar inhibitory effect. The IC50 values of 24, 48 and 72 h were 76.75, 42.26 and 44.09 μM, 
respectively (Fig. 1A). However, Sch B showed low toxicity to the normal cell of NP69, basically no killing effect 
was observed at the concentration below 40 μM (lg1.4 μM) (Fig. 1A). Microscopy cell counting demonstrated 
that the number of HONE-1 and CNE-1 cells decreased after 48 h treatment with 40 μM and 80 μM (lg1.6 μM) 
of Sch B, and the cell morphology changed at 80 μM, compared to 0 μM group (Fig. 1B). However, the number 
and morphology of NP69 cells substantially unchanged with 40 μM and 80 μM of Sch B (Fig. 1B), though cell 
viability reduced 40% at 80 μM, 48 h (Fig. 1A), suggesting that Sch B may induce metabolic stress in NP69 cells at 
higher concentrations without significantly altering cell morphology or number. The results of colony formation 
assay showed that Sch B inhibited the colony formation ability of HONE-1 and CNE-1 cells in a dose-dependent 
manner (Fig.  1C,D). These results showed that Sch B suppress NPC cell proliferation in vitro, while having 
negligible effect on normal nasopharyngeal epithelial cells.

Fig. 1.  Sch B suppresses cell proliferation in NPC cells in vitro but not normal nasopharyngeal epithelial 
cell. (A) Cell viability of NPC cells (HONE-1 and CNE-1) and normal nasopharyngeal epithelial cell NP69 
treated with 0, 20, 40, 60, 80 and 100 μM Sch B for 24 h, 48 h, 72 h. (B) The growth state of HONE-1, CNE-1 
and NP69 cells treated with 0, 40, 80 μM Sch B at 48 h (scale bar 200 μm). (C,D) Colony forming assay for 
HONE-1 and CNE-1 cells treated with 0, 10, 20, 30, 40 μM Sch B. The colony number was normalized to the 
0 μM group. All data are presented as mean ± SD from three independent experiments. *P < 0.05; **P < 0.01; 
***P < 0.001.
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Cell cycle contributes to Sch B-induced NPC cell proliferation inhibition
To further explore the possible mechanism of Sch B in NPC, we analyzed the differential expression genes 
(DEGs) KEGG pathway in HONE-1 cells with/without Sch B treatment (HONE-1_Sch B/HONE-1). To clarify 
the pathway with the greatest difference in the effects of Sch B on NPC and normal cells, we also performed 
the KEGG pathway enrichment on HONE-1 and NP69 cells treated with Sch B (HONE-1_Sch B/NP69_Sch 
B). The results showed that the effect of Sch B on HONE-1 (HONE-1_Sch B/HONE-1) and the most different 
effect of Sch B on HONE-1 and NP69 (HONE-1_Sch B/NP69_Sch B) were closely correlated with the cell cycle 
(Fig.  2A,B). Heatmap cluster analysis of 122 cell cycle enrichment genes showed that HONE-1 cells highly 
expressed G1 and S phase related genes including CDK4, CDK6, Cyclin D1, and Cyclin E1, compared with 
NP69 (Fig. 2C). We further performed heatmap on the expression levels of these proteins of interest, allowing for 
a clearer determination of the differences between groups thus more clearly (Fig. 2D). After treating with Sch B, 
the expressions of cell cycle related proteins in HONE-1_Sch B cells were approaching to NP69 cells (Fig. 2C,D). 
Therefore, the proliferation inhibition in NPC cells induced by Sch B was related to cell cycle regulated by CDK 
and Cyclin proteins.

Sch B induces cell-cycle arrest at G1 phase of HONE-1 and CNE-1 cells, but not normal 
nasopharyngeal epithelial cell NP69
To further validate the results of RNA-seq that Sch B inhibits NPC proliferation by regulating cell cycle, we 
performed flow cytometry. The results showed that with the increase of Sch B concentration (10–40 μM), the 
proportion of HONE-1 and CNE-1 cells in G1 phase significantly increased, while the cycle distribution of 
normal nasopharyngeal epithelial cell NP69 was not affected by Sch B within this concentration range (Fig. 3A–
C). This indicated that Sch B induced cell-cycle of NPC cells arresting at G1 phase. Therefore, we detected the 
expression of G1 phase related proteins. Western blot results showed that Sch B down-regulated CDK4/6 and 
up-regulated Cyclin D1 of HONE-1 and CNE-1 cells, but not affecting these proteins in NP69 (Fig. 3D).

Fig. 2.  Cell cycle contributes to Sch B-induced NPC cell growth inhibition. (A) The top 20 enriched KEGG 
pathways of differentially expressed genes of HONE-1_Sch B/HONE-1. (B) The top 20 enriched KEGG 
pathways of differentially expressed genes of HONE-1_Sch B/ NP69_Sch B23–25. (C) The heat-map analysis 
of 122 cell-cycle related gene expression in HONE-1, HONE-1_Sch B and NP69. (D) The heatmap of gene 
expression of CDK2, CDK4, CDK6, Cyclin D1, Cyclin E1.
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Sch B targets CDK4/6 to induce cell-cycle arresting at G1 phase
To explore whether Sch B can directly bind to CDK4/6, Cellular Thermal Shift Assay (CETSA) was conducted. 
It is an experiment that could detect the binding efficiency of intracellular drugs to target proteins. In general, 
target proteins would become stable when it binds to drugs, and the proteins degenerate when the temperature 
increase. If the protein and drug bind at the same temperature, the amount of non-degraded protein will 
increase26. The CETSA results showed that the levels of CDK4 and CDK6 in HONE-1 and CNE-1 cells treated 
with Sch B increased compared to their respective control group cells across the most temperature conditions. 
Sch B enhanced the thermal stability of CDK4/6 proteins, indicating that Sch B could directly bind to CDK4 
and CDK6 proteins (Fig. 4A). The binding abilities of Sch B with CDK4 and CDK6 were further verified by 
molecular docking (Fig. 4B). Schematic diagrams of drug-target binding mode are displayed on the right, and 
the details are on the left. Based on analysis (Autodock 4.2.6), the binding energy of Sch B with CDK4 and CDK6 
were − 4.73 and − 5.00 kcal/mol, characterized by hydrogen bonding with amino acid residues in ASP-94 and 
ARG-44. It suggested that Sch B and CDK4/6 have a certain binding ability.

Sch B increases the sensitivity of NPC cells to radiation
2D HONE-1 and CNE-1 cells were treated with Sch B, radiation, and Sch B combined radiation. After 5 d of 
culture, cells were fixed and dyed (Fig. 5A,B). The formation rate of clone in the combined treated group was 
significantly reduced compared to the Sch B group and the radiation group in both HONE-1 and CNE-1 (Fig. 5C). 
The result suggested that Sch B increased radiosensitivity in NPC cells. The main type of DNA damage induced 
by radiation is double-strand breaks, and the high capacity for DNA double-strand breaks repair is the most 
important mechanisms for tumor cell resistance to radiotherapy. We examine γ-H2AX by immunofluorescence 
to demonstrate and quantify DNA damage in HONE-1 and CNE-1 cells which were prepared with Sch B and 
radiation. As shown in Fig. 5D–F, 4 h after 4 Gy radiation, the γ-H2AX immunocytochemical positivity in Sch 

Fig. 3.  Sch B induces cell-cycle arrest at G1 phase of HONE-1 and CNE-1 cells, but not normal 
nasopharyngeal epithelial cell NP69. (A–C) Flow cytometry of cell cycle distribution in HONE-1, CNE-1 
and NP69 cells treated with 0, 10, 20, 30, 40 μM Sch B. (D) Immunoblot analysis of CDK4, CDK6, Cyclin 
D1, protein levels in HONE-1, CNE-1 and NP69 cells treated with 0, 20, 30 μM Sch B. GAPDH was used as a 
loading control.
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B + 4 Gy group cells (Mean values for γ-H2AX foci/nucleus: HONE-1 21.4, CNE-1 19.7) markedly elevated than 
that of the 4 Gy radiation group (Mean values for γ-H2AX foci/nucleus: HONE-1 13.2, CNE-1 12.5), indicating 
that Sch B promoted radiation-induced DNA damage. After 12 h of radiation, the positivity of γ-H2AX was 
extremely low in the 4 Gy radiation group (Mean values for γ-H2AX foci/nucleus: HONE-1 3.9, CNE-1 3.5), 
while the positivity of γ-H2AX in the Sch B + 4 Gy group (Mean values for γ-H2AX foci/nucleus: HONE-1 7.6, 
CNE-1 7.8) was significantly higher than that in the 4 Gy group, indicating that Sch B has the effect of delaying 
radiation damage repair in NPC.

Tumor organoids are 3D models in vitro, which can better simulate the structure of tumors compared to 2D 
cell lines. Previous studies have confirmed that 3D tumor model is a better former for studying radiosensitivity27. 
Therefore, we further validated the radiosensitization effect of Sch B on NPC using HONE-1 organoid model. 
The IC50 concentration of Sch B on HONE-1 organoids and the organoids’ viability after different radiation 
doses were first determined (Fig.  5G,H), based on which, the subsequent combined treatment experiment 
selecting a Sch B concentration of 20 μM and a radiation dose of 12 Gy. After 6 days of combined treatment with 
Sch B and radiation, cell viability of organoids was tested (Fig. 5I,J). Compared with 12 Gy radiation group, the 
activity of HONE-1 organoids in the Sch B + 12 Gy group was significantly reduced, indicating that Sch B has a 
radiosensitization effect, which was consistent with the 2D system.

Discussion
The etiology of NPC is multifactorial, encompassing genetic predispositions, viral infections, environmental 
factors, and lifestyle choices1,28–30. Due to the concealment of anatomical location and no special clinical 
symptoms, the disease is often found at a late stage. The effect of radiation therapy for locally advanced NPC 
is poor, and comprehensive treatment is often used31. Comprehensive treatment of NPC includes induction 
chemotherapy, synchronous radiotherapy, adjuvant radiotherapy, targeted therapy and immunotherapy32,33. 
Induction chemotherapy commonly uses cisplatin, 5-FU and gemcitabine to reduce tumor load and enhance 
radiosensitivity32. Synchronized radiotherapy is the use of small doses of chemotherapeutic agents in 
parallel with radiotherapy, commonly used drugs are cisplatin, carboplatin, and Lobaplatin34,35. However, 
systemic chemotherapeutic agents may lead to local and systemic side effects and are less well-tolerated to 
patients. Therefore, it is urgent to explore agents that are non-toxic or low-toxic to normal human tissues as 
radiosensitizers. Sch B emerges as a potential candidate in this context, demonstrating efficacy in inhibiting NPC 
cell proliferation and sparing normal nasopharyngeal epithelial cells by modulating the cell cycle and enhancing 
radiosensitivity through the delayed repair of radiation-induced DNA damage.

Since the discovery of Sch B for more than 40  years, research on it have mainly focused on its anti-
inflammatory, antioxidant and anti-fibrotic effects36. In recent years, the antitumor effects of Sch B have been 
highly anticipated6. The antitumor mechanisms of Sch B mainly include blocking the tumor cell cycle6,17, 
inhibiting tumor cell invasion and metastasis, reducing the expression of p-glycoprotein, multidrug resistance 
protein 1 and reversing tumor multidrug resistance37, inhibiting tumor angiogenesis38 and tumor cell DNA 
synthesis, DNA damage repair39,40. However, the effect of Sch B and its related mechanisms in NPC has not been 

Fig. 4.  Sch B targets CDK4/6 to induce cell-cycle arresting at G1 phase. (A) Cellular thermal shift assay for 
HONE-1 and CNE-1 cells treated with 0 and 30 μM Sch B. (B) Molecular docking of Sch B binding to CDK4 
and CDK6.
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Fig. 5.  Sch B increases the sensitivity of NPC cells to radiation. (A,B) Colony forming assay for HONE-1 and 
CNE-1 cells treated with Sch B (20 μM), radiation (4 Gy), Sch B+ radiation (20 μM + 4 Gy). (C) The formation 
rates of HONE-1 and CNE-1 cells treated with the conditions of (A,B). (D,E) Effect of Sch B or radiation on 
γ-H2AX foci formation for HONE-1 and CNE-1 cells. The representative images of nuclei from each group. 
Scale bar 20 μm. (F) Histogram represented values for γ-H2AX foci/nucleus. *P < 0.05; **P < 0.01; ***P < 0.001. 
(G) The cell viability of HONE-1 organoids with different concentrations of Sch B. (H) The cell viability of 
HONE-1 organoids with different radiation dose. (I) Bright field images of HONE-1 organoids treated with 
Sch B, radiation, Sch B combined with radiation on day 0 and day 6. Scale bar 200 μm (J) The cell viability of 
HONE-1 organoids treated with Sch B, radiation, Sch B combined with radiation on day 6. *P < 0.05; **P < 0.01; 
***P < 0.001.
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reported so far to our knowledge. This study marks the inaugural exploration of Sch B in the context of NPC, 
revealing its targeted inhibition of CDK4/6, consequent G1 phase arrest, and enhancement the radiosensitivity 
of NPC.

The sensitivity of tumor cells to radiation varies depending on different phases of the cell cycle. Generally, 
cells in the M and G2 phases are the most sensitive to radiation, followed by those in the G1 phase. When 
cells enter the S phase, they develop radiation resistance41,42. CDK4 and CDK6 are pivotal in driving cell 
cycle progression from G1 to S phase, with their activation facilitated by cyclin D upregulation in response 
to extracellular signals43. The phosphorylation of retinoblastoma protein (RB) by the CDK4/CDK6/cyclin D1 
complex is a critical step in S phase entry44,45. In our study, western blot results showed that the expression of 
CDK4/6 was significantly reduced after Sch B on NPC cells. Through cyclin D1 increased, the ability to form 
CDK4/CDK6/Cyclin D1 complexes was reduced, leading to cell arrest in the G1 phase, which is consistent with 
the results of flow cytometry assay. Specifically, Sch B causes NPC cells to arrest in the G1 phase, a stage that 
exhibits heightened sensitivity to radiation. It impedes these cells from progressing into the S phase, during 
which cells demonstrate significant resistance to radiation. Thus, Sch B enhances the radiosensitivity of NPC 
cells. In a study of Sch B inhibiting lung cancer cells, it has also been confirmed that Sch B reduced CDK4/6 and 
Cyclin D1 expression, blocking cells in the G0/G1 phase15. The study of gallbladder cancer showed CDK4 down-
regulation and G1 phase arresting17. Different from these studies, we also found that Sch B had little effect on the 
cell cycle and CDK4/6 of NP69. Furthermore, DNA double-strand breaks represent a primary consequence of 
radiation-induced damage. γ-H2AX, a well-established biomarker for DNA double-strand lesions, was utilized 
to investigate the impact of Sch B on DNA damage repair. We demonstrated that Sch B enhances radiosensitivity 
by delaying the repair of DNA damage.

After verifying that Sch B downregulates CDK4 and CDK6, we provided evidence that Sch B can directly 
interact with CDK4/6 using CETSA. However, based on the current data from this study and the existing 
literature on the anti-tumor effects of Sch B, the underlying mechanisms by which Sch B’s targeting of CDK4 
and CDK6 impacts the expression of these proteins remain elusive. In a study, nano-PROTACs were employed to 
specifically target and bind to CDK4/6. PROTACs recruit the intracellular ubiquitin–proteasome system, attach 
ubiquitin tags to CDK4/6, and then CDK4/6 is recognized and degraded by the proteasome46. It is possible that 
Sch B exerts its effect on the expression of CDK4/6 through a similar mechanism of degradation after binding.

CDK4/6 highly specific inhibitors include palbociclib (PD0332991), ribociclib (LEE011), and abemaciclib 
(LY2835219). Food and Drug Administration (FDA) has approved palbociclib and ribociclib for the treatment 
of HR-positive, HER2-negative advanced or metastatic breast cancer47. Clinical studies have found that CDK4/6 
inhibitors have significant efficacy and stabilizing effects on solid tumors such as breast cancer and non-small 
cell lung cancer47,48. Among these selective inhibitors, palbociclib was the most widely investigated and has been 
evaluated both in vitro and in vivo49,50. Interestingly, palbociclib has been reported to amplify the radiosensitivity 
to NPC via mediating apoptosis and suppressing DNA damage repair51. Our results confirmed that Sch B 
targeted CDK4/6 and enhanced the sensitivity of NPC to radiotherapy, which have significant similarities with 
palbociclib. However, palbociclib has some common side effects include neutropenia, leukopenia, diarrhea, 
fatiue, peripheral neuropathy and dry eyes syndrome52,53. From this perspective, Sch B is superior to palbociclib. 
Multiple studies have confirmed that Sch B has no damage on normal tissues and organs at dozens of μM 
concentrations at the cellular and animal levels, and even has a protective effect on tissues and organs9,54,55. Sch 
B has been documented in previous research to exhibit antioxidant properties within hepatocytes56. Oxidative 
stress is a well-recognized primary contributor to DNA damage. Reactive oxygen species (ROS), which are not 
only generated endogenously under normal physiological stress but also can be produced during radiation 
treatments57, are potent inducers of DNA lesions. Sch B can potentially reduce the oxidative damage to DNA in 
normal epithelial cells.

The complexity of Chinese medicine is often characterized by multiple effects, multiple targets, and multiple 
pathways of one drug. Sch B as the main active component of the Chinese medicine Schisandra Chinensis may 
have multiple antitumor effects as well as potential targets. However, we have confirmed that it does not cause 
damage to normal tissue cells. Therefore, Sch B may be a potential approach for the treatment of NPC. The 
present study was limited to the cellular and organoid levels, and on the effects of immune system and tumor 
microenvironment on the antitumor effects of Sch B in animal models are required for further validation.

Methods
Cell culture
The immortalized nasopharyngeal epithelial cell line NP69 and nasopharyngeal carcinoma cell lines HONE-
1 and CNE-1 were gifted by the South China State Key Laboratory of Oncology, Cancer Prevention and 
Treatment Center of Sun Yat-sen University (passage 20). NP69 was cultured in Defined Keratinocyte-SFM 
medium (Gibco, 10744019) supplemented with 5% fetal bovine serum (PAN Seratech, ST30-3302) and 0.2% 
Defined Keratinocyte-SFM Growth Supplement. HONE-1 and CNE-1 were cultured in RPMI 1640 (Gibco, 
C11875500BT) medium containing 10% fetal bovine serum. All the cell lines were incubated in 5% CO2, 37 °C.

CCK-8 cytotoxicity-proliferation assay
NP69 was seeded in 96-well plates at 4000 cell per well. HONE-1 and CNE-1 were inoculated in 96-well plates at 
800 and 1000 cell per well, respectively. After the cells adhering to the wall, different concentrations of Sch B (0, 
20, 40, 60, 80 and 100 μM) were added to each group and incubated for 24 h, 48 h, 72 h. Then, these cells were 
incubated with 100 μL medium and 10 μL CCK-8 reagent (New Cell and Molecular Biotech, C6005) at 37 °C for 
2 h. The optical density (OD) value was read on microplate reader (BIO-RAD, CA, USA).
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Colony formation assay
Proliferation inhibition effect of Sch B on NPC cells
The Sch B treated groups (10, 20, 30 and 40 μM) and the control group (0 μM) cells were planted in 6-well plates 
at 400 cell per well. After 7 d of culture, the colonies were fixed with 4% paraformaldehyde (BBI, E672002-0100) 
for 15 min, and were dyed with 0.1% crystal violet solution (BBI, 548-62-9) for 30 min, then photographed.

Radiosensitivity amplifying effect of Sch B on NPC cells
The control group (0  μM, 0  Gy), Sch B (Selleck, S3600) group (20  μM), radiation group (4  Gy), and Sch B 
combined radiation group (20 μM + 4 Gy) cells were planted in 6-well plates at 400 cell per well. The cells of Sch 
B group and Sch B combined radiation group were pretreated with 20 μM for 6 h. Then, the cells in each group 
were digested with trypsin, and irradiated the cells of radiation group and the Sch B combined radiation group 
with X-ray doses of 4 Gy, 6 Mv energy, 600 cGy/min. Cells of each group were re-seeded into 6-well plates. After 
5 d of culture, perform the above steps for fixation, staining, and photography.

Organoid culture
Cell suspension was mixed with Matrigel (Corning, 356237) at the ratio 1:1 (vol/vol). 50  μL droplets of 
Matrigel-cell suspension droplets were added to a pre-heated 24-well plate. After gelation, 500  μL organoid 
medium (detailed composition seen Table S1) was gently added to each well. When conducting drug sensitivity 
experiment, 1  mL per well of Corning Cell Recovery Solution (Corning, 354253) was added to each well, 
incubating for 10 min at 37 °C, followed by centrifugated at 800 rpm. The organoids in radiation group (12 Gy), 
and Sch B combined radiation (20 μM + 12 Gy) were irradiated with X-ray doses of 12 Gy, 6 Mv energy, 600 cGy/
min. Then, the organoids in each group were suspended in 50% cold Matrigel and reseeded in 96-well plates as 
described above. The organoids in Sch B group (20 μM) and Sch B combined radiation group (20 μM + 12 Gy) 
were treated with 20 μM Sch B, and new medium containing Sch B was changed at day 3. Six days after the Sch 
B and radiation exposure, ATP levels were measured using the CellTiter-Glo 3D Viability Assay (Promega, Cat# 
G9683) and luminescence was measured. Results were normalized to the control group (0 μM, 0 Gy).

Flow cytometry
HONE-1, CNE-1 and NP69 cells were divided into control group and Sch B treated group (10, 20, 30, and 
40 μM). After 48 h of Sch B treatment, the cells were harvested. 3 mL of precooled 70% ethanol was dripped 
into the centrifuge tube and fixed overnight at − 20 °C. The fixed cells were centrifuged at 1500 rpm for 20 min 
and then washed with PBS, and then centrifuged with another 1500 rpm for 5 min. 5 × 105 cells were counted by 
ice-cold PBS suspension. 250 µL PI/RNase (Roche, Shanghai, China) was added, following by incubation in dark 
at room temperature for 15 min. After screening, cell cycle distribution was analyzed by a BD flow cytometer 
(Franklin Lakes, NJ, USA).

Transcriptome sequencing and differential expression analysis
We prepared samples of HONE-1, HONE-1-SchB, NP69, and NP69-SchB to send to the Beijing Genomics 
Institute (BGI) for sequencing (Drug effects for 48  h), and sequencing was repeated three times. The RNA 
libraries were sequenced with PE 150  bp using BGISEQ platform. Raw reads are filtered by SOAPnuke and 
clean reads were compared to the reference sequence GRCh37 through HISAT. Gene quantitative analysis, 
various analyses based on gene expression levels were conducted, and the differentially expressed genes among 
the selected samples were further explored and analyzed through KEGG path significance enrichment analysis.

Molecular docking
The structural data format for Sch B was accessed through PubChem (https://pubchem.ncbi.nlm.nih.gov/), and 
the PDB (Protein Data Bank) format for CDK4 and CDK6 were accessed through PDB ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​r​c​s​b​.​o​r​
g​/​​​​​)​. Active ingredients and targets were pretreated: Sch B was fully hydrogenated, set to ligand automatically 
distributed charge and macromolecular proteins were dehydrated, fully hydrogenated by PyMOL, Autodock4.2.6. 
Molecular docking of compounds and core targets was performed using autodock-tools1.5.7 software, and the 
lowest energy binding mode was mapped using PyMOL.

Western blot
The total protein was extracted from RIPA lysate (Sangon, C500005-0100), denatured, and concentrated 
into 20 μg for each sample. It was separated by 10% SDS-PAGE electrophoresis and transferred to the PVDF 
membrane. The PVDF membrane was sealed with 5% skim milk at room temperature for 1 h, then incubated 
overnight at 4 °C with an antibody CDK4 (Proteintech, Illinois, USA, Cat. No. 11026-1-AP, 1:2000), CDK6 
(CST, Cat. No. 13331S, 1:1000), Cyclin D1 (CST, Cat. No. 2978S, 1:1000), and GAPDH (CST, Cat. No. 5174S, 
1:8000). The membrane was washed with TBS-T for 10 min for 3 times the next day, and incubated with goat 
anti-rabbit second antibody (1: 10,000) at room temperature for 1 h. After washing with TBS-T for 10 min for 
3 times, proteins were visualized with electrochemiluminescence substrate (Advansta, California, USA). The 
strips were photographed and analyzed by Tanon-5200 automatic chemiluminescence imaging analysis system 
(Tanon, Shanghai, China).

Cellular thermal shift assay
The experiment was divided into Sch B treated group (30 μM) and control group (0 μM), cells in each group 
were seeded into two plates of 10 cm dish. After being treated with Sch B for 4 h, the cells were collected and re-
suspended with PBS containing PI and PPI. The cell suspension was frozen and thawed rapidly in liquid nitrogen 
and 37 °C water and repeated for 3 times. After centrifugation at 13,000 rpm for 20 min, the supernatant was 
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placed in 0.2 mL EP tubes averagely. The EP tube is rapidly heated by PCR instrument, the temperature range is 
43–64 °C. After heating for 3 min, the temperature was reduced to 20 °C. The fully denatured protein was used 
in protein immunoblotting experiment.

Immunofluorescence assay
Cells were seeded on coverslips in a 24-well plate, then treated with Sch B for 4 h and exposed to a radiation 
dose of 4 Gy. They were fixed with 4% paraformaldehyde for 15 min at 4 and 12 h post radiation, and blocked 
in 5% BSA for 1 h at room temperature. Then, the cells were incubated with γ-histone-H2AX antibody (CST, 
Cat. No.2577s,1:300) and overnight at 4 °C, followed by incubation with Alexa488 antibody (Abbkine, Cat. No. 
a23210, 1:200) for 1 h at room temperature. The coverslips were stained with DAPI for 15 min to visualize nuclei. 
Images were captured with fluorescent confocal microscopy (Olympus Optical Co., Tokyo, Honshu, Japan).

Statistical analysis
GraphPad Prism 8.4.3 was used to analyze the data. Each experiment was repeated at least three times. The data 
are expressed as mean ± standard deviation. Statistical analysis was performed by Student’s t test to detect the 
significant differences between two groups. P value < 0.05 was considered as statistically significant.

Data availability
All data generated or analyzed during this study are included in this published article. The original data support-
ing these findings are available at any time upon request to the corresponding author.
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