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Objective

Disruption of the circadian rhythm is associated with cancer occurrence, response to chemotherapy, and poor prognosis. Thus, using internal clock-based chronotherapy to optimize the administration time may improve the therapeutic effects of anticancer drugs while reducing the side effects. Chronotherapy with 5-fluorouracil (5-FU) has been observed in colorectal cancer (CRC) for a long time, but its effect is under controversial and the mechanism remains unclear.



Methods

Genome-wide clustered regularly interspaced short palindromic repeats (CRISPR) screening and RNA-sequencing were combined to identify the potential genes or pathways involved in 5-FU chronochemotherapy. Genetic deletion or overexpression of pyrimidine metabolic pathway genes were conducted to examine cellular viability with or without 5-FU via flow cytometry. Western blotting, qPCR, chromatin immunoprecipitation, gain-of-function and loss-of-function assays of several CRC cell lines in vitro and in vivo were used to elaborate and validate the mechanism of 5-FU chronotherapeutic effects.



Results

Chronochemotherapeutic effects of 5-FU on CRC in vivo were verified. Furthermore, 5-FU chronochemotherapy related genes such as UPP2, UCK2 and UMPS in the pyrimidine metabolic pathway were identified. Disturbance in these genes, especially UMPS, perturbs 5-FU treatment outcomes in CRC cells. Mechanistically, the core circadian gene, brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein-1 (BMAL1), extensively regulate gene expression in pyrimidine metabolic pathway by binding to E-box element in the promoter region of key genes such as UMPS and perturb their enzymatic activities, thereby maintain diurnal efficacy of 5-FU in CRC cells.



Conclusion

This study uncovered a new mechanism by which a core circadian gene BMAL1 increases the effectiveness of 5-FU by enhancing the expression and enzymatic activities of key genes in the pyrimidine metabolic pathway in CRC cells. The findings suggest a novel strategy for CRC chemotherapy by targeting chrono-modulated genes of the 5-FU metabolic pathway.
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Introduction

Circadian clocks are entrained by internal and external signals to regulate day-night fluctuations in an organism’s physiological and pathological events (1). The core clock machinery comprises a negative transcription-translation feedback loop. The core circadian proteins brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein-1 (BMAL1) and circadian locomotor output cycles kaput (CLOCK) constitute a heterodimer that functions as a positive regulator, whereas cryptochrome and period heterodimerize to serve as negative regulators (2). The circadian clock is involved in regulating the hallmarks of cancer, including the cell cycle, DNA repair, and xenobiotic metabolism (3). Hence, drugs targeting these pathways have been explored for chronotherapy (4). Chronotherapy refers to the selection of an appropriate medication time based on the internal biological rhythm. This strategy is widely considered an effective way to maximize the benefits of the treatment while minimizing the toxicities (5). Nevertheless, the mechanism through which the clock regulates the effects of anticancer agents is unclear.

The drug 5-fluorouracil (5-FU) is a synthetic fluorinated pyrimidine analog that is widely used in the treatment of cancers including colorectal cancer (CRC), breast cancer, and respiratory and digestive tract cancers (6). This drug is mainly converted into active metabolites such as fluorodeoxyuridine monophosphate (FdUMP), which inhibits the action of thymidylate synthase (TYMS), a rate-limiting enzyme of DNA synthesis, ultimately leading to cell damage (7). However, acquired drug resistance is the main issue limiting its clinical application (8). Therefore, it is imperative to explore alternative strategies to improve 5-FU sensitivity.

Whether the chronotherapeutic effect of 5-FU is beneficial in CRC remains controversial. In subcutaneously transplanted sarcoma, TYMS is expressed in a circadian manner. Fourteen hours after light onset (HALO14), when TYMS activity is the lowest, 5-FU displays better therapeutic effects and fewer side effects than HALO22 (9). However, malignant processes could selectively alter the circadian rhythms that influence the chronotherapeutic effects in patients with cancer (10). Overall, a consistent statement on chronochemotherapy with 5-FU is absent in clinical research regarding CRC. For example, two multicenter randomized clinical trials have reported that a chronomodulated delivery of combination chemotherapy with oxaliplatin, 5-FU, and leucovorin is more effective and less toxic than constant administration in the treatment of metastatic CRC (11, 12). However, a larger study in Europe found “no beneficial effect of chronotherapy in the study population as a whole”, but it was simultaneously observed that male patients with CRC benefited from a chronomodulated scheme, indicating that chronotherapy may be sex-dependent and complicated (13). Therefore, there is an urgent need to understand the underlying mechanism explaining the intricate role of the biological clock in chronotherapy involving 5-FU.

In this study, we analyzed and compared the effects of administering 5-FU at HALO16 and HALO4 on the volume and weight of tumors in subcutaneously transplanted nude mice. In addition, we performed genome-wide CRISPR-based screening combined with RNA sequencing to identify the pathways involved in 5-FU chronochemotherapy. We further investigated the role of the core circadian gene BMAL1 in regulating pyrimidine metabolic pathway-related genes, along with the underlying mechanism, and tested the effects of altering the expression of these genes on the sensitivity of CRC cells to 5-FU. Overall, our research revealed a new mechanism by which the circadian time system affects 5-FU chronochemotherapeutic efficacy in CRC, which may help increase drug efficacy.



Materials and methods


Cell Lines and Cell Culture

SW480 and SW620 human CRC cell lines were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The HCT116 human CRC cell lines were a gift from Southern Medical University (Guangzhou, China). Cells were maintained as previously described (14).



Circadian Rhythm Induction

Cells were seeded in dishes or well plates, the medium was removed from confluent cultures of CRC cells after starvation for 24 h, and cells were treated with 50% horse serum (Gibco, MA, USA) for 3 h followed by replacement with fresh medium (the time of addition of 50% horse serum was ZT0) (15). The cells did not receive any further medium changes from this point onward until the time of harvest. Individual plates were harvested for total RNA and protein extraction. Synchronized cells in 6-well or 96-well plates with or without 5-FU were used for flow cytometry analysis.



Xenografted Tumor Model

All male BALB/c nude mice (4 weeks old) were purchased from GemPharmatech (Nanjing, China). All mice were kept under 12:12 LD conditions with the light on from 8 a.m. to 8 p.m. and fed with water and antibiotic-free food ad libitum. All animal experiments were performed with the approval of the Institutional Animal Care and Use Committee. HCT116 cell suspensions [5 × 106 cells mixed in 200 μL containing serum-free medium and growth reducing Matrigel (1:1)] were subcutaneously injected into the backs of mice. One week after cell inoculation, mice were treated with 5-FU (30 mg kg−1, twice a week) or PBS at the indicated time points for 4 weeks. Tumor weight and volume were monitored once a week. At the endpoint of the experiment, the mice were sacrificed to compare tumor weight and volume.



CRISPR-Cas9 Library Screening and Cell Transduction

The SW480 cell line was transduced at a multiplicity of infection of ~ 0.5 with lentivirus containing a genome-wide lentiviral human CRISPR knockout guide library with 58 028 single-guide RNAs (sgRNAs) from Genscript (Nanjing, China) with approximately 300-fold representation (cells per construct). Puromycin (1 μg/mL) was added to the cells after transduction for 24 h and maintained for 7 days. Subsequently, 2 × 107 cells were collected for baseline genomic DNA analysis. The remaining cells were split into four dishes, synchronized using horse serum, and treated with 5-FU (500 μM) or DMSO at the indicated time for 36 h. After drug treatment, 2 × 107 cells were collected from either the drug group or the DMSO control group for analysis.



Data Processing and Initial Analysis

MAGeCK software (v0.5.1) was used for data analysis (16). Sample reads were mapped to the reference sgRNA library with mismatch option as 0 using MAGeCK. Median normalization was performed to adjust for library sizes and read counts. Raw reads and normalized reads were obtained as described by Zhang et al. (17). With the standard reads acquired above, the data were analyzed as described.



Data Analysis

In brief, considering the variation in transfection and knockdown efficacy, we focused on sgRNAs rather than genes. Then, data obtained from ZT16 DMSO, ZT16 5-FU, ZT28 DMSO, and ZT28 5-FU groups were labeled datasets A, B, C, and D, respectively. First, the nontargeting sgRNAs and sgRNAs with reads of 0 reads were deleted before adding 1 read per sgRNA in each group. Therefore, the A1, B1, C1, and D1 datasets were obtained. Second, sgRNAs were selected with reads that showed changes < 0.5 or ≥ 2 times when compared the ZT16 5-FU group with the ZT16 DMSO group, and then, the datasets were named A2 and B2 respectively. Third, genes showing relatively high confidence that corresponded to the same sgRNA in B2 (named B2’ dataset) and the significant genes corresponding to the sgRNA that showed a ratio of reads B2/A2 ≥ 5 times (named B2’’ dataset) were selected. B2’ was combined with B2’’ to obtain the B3 dataset. Similarly, the dataset including genes corresponding to the same sgRNAs in the A2 dataset was named A2’. The A2’’ dataset included the significant genes corresponding to the sgRNAs showing a read ratio of B2/A2 < 0.2. The A3 dataset was obtained by combining A2’ with A2’’ (A3 = A2’ + A2’’). The D3 and C3 datasets were obtained in the same way. Finally, B3 was intersected with D3, and the datasets containing the unique data points from B3 and D3 were labeled as B4 and D4, respectively. Likewise, the A4 and C4 datasets were obtained.



Statistical Analysis

Data were assessed using a T test or one-way ANOVA. The results are summarized using the mean ± standard deviation (SD). P-value < 0.05 was identified as statistically significant and all statistical data were analyzed with GraphPad Prism 8.0 software.




Results


The Therapeutic Effects of 5-FU in CRC Are Rhythmic In Vivo

Considering the lack of a consistent statement, we investigated the pharmacological variation in 5-FU chronochemotherapy in CRC using in vivo assays. Nude mice with subcutaneous tumors were injected intraperitoneally twice a week with 30 mg kg−1 5-FU at HALO4 and HALO16 for a total of 4 weeks after synchronization under 12 h light and 12 h dark (12:12 LD) conditions for two weeks. The results of the 5-FU treatment in the two cohorts showed that the volume and weight of xenografts in the HALO16 group were significantly smaller than those in the HALO4 group (Figures 1A, B; Supplementary Figures 1A–C), along with lower intertumor volume variability. These data showed that 5-FU had a chronochemotherapeutic effect on CRC.




Figure 1 | The therapeutic efficacy of 5-FU in CRC are rhythmic in vivo. (A, B) HCT116 cells were subcutaneously injected into mice to observe 5-FU chronochemotherapy in cohort 1. One week after cell inoculation, the mice were treated with 5-FU (30 mg kg-1, twice a week) or PBS at the indicated time points for four weeks. (n = 4 unpaired t test). (C) Schematic diagram for resetting the circadian oscillations in cultured cells by horse serum. Cells were collected every 4 h for a total of 24 h at the indicated time points. ZT, zeitgeber time (literally, time given or time cue) refers to environmental variables that act as circadian time cues. (D–F) The expression of BMAL1 and PER2 at the indicated time points in SW480 cells after synchronization using Western blotting and qPCR (n = 3). (G–I) The expression of BMAL1 and PER2 at the indicated time points in HCT116 cells after synchronization using Western blotting and qPCR (n = 3).





Genome-Wide CRISPR Screening Identifies the Pyrimidine Metabolic Pathway Involved in 5-FU Chronomodulated Efficacy in CRC

To investigate the mechanism underlying the chronochemotherapeutic effects of 5-FU in CRC, we performed genome-scale CRISPR screening using the human GeCKO library B in SW480 cells with or without 5-FU. This library contained 58 028 sgRNAs, including three sgRNAs per gene and 1 000 nontargeting controls (18). We successfully synchronized the biological rhythms of various CRC cell lines, such as SW480, HCT116, and SW620, using horse serum (Figures 1C–I; Supplementary Figures 1D–F). We found that TYMS expression was rhythmic in synchronized CRC cells (Supplementary Figure 2). Hence, 5-FU was administered at zeitgeber 16 (ZT16, when TYMS expression was near the peak) and ZT28 (when TYMS expression was near the trough). Next, we sequenced the genomic DNA from each population and analyzed the sgRNA distribution between groups using MAGeCK (Figure 2A). The sgRNA mapping rate was > 75% in the five groups (Supplementary Figure 3A) with considerable uniformity and correlations among the sequencing samples (Supplementary Figures 3B, C) and a coverage of approximately 100–300 × in most sgRNA sequences (Supplementary Figure 3D). Data were first analyzed using MAGeCK (Supplementary Figures 4A–C). However, due to complicated circadian factors and drug factors (19), the data were analyzed using a method that better fit our model (Figure 2B). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed that ZT28 5-FU sensitivity genes were enriched in cancer-related hallmark pathways. These pathways included metabolic pathways, pyrimidine metabolism, P53 signaling pathways, cell cycle and nucleotide excision repair (Figure 2C). Among these, pyrimidine metabolism was the most significantly enriched pathway.




Figure 2 | Genome-wide CRISPR screening reveals the pyrimidine metabolic pathway involved in 5-FU chronomodulated efficacy in CRC. (A) Diagram depicting the genome-wide CRISPR screening process. (B) Analytical process of the ZT16 DMSO, ZT16 5-FU, ZT28 DMSO, and ZT28 5-FU groups. The ZT16 5-FU group indicates 5-FU treatment at ZT16, and the ZT16 DMSO group indicates DMSO treatment at ZT16. The same was true for the ZT28 5-FU and ZT28 DMSO groups. (C) KEGG pathway analysis of ZT28-sensitive genes. The numbers on the right of the bars indicate the ratio of enriched hits, and the content in the brackets indicates the corresponding p value. (D, E) The protein expression levels of BMAL1 after knocking down BMAL1 in SW480 cells via western blotting and qPCR. (n = 3, unpaired t test). *** indicates p < 0.005. (F) KEGG pathway analysis of significant genes in the shBmal1 versus shnc groups. (G) KEGG pathway analysis of significant genes in the shBmal1 5-FU versus shBmal1 groups. (H) Venn diagram showing intersecting pathways in genome-wide CRISPR and RNA-seq screening. (I) Schematic diagram showing the location of screened genes in the pyrimidine metabolic pathway. They are UPP2, UCK2, ENPP3, UMPS, carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, and dihydroorotase (CAD). Briefly, 5-FU is converted to fluorouridine monophosphate (FUMP) either directly through orotate phosphoribosyl transferase (UMPS) or indirectly through the sequential action of UPP2 and UCK. ENPP3 is a phosphohydrolase that hydrolyzes nucleotide triphosphates into monophosphate nucleotides.



To selectively identify the genes or pathways that are possibly associated with chrono-dependent 5-FU efficacy, we performed RNA sequencing of shBmal1 and shnc SW480 cells in the presence or absence of 5-FU (Figures 2D–G). Surprisingly, the pyrimidine metabolic pathway was also involved in the regulation of the BMAL1-mediated 5-FU response. Specifically, genes encoding five enzymes of the pyrimidine metabolic pathway were identified: uridine phosphorylase 2 (UPP2), uridine-cytidine kinase 2 (UCK2), ectonucleotide pyrophosphatase/phosphodiesterase 3 (ENPP3), uridine monophosphate synthetase (UMPS), and carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, and dihydroorotase (Figures 2H, I). Taken together, these results highlight the pivotal role of the pyrimidine metabolic pathway in 5-FU chronochemotherapy.



Genetic Deletion of Pyrimidine Pathway-Related Genes Promotes Robust 5-FU Resistance in CRC Cells

To determine whether pyrimidine pathway-related genes affect 5-FU sensitivity in CRC cells, we knocked down and overexpressed UPP2, UCK2 or UMPS in SW480 and HCT116 cell lines before administration of 5-FU. Then, cell viability was measured via flow cytometry. The results showed that the downregulated expression of any of these three genes conferred partial resistance to 5-FU, most prominently in the case of UMPS. Moreover, simultaneous repression of two or three of these genes conferred higher resistance than single-gene knockdown. In addition, the resistance effects were dose-dependent (Figures 3A–E). Accordingly, overexpression of pyrimidine metabolic genes conferred sensitivity to 5-FU (Figures 3F–J). Moreover, a consistent phenotype was found in SW480 cells (Supplementary Figure 5). These results indicated the importance of pyrimidine metabolic genes in 5-FU treatment efficiency.




Figure 3 | Genetic deletion of pyrimidine pathway genes promotes robust 5-FU resistance in HCT116 cells. (A–C) Validation of the knockdown efficiency of UPP2 by qPCR in HEK293T, and validation of the knockdown efficiency of UCK2 and UMPS in by qPCR in HCT116 cells. (D, E) Dead cells were determined by flow cytometry of HCT116 cells knocking down pyrimidine metabolic pathway genes after treatment with 5-FU (0, 300 μM, 500 μM, 750 μM, 48 h). (n = 3, one-way ANOVA per concentration). (F–H) Validation of the overexpression efficiency of UPP2, UCK2 and UMPS by qPCR in HCT116. (I, J) Dead cells were determined by flow cytometry of HCT116 cells overexpressing pyrimidine metabolic pathway genes after treatment with 5-FU (0, 500 μM,750 μM,48 h). (n = 3, one-way ANOVA per concentration). ** indicates p < 0.01, *** indicates p < 0.005, **** indicates p< 0.001 versus si-nc (#) or vector (#), ns indicates there is no significant.





BMAL1 Extensively Regulates Gene Expression in the Pyrimidine Metabolic Pathway and Stimulates Pyrimidine Metabolism in CRC Cells

Analysis of CircaDB (20) revealed that the genes identified in our study, as well as certain other genes involved in 5-FU metabolism mediated by the pyrimidine metabolic pathway were expressed in a circadian rhythm (Supplementary Figure 6). These data indicated that the genes involved in pyrimidine metabolism were clock-controlled.

To further validate whether the pyrimidine metabolic pathway is regulated by the circadian clock, we examined the changes in the expression of pyrimidine metabolic pathway genes, e.g., UMPS, uridine phosphorylase 1 (UPP1), UPP2, uridine-cytidine kinase 1 (UCK1), UCK2, ribonucleotide reductase (RRM1), thymidine phosphorylase (TYMP), and ENPP3 after overexpression or knockdown of BMAL1 in SW480 and HCT116 cells. We found that the mRNA expression levels of these genes decreased significantly after BMAL1 knockdown, and the decrease was most prominent for UMPS (Figures 4A–C). Moreover, the mRNA expression levels of these genes increased significantly after BMAL1 overexpression (Figures 4D–F). These results indicated that these genes were affected by the core circadian clock gene BMAL1.




Figure 4 | BMAL1 extensively regulates gene expression in the pyrimidine metabolic pathway and stimulates pyrimidine metabolism in CRC cells. (A–C) Confirmation of the changes in pyrimidine pathway genes related to 5-FU metabolism, while BMAL1 was deregulated in SW480 and HCT116 cells by qPCR. (D–F) Confirmation of the changes in pyrimidine pathway genes related to 5-FU metabolism, while BMAL1 expression was upregulated in SW480 and HCT116 cells, as shown by qPCR. * indicates p < 0.05, ** indicates p < 0.01 versus si-nc or vector, ns indicates there is no significance. (G) Schematic depicting the mechanism of 5-FU. In brief, 5-FU is converted into various fluoronucleotide derivatives that disrupt RNA and DNA syntheses by incorporation into RNA and DNA, thus exerting its cytotoxic effects in cells. The mechanism of 5-FU activation is conversion to fluorouridine monophosphate (FUMP), either directly through orotate phosphoribosyltransferase (UMPS) or indirectly by fluorouridine (FUR) through the sequential action of uridine phosphorylase (UPP) and uridine kinase (UK). Other enzymes depicted are thymidine phosphorylase (TYMP), thymidine kinase (TK), thymidylate synthase (TYMS) and ribonucleotide reductase (RRM). Other metabolites indicated are fluorodeoxyuridine (FUDR), fluorodeoxyuridine monophosphate (FdUMP), fluorouridine diphosphate (FUDP), fluorodeoxyuridine diphosphate (FdUDP), fluorouridine triphosphate (FUTP), fluorodeoxyuridine triphosphate (FdUTP), deoxynucleotide (dNTP), and deoxyuridine triphosphate (dUTP). (H) The content of pyrimidine metabolites in shBmal1 and shnc cells measured by LC-MS. (I) The content of pyrimidine metabolites in shnc cells after 5-FU treatment (500 μM). (J) Heatmap showing the contents of uracil, uridine, cytidine monophosphate (CMP), and cytidine in shBmal1 cells after 5-FU treatment (500 μM). (K) Detection of the contents of uracil, uridine, CMP, and cytidine in shBmal1 cells after 5-FU treatment using LC-MS (n = 3, unpaired t test). * indicates p < 0.05, *** indicates p < 0.005, **** indicates p < 0.001.



To elucidate whether BMAL1 regulates the activities of pyrimidine metabolic enzymes, we monitored the pyrimidine metabolite content in the shBmal1 and shnc cells with or without 5-FU using liquid chromatography coupled with mass spectrometry (LC-MS) (Figure 4G). The shBmal1 cells showed lower concentrations of uridine monophosphate (UMP), uracil, uridine, cytidine monophosphate (CMP), and cytidine than the shnc cells. Moreover, the reduction in the levels of the pyrimidine metabolites UMP and uridine was statistically significant (P < 0.05) (Figure 4H), suggesting that BMAL1 was involved in their regulation. Since 5-FU is a pyrimidine analog, its pharmacological activities are anticipated to be similarly affected by BMAL1. As predicted, 5-FU independently modulated the levels of pyrimidine metabolites, and the disturbance was more prominent when BMAL1 was knocked down (Figures 4I, J). Compared with those in the 5-FU-treated shnc cells, the uracil, uridine, CMP, and 5-FU levels in the shBmal1 5-FU cells were significantly lower (P < 0.05) (Figure 4K). These results suggested that BMAL1 affected pyrimidine metabolism and might influence chronochemotherapeutic function.



BMAL1 Regulates UMPS Expression by Binding to the E-box at the UMPS Promoter

We further investigated how the circadian clock regulates pyrimidine metabolic genes and mediates the pharmacological activity of 5-FU. Our data conformed that UMPS expression in CRC cells was increased after overexpressing BMAL1 and were decreased after knocking down BMAL1 using western blotting (Figures 5A, B), suggesting that UMPS transcription and translation were controlled by BMAL1.




Figure 5 | BMAL1 regulates UMPS expression by binding to the E-box in the UMPS promoter. (A, B) The protein expression levels of BMAL1 and UMPS upon knockdown or overexpression of BMAL1 in HCT116 cells via western blotting. (C) ChIP-seq of BMAL1 showed binding signals on the promoter region of UMPS in CRC LOVO cells. The blue arrow indicates the transcription start site (TSS) of the UMPS gene. (D) The schematic shows the CLOCK-BMAL1 binding sites at the UMPS promoter. (E) ChIP analysis of BMAL1 binding to the E-box region of UMPS in HCT116 cells. -186 bp represents 186 base pairs from the transcriptional start site of UMPS. (F, G) Luciferase reporter assays revealed transcriptional activation of UMPS in HEK 293 and HCT116 cells by BMAL1 or BMAL1+CLOCK. When the binding site was mutated, the activation was significantly decreased. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.005, **** indicates p<0.001.



According to the genome-wide transcript profile, BMAL1 targets over 150 sites in the human genome, including all known clock genes and several genes regulating metabolism (21). BMAL1 is a core circadian transcription factor that regulates downstream genes by binding to E-box elements in their promoters (22). Since UMPS is a critical enzyme in the pyrimidine metabolic pathway, we hypothesized that BMAL1 activates the transcription of UMPS in CRC cells by binding to E-box elements within its promoter region to regulate pyrimidine metabolism. Indeed, ChIP-seq analysis showed that BMAL1 could bind to the promoter region of UMPS in CRC cells (Figure 5C). Moreover, ChIP-qPCR assays confirmed the presence of a BMAL1 binding site from -209 to 0 bp at the UMPS promoter from the transcriptional start site (Figures 5D, E). We then evaluated the transcriptional activation of UMPS by BMAL1 using luciferase assays. The wild-type UMPS promoter resulted in the highest transcriptional activity of the luciferase gene in the presence of BMAL1 or BMAL1+CLOCK. However, the UMPS promoter with a mutated E-box was unable to sufficiently trigger the transcription of the reporter gene with exogenous overexpression of BMAL1 with or without CLOCK (Figures 5F, G). These results indicate that BMAL1 regulates UMPS transcription by binding to the E-box within its promoter region.



UMPS Enhances 5-FU Sensitivity Through BMAL1 in CRC Cells In Vitro and In Vivo

We then performed gain-of-function and loss-of-function analyses to determine whether the increase in 5-FU sensitivity caused by UMPS is mediated via BMAL1. 5-FU sensitivity declined in the shBmal1 group compared with that in the control group, whereas it increased in the shBmal1+OEUmps group, and the effects were dose-dependent (Figures 6A–F). In addition, we observed a decrease in the tumor weight of subcutaneous xenografts generated from the 5-FU-treated shBmal1+OEUmps CRC cells compared with that of the OE Umps group (Figures 6G, H). These observations suggest that the inactivation of UMPS caused by BMAL1 knockdown played a vital role in 5-FU resistance. Moreover, we noted that 5-FU sensitivity in the shUmps group was lower than that in the OEBmal1+shUmps group. Additionally, these effects were dose-dependent (Supplementary Figure 7). Taken together, these data indicated that UMPS, a key enzyme in the pyrimidine metabolic pathway, improved 5-FU sensitivity in vitro and in vivo, and that this phenomenon was regulated by BMAL1.




Figure 6 | UMPS enhances 5-FU sensitivity through BMAL1 in vitro and in vivo in CRC cells. (A, B) The protein expression levels of BMAL1 and UMPS upon simultaneous knockdown of BMAL1 with or without overexpression of UMPS in HCT116 cells via western blotting. (C, D) The protein expression levels of UMPS upon knockdown or overexpression in HCT116 cells via western blotting. (E, F) Dead cells were determined by flow cytometry of HCT116 cells with simultaneous knockdown of BMAL1 with or without overexpression of UMPS after treatment with 5-FU (0, 300 μM, 500 μM, 750 μM, 48 h). (n = 3, one-way ANOVA per concentration). (G, H) OE Umps or shBmal1+OEUmps stable HCT116 cells were subcutaneously injected into mice. One week after cell inoculation, mice were treated with 5-FU (30 mg kg−1, twice a week) at HALO16 for 4 weeks. (n = 5 or 6, unpaired t test). After 4 weeks of treatment, the tumors were resected and analyzed. * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.005.






Discussion

Many studies have focused on improving chronotherapy, but little provides a better understanding of the mechanism of the circadian clock in cancers. In this study, we used a genome-wide CRISPR-based screening approach to investigate the involvement of the pyrimidine metabolic pathway in 5-FU chronochemotherapy in CRC. Deletion of pyrimidine pathway-related genes confers 5-FU resistance in CRC cells. By analyzing CircaDB, we found that the expression of most pyrimidine metabolic pathway-related genes was periodic. Moreover, pyrimidine metabolic pathway genes such as UPP2, UCK2 and UMPS were conformed to be regulated by BMAL1, among which UMPS was predominantly regulated by this mechanism. Mechanistically, BMAL1 binds to the E-box region of promoters to regulate their expression, which not only promotes 5-FU metabolism but also increases the 5-FU content in CRC cells. This phenomenon affects 5-FU pharmacological activity rhythmically. Moreover, UMPS inactivation caused by BMAL1 knockdown plays a vital role in 5-FU resistance in vivo and in vitro. These findings identify pyrimidine pathway genes as key regulators of 5-FU chronochemotherapy in CRC. We propose that genetic or pharmacological modulation of clock-related proteins may be a promising way to enhance the chemosensitivity of 5-FU.

The antimetabolite 5-FU exerts its antitumor effects by incorporating into DNA and RNA in the same way as uracil. Resistance to 5-FU is associated with the expression of UMPS, TYMS, TYMP, dihydropyrimidine dehydrogenase, and P53, as well as microsatellite instability, in CRC (23–27). In recent years, study has shown that upon coincubation with the antimetabolite, uridine competes with 5-FU to be incorporated into RNA, generating 5-FU resistance (28). Moreover, 5-FU combined with irinotecan and oxaliplatin can improve the response rate of advanced CRC by 40–50% (26). However, alternative treatment strategies need to be developed.

The chronotherapeutic effects of 5-FU were reported to be dependent on patient and animal models, and the associated mechanism is unclear in CRC. Our study confirmed that 5-FU had a diurnal effect on CRC, which was demonstrated using subcutaneous tumor formation in nude mice. The volume and weight of subcutaneous tumors in the HALO16 group were significantly smaller than those in the HALO4 group, consistent with reports that 5-FU has better therapeutic effects at HALO14 than at HALO22. TYMS activity was high and BMAL1 expression was low in HALO22 cells (9). Thus, we speculated that BMAL1 was involved in regulating TYMS activity and associated with 5-FU sensitivity in CRC. This finding is supported by the recent studies which reported that BMAL1 overexpression can increase the sensitivity of CRC to oxaliplatin and paclitaxel in tongue squamous cell carcinoma and gemcitabine in pancreatic cancer (29–31). Due to the lack of molecules that can compensate for the function of core circadian genes, BMAL1 is crucial for maintaining the circadian rhythm (21, 32). However, high expression of BMAL1 is associated with drug resistance (33). These phenomena indicate that the complicated mechanisms of circadian regulation influence the effectiveness of cancer therapy. Hence, chronochemotherapies should be designed considering the properties of individual biomolecules to obtain better therapeutic results.

CRISPR library screening is widely used to filter drug targets and study pathogenic mechanisms of disease (34). However, the identified top hits are often difficult to phenocopy in screened models via genetic deletion or overexpression of a single gene due to off-target effects and varied transfection efficiencies (19). In this study, we used genome-wide CRISPR screening to identify the mechanism of 5-FU chronotherapy in SW480 cells. We found that the pyrimidine metabolic pathway was involved in 5-FU chronochemotherapy in CRC. We further revealed that knockdown of pyrimidine pathway-related genes conferred 5-FU resistance, whereas their overexpression improved 5-FU sensitivity in CRC, suggesting the possibility of pathway-centered therapy for tumor intervention.

In this study, we discovered a new pathway involved in the therapeutic effects of 5-FU. Intracellular drug levels are determined via drug uptake capacity and drug metabolic efficiency (23). The drug 5-FU enters cells via the solute carrier family. The mechanism of 5-FU activation involves conversion to fluorouridine monophosphate (FUMP), either directly through OPRTase or indirectly by fluorouridine (FUR) through the sequential action of UPP and UCK (26). Our data indicated that the cellular levels of 5-FU and pyrimidine metabolites, such as uridine and UMP, were regulated by BMAL1. Previous reports have indicated that certain key enzymes related to 5-FU function display circadian rhythms (9, 35). For example, the levels of dihydropyrimidine dehydrogenase, the rate-limiting enzyme for pyrimidine decomposition in monocytes, increased by nearly 40% from 22:00 h to 00:00 h, when the treatment effect of 5-FU is more pronounced (35). Moreover, TYMS was expressed in a circadian manner in subcutaneously transplanted sarcoma (9), which further corroborates our observations in synchronized CRC cells (Supplementary Figures 3A–C), indicating fluctuating activity of pyrimidine-metabolizing enzymes. The reduction in pyrimidine metabolites in shBmal1 cells is also possibly due to the low circadian clock state of BMAL1 knockdown cells, resulting in low substrate synthesis and metabolism (36).

Taken together, this study provides a hitherto uncharacterized mechanism of the role of the biological clock in 5-FU chronochemotherapy. In translational studies, pyrimidine metabolic pathway-related genes, such as UMPS, should be further developed as a druggable chronomodulated target for preventing resistance to fluorouracil therapy in CRC patients. We investigated only the potential role of the pyrimidine metabolic pathway in the chrono-based chemotherapeutic effects of 5-FU; the roles of other pathways may also be relevant issues for its chronotherapeutics, which await subsequent assessment. We expect that our results will increase researchers’ attention to individual 5-FU precision treatment for CRC.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

All animal experiments were performed with the approval of the Institutional Animal Care and Use Committee in Fudan University.



Author Contributions

CL and RQ conceived the project; CL and YN designed the experiments; YN, XF, JXL, XL, YW, and LH conducted the work and contribute to the data collection and data analysis. YN and CL draft and revised the manuscript. YN, RQ, and CL take responsibility for the integrity of the data analysis. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China: No. 81870600 (CL); No. 31871189 (RQ); No. 81802901 (YW).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.949715/full#supplementary-material



Abbreviations

5-FU, 5-fluorouracil; BMAL1, Brain and muscle aryl hydrocarbon receptor nuclear translocator-like protein-1; CLOCK, Circadian locomotor output cycles kaput; CRC, Colorectal cancer; CRIPSR, Clustered regularly interspaced short palindromic repeats; ENPP3, Ectonucleotide pyrophosphatase/phosphodiesterase 3; HALO, Hours after light onset; KEGG, Kyoto Encyclopedia of Genes and Genomes; LC-MS, Liquid chromatography with mass spectrometry; RNA-seq, RNA sequencing; TYMS, Thymidylate synthase; UCK2, Uridine-cytidine kinase 2; UMPS, Uridine monophosphate synthetase; UPP2, Uridine phosphorylase 2.



References

1. Zhang, Z, Zeng, P, Gao, W, Zhou, Q, Feng, T, and Tian, X. Circadian Clock: A Regulator of the Immunity in Cancer. Cell Commun Signaling: CCS (2021) 19(1):37. doi: 10.1186/s12964-021-00721-2

2. Sancar, A, and Van Gelder, RN. Clocks, Cancer, and Chronochemotherapy. Sci (New York NY) (2021) 371(6524):eabb0738. doi: 10.1126/science.abb0738

3. Shafi, AA, and Knudsen, KE. Cancer and the Circadian Clock. Cancer Res (2019) 79(15):3806–14. doi: 10.1158/0008-5472.CAN-19-0566

4. Adam, D. Core Concept: Emerging Science of Chronotherapy Offers Big Opportunities to Optimize Drug Delivery. Proc Natl Acad Sci U S A (2019) 116(44):21957–9. doi: 10.1073/pnas.1916118116

5. Cederroth, CR, Albrecht, U, Bass, J, Brown, SA, Dyhrfjeld-Johnsen, J, Gachon, F, et al. Medicine in the Fourth Dimension. Cell Metab (2019) 30(2):238–50. doi: 10.1016/j.cmet.2019.06.019

6. Blondy, S, David, V, Verdier, M, Mathonnet, M, Perraud, A, and Christou, N. 5-Fluorouracil Resistance Mechanisms in Colorectal Cancer: From Classical Pathways to Promising Processes. Cancer Sci (2020) 111(9):3142–54. doi: 10.1111/cas.14532

7. Very, N, Hardivillé, S, Decourcelle, A, Thévenet, J, Djouina, M, Page, A, et al. Thymidylate Synthase O-GlcNAcylation: A Molecular Mechanism of 5-FU Sensitization in Colorectal Cancer. Oncogene (2022) 41(5):745–56. doi: 10.1038/s41388-021-02121-9

8. Sethy, C, and Kundu, CN. 5-Fluorouracil (5-FU) Resistance and the New Strategy to Enhance the Sensitivity Against Cancer: Implication of DNA Repair Inhibition. Biomed Pharmacother  Biomed Pharmacother (2021) 137:111285. doi: 10.1016/j.biopha.2021.111285

9. Wood, PA, Du-Quiton, J, You, S, and Hrushesky, WJ. Circadian Clock Coordinates Cancer Cell Cycle Progression, Thymidylate Synthase, and 5-Fluorouracil Therapeutic Index. Mol Cancer Ther (2006) 5(8):2023–33. doi: 10.1158/1535-7163.MCT-06-0177

10. Lévi, F, Okyar, A, Dulong, S, Innominato, PF, and Clairambault, J. Circadian Timing in Cancer Treatments. Annu Rev Pharmacol Toxicol (2010) 50:377–421. doi: 10.1146/annurev.pharmtox.48.113006.094626

11. Lévi, FA, Zidani, R, Vannetzel, JM, Perpoint, B, Focan, C, Faggiuolo, R, et al. Chronomodulated Versus Fixed-Infusion-Rate Delivery of Ambulatory Chemotherapy With Oxaliplatin, Fluorouracil, and Folinic Acid (Leucovorin) in Patients With Colorectal Cancer Metastases: A Randomized Multi-Institutional Trial. J Natl Cancer Institute (1994) 86(21):1608–17. doi: 10.1093/jnci/86.21.1608

12. Lévi, F, Zidani, R, and Misset, JL. Randomised Multicentre Trial of Chronotherapy With Oxaliplatin, Fluorouracil, and Folinic Acid in Metastatic Colorectal Cancer. International Organization for Cancer Chronotherapy. Lancet (London England) (1997) 350(9079):681–6. doi: 10.1016/S0140-6736(97)03358-8

13. Giacchetti, S, Bjarnason, G, Garufi, C, Genet, D, Iacobelli, S, Tampellini, M, et al. Phase III Trial Comparing 4-Day Chronomodulated Therapy Versus 2-Day Conventional Delivery of Fluorouracil, Leucovorin, and Oxaliplatin as First-Line Chemotherapy of Metastatic Colorectal Cancer: The European Organisation for Research and Treatment of Cancer Chronotherapy Group. J Clin Oncol (2006) 24(22):3562–9. doi: 10.1200/JCO.2006.06.1440

14. Niu, Y, Shao, Z, Wang, H, Yang, J, Zhang, F, Luo, Y, et al. LASP1-S100A11 Axis Promotes Colorectal Cancer Aggressiveness by Modulating Tgfβ/Smad Signaling. Sci Rep (2016) 6:26112. doi: 10.1038/srep26112

15. Balsalobre, A, Damiola, F, and Schibler, U. A Serum Shock Induces Circadian Gene Expression in Mammalian Tissue Culture Cells. Cell (1998) 93(6):929–37. doi: 10.1016/S0092-8674(00)81199-X

16. Wang, B, Wang, M, Zhang, W, Xiao, T, Chen, CH, Wu, A, et al. Integrative Analysis of Pooled CRISPR Genetic Screens Using MAGeCKFlute. Nat Protoc (2019) 14(3):756–80. doi: 10.1038/s41596-018-0113-7

17. Shalem, O, Sanjana, NE, Hartenian, E, Shi, X, Scott, DA, Mikkelson, T, et al. Genome-Scale CRISPR-Cas9 Knockout Screening in Human Cells. Science (2014) 343(6166):84–7. doi: 10.1126/science.1247005

18. Sanjana, NE, Shalem, O, and Zhang, F. Improved Vectors and Genome-Wide Libraries for CRISPR Screening. Nat Methods (2014) 11(8):783–4. doi: 10.1038/nmeth.3047

19. Liu, J, Song, T, Zhou, W, Xing, L, Wang, S, Ho, M, et al. A Genome-Scale CRISPR-Cas9 Screening in Myeloma Cells Identifies Regulators of Immunomodulatory Drug Sensitivity. Leukemia (2019) 33(1):171–80. doi: 10.1038/s41375-018-0205-y

20. Pizarro, A, Hayer, K, Lahens, NF, and Hogenesch, JB. CircaDB: A Database of Mammalian Circadian Gene Expression Profiles. Nucleic Acids Res (2013) 41(Database issue):D1009–13. doi: 10.1093/nar/gks1161

21. Hatanaka, F, Matsubara, C, Myung, J, Yoritaka, T, Kamimura, N, Tsutsumi, S, et al. Genome-Wide Profiling of the Core Clock Protein BMAL1 Targets Reveals a Strict Relationship With Metabolism. Mol Cell Biol (2010) 30(24):5636–48. doi: 10.1128/MCB.00781-10

22. Li, E, Li, X, Huang, J, Xu, C, Liang, Q, Ren, K, et al. BMAL1 Regulates Mitochondrial Fission and Mitophagy Through Mitochondrial Protein BNIP3 and is Critical in the Development of Dilated Cardiomyopathy. Protein Cell (2020) 11(9):661–79. doi: 10.1007/s13238-020-00713-x

23. Ou, J, Peng, Y, Yang, W, Zhang, Y, Hao, J, Li, F, et al. ABHD5 Blunts the Sensitivity of Colorectal Cancer to Fluorouracil via Promoting Autophagic Uracil Yield. Nat Commun (2019) 10(1):1078. doi: 10.1038/s41467-019-08902-x

24. Cai, T, Hua, B, Luo, D, Xu, L, Cheng, Q, Yuan, G, et al. The Circadian Protein CLOCK Regulates Cell Metabolism via the Mitochondrial Carrier SLC25A10. Biochim Biophys Acta Mol Cell Res (2019) 1866(8):1310–21. doi: 10.1016/j.bbamcr.2019.03.016

25. Cantor, JR, Abu-Remaileh, M, Kanarek, N, Freinkman, E, Gao, X, Louissaint, A Jr., et al. Physiologic Medium Rewires Cellular Metabolism and Reveals Uric Acid as an Endogenous Inhibitor of UMP Synthase. Cell (2017) 169(2):258–72.e17. doi: 10.1016/j.cell.2017.03.023

26. Longley, DB, Harkin, DP, and Johnston, PG. 5-Fluorouracil: Mechanisms of Action and Clinical Strategies. Nat Rev Cancer (2003) 3(5):330–8. doi: 10.1038/nrc1074

27. Giovannetti, E, Mey, V, Nannizzi, S, Pasqualetti, G, Del Tacca, M, and Danesi, R. Pharmacogenetics of Anticancer Drug Sensitivity in Pancreatic Cancer. Mol Cancer Ther (2006) 5(6):1387–95. doi: 10.1158/1535-7163.MCT-06-0004

28. Codacci-Pisanelli, G, Noordhuis, P, van der Wilt, CL, and Peters, GJ. Selective Protection by Uridine of Growth Inhibition by 5-Fluorouracil (5FU) Mediated by 5FU Incorporation Into RNA, But Not the Thymidylate Synthase Mediated Growth Inhibition by 5FU-Leucovorin. Nucleosides Nucleotides Nucleic Acids (2008) 27(6):733–9. doi: 10.1080/15257770802145496

29. Zeng, ZL, Luo, HY, Yang, J, Wu, WJ, Chen, DL, Huang, P, et al. Overexpression of the Circadian Clock Gene Bmal1 Increases Sensitivity to Oxaliplatin in Colorectal Cancer. Clin Cancer Res (2014) 20(4):1042–52. doi: 10.1158/1078-0432.CCR-13-0171

30. Tang, Q, Xie, M, Yu, S, Zhou, X, Xie, Y, Chen, G, et al. Periodic Oxaliplatin Administration in Synergy With PER2-Mediated PCNA Transcription Repression Promotes Chronochemotherapeutic Efficacy of OSCC. Adv Sci (Weinheim Baden-Wurttemberg Germany) (2019) 6(21):1900667. doi: 10.1002/advs.201900667

31. Jiang, W, Zhao, S, Shen, J, Guo, L, Sun, Y, Zhu, Y, et al. The MiR-135b-BMAL1-YY1 Loop Disturbs Pancreatic Clockwork to Promote Tumourigenesis and Chemoresistance. Cell Death Dis (2018) 9(2):149. doi: 10.1038/s41419-017-0233-y

32. Battaglin, F, Chan, P, Pan, Y, Soni, S, Qu, M, Spiller, ER, et al. Clocking Cancer: The Circadian Clock as a Target in Cancer Therapy. Oncogene (2021) 40(18):3187–3200. doi: 10.1038/s41388-021-01778-6

33. Burgermeister, E, Battaglin, F, Eladly, F, Wu, W, Herweck, F, Schulte, N, et al. Aryl Hydrocarbon Receptor Nuclear Translocator-Like (ARNTL/BMAL1) is Associated With Bevacizumab Resistance in Colorectal Cancer via Regulation of Vascular Endothelial Growth Factor a. EBioMedicine (2019) 45:139–54. doi: 10.1016/j.ebiom.2019.07.004

34. Kurata, M, Yamamoto, K, Moriarity, BS, Kitagawa, M, and Largaespada, DA. CRISPR/Cas9 Library Screening for Drug Target Discovery. J Hum Genet (2018) 63(2):179–86. doi: 10.1038/s10038-017-0376-9

35. Milano, G, and Chamorey, AL. Clinical Pharmacokinetics of 5-Fluorouracil With Consideration of Chronopharmacokinetics. Chronobiol Int (2002) 19(1):177–89. doi: 10.1081/CBI-120002597

36. Janich, P, Pascual, G, Merlos-Suárez, A, Batlle, E, Ripperger, J, Albrecht, U, et al. The Circadian Molecular Clock Creates Epidermal Stem Cell Heterogeneity. Nature (2011) 480(7376):209–14. doi: 10.1038/nature10649




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Niu, Fan, Wang, Lin, Hua, Li, Qian and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2022.949715_cover.jpg
, frontiers ‘ Frontiers in Oncology

Genome-wide CRISPR Screening
Reveals Pyrimidine Metabolic
Reprogramming in 5-FU
Chronochemotherapy of
Colorectal Cancer





OEBPS/Images/fonc-12-949715-g003.jpg
Pl

Pl

UPP2 B UCK2 (o] UMPS
e si-nc i
e si-nc "
4 o si-nc
15 . 5!-Upp2-1 1.5 o si-Uck2-1 1.5 « si-Umps-1
» ® si-Upp2-2 » i-Uck2-2 » X
C « si-Upp2-1+si-Upp2-2 2 e . [ # o si-Umps-2
k] k] si-Uck2-1+si-Uck2-2 g si-Umps-1+si-Umps-2
<10 < < 10
Z Hkk 2 z
['4 e ['4 ['4
€ £ €
205 2 Sos
kS kS Kt
5] (5] 9]
14 o ['4
0.0 0.0
HCT116 E
sinc + = - - - - — si-nc == si-Umps
si-Upp2 = i S e + * C i- I i- +si-
bt _ i + B i N si Upp2 5{ Upp2 5|. Umps ‘
si-Umps - - - + + + - si-Uck2 si-Upp2+si-Uck2+si-Umps
o 7.39 " 868 834" 130] ' il #
o = F o w 0
DMSO o 0 W > »
o o 0 w0 o 5
T e T i R T R e S S Fan e ) ol
"’ 513 "] 78| 503 " 318
o o o] ol i
o 0] 4 1 o
S00UM. e i =<
109 100 100 168 100 100 )
10° 10' 10° 10° 10° 10° 10' 10° 10° 10° 10° 10' 10° 10° 10 10° 10' 10° 10° 10° 10° 10' 10° 10° 10* 10° 10' 10° 10° 10% %
o X 2] © 511 353 320 05 O
o o 0 w0 wl p
500 UM 1o ¢ o - 0 5 o] g
o o o 0 o [P
oo T 1o 10 o 10 e 1o 10t 90 15 15 10 100010 0 1o 10 10 10 10 1o 1o ot 10 16 T 1 10¢
! 609 “F—603| "] 66.5) | 223 12| " 38.8)
750uM o 8 0 . e wl -
o
o o o W o o
T T
0
DMSO 500 pM 750 uM 1000 uM(5-FU)
G UCK2 H UMPS
2 Vector 2 *xxx @ Vector 28 e Vector
2 OE Upp2 D4 e OE Uck2 2 . ko OE Umps
< < <
- Z 3 4
4 4 T,
E E, E
[ o # [
2 2 2
5 51 5
9] 9] 5]
14 x© o X o
HCT116 :
OE Upp2+OE Uck2+ OE Umps
Vector + - - - - p—
Gl - B = + OE Umps
OEUck2 - - + - + == OE Uck2
OEUmps - - - + x ——  OE Upp2 ¥
1685 122 128 "*[i50 1769 &0 Vi * 2 ¥
0 ] w w e == Vector
DMSO 1 100 10 o]
0 0 o o
o o o o o
e e e e e e e e e e e e e
535 @ “la23 503 ES
- wl o w w] wl »
s00uM vl wl @ <
10°. 107, 10°- 10 ©
10° 100 168 100 10¢ 10° 100 10 100 10* 100 10' 10 100 10¢ 10° 10 10 100 10° 8
R EEE ) 9 1505 1520
750 ® | of - ,:’ & w
(S-FU) 100 f 10 fl 10 1 100
o o o ©
e e AN e e s o A o e o L T T T

FL1-H

500 uM

750 uM (5-FU)





OEBPS/Images/fonc-12-949715-g001.jpg
HCT116(Subcutaneous tumor) 5-FU chronotherapy in vivo

PBS 25 ——*—— e PBS
5 20 — o HALO16 5-FU
= e HALO4 5-FU
5 15

HALO16 5-FU 2
S 1.0
£

HALO4 5-FU ERY:

50% horse serum ZT16 ’\/\/\/

hungry shock 3h l4h l 4h 14h 14h 14h l 4h
T 20h T 24h T T
Seed cells  confluence change serum validate synchronization
free medium and phenotype research
D E F
SW480 = SW480 SW480
—— 3 £+ BUALT
ZT 1620 24 28 32 36 o 33_0 -+ BMAL1 o | = PER2
v Z
€ 20 3
@ 2
- 9 10 2
) T,
2 o0 O N A D ) O = O N ax D . oL
2 & RO A B P DY (S
ARG A OGS
G H 1
HCT116 z HCT116 HCT116
§ » - BMAL1
ZT_16_20 24 28 32 _36_ (D) & 15, & BMALT 0 3, = PER2
S0 é 2
505 o1
X =
o Q
Loo Lo
§ o D B © D @B
IR NP N N N N NS NPl





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Genome-wide CRISPR Screening Reveals Pyrimidine Metabolic Reprogramming in 5-FU Chronochemotherapy of Colorectal Cancer

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Cell Lines and Cell Culture

          



          		

            Circadian Rhythm Induction

          



          		

            Xenografted Tumor Model

          



          		

            CRISPR-Cas9 Library Screening and Cell Transduction

          



          		

            Data Processing and Initial Analysis

          



          		

            Data Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            The Therapeutic Effects of 5-FU in CRC Are Rhythmic In Vivo

          



          		

            Genome-Wide CRISPR Screening Identifies the Pyrimidine Metabolic Pathway Involved in 5-FU Chronomodulated Efficacy in CRC

          



          		

            Genetic Deletion of Pyrimidine Pathway-Related Genes Promotes Robust 5-FU Resistance in CRC Cells

          



          		

            BMAL1 Extensively Regulates Gene Expression in the Pyrimidine Metabolic Pathway and Stimulates Pyrimidine Metabolism in CRC Cells

          



          		

            BMAL1 Regulates UMPS Expression by Binding to the E-box at the UMPS Promoter

          



          		

            UMPS Enhances 5-FU Sensitivity Through BMAL1 in CRC Cells In Vitro and In Vivo

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-949715-g006.jpg
Pl

RCT116

A
C
o
L o
S5 o
& S kD)
. E‘ 55
E
48h
Vector + - -
shBmal1 - +
OE Umps - + +
338 551 4.42
w o -
DMSO L{ L{
g o

o 20 60 B0B0 T O 7w Mo 0RO T 0 200 40 80 800 10k
0351 279
300 M /M M
1= ] i
L i 1]
o 790 0 GOS0 T 0 20 40 6 800 10k
e 539 T . 448
500 uM ‘/g/
5-FU g : 1
(5-FU) " o
o 300 Ko G000 10 O 2w 40 G080 10 0 200 40 600 B0 10k
FL1-H
5FU
Vecotor
OE Umps
shBmal1
+OE Umps

Dead Cells ( %)

Relative expression to 3-TUBULIN

80

)
3

IS
S

n
=3

20

15

1.0

05

o
o

Relative expression to B-TUBULIN

BMAL1

201

DMSO

=
o
2
=
=
=
(]
2
o
<]
£
=1
=

B
o

4
=

o
©

o
o

IR

o
o

UMPS

UMPS

300 uM

.

+ shnc

shBmal1

« shBmal1+OE UMPS

Vector

OE UMPS

shnc
shUmp:

S

« Vector
. OEUMPS
« shBmal1+OE UMPS

ook ok

rro

500 uM

Vector
OE UMPS
shBmal1+OE UMPS





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-949715-g002.jpg
Genome wide CRISPR library

Count sgRNAs by

Measure chronotherapeutic phenotype

DMSO i
~58028 sgRNAS ,% -% deep sequencing
ﬁj‘l‘.u ZT16, é R=0771 o
A 5-FU =~ KOS, 8,
N % Serum shock > @™ 5
> — —_— O
o 4
Lentivirus c":::::"r:g":‘m DMSO 52
transduction I S 5
7128 —CC > &1
—> R
5-FU i 2 3 ]
e %@ ZT28 DMSO Logi0(reads+1)
Gene clusters in groups
KEGG enrichment of ZT28 5-FU sensitive genes
ZT16 DMSO ZT16 5-FU ZT28 DMSO ZT28 5-FU
(A) (B) C D,
® ® © () Metabolic pathways 30(3.14e-02)
CUL OfF  tete nontrgeting soRNAs and sgRNAs whih reads s 0in ABC and D dtasets Pyrimidine metabolism 5(4.02¢-02)
pror to adding 1 reads to the per gRNAS in each group, we get A.B1,C1 and D1 Cell adhesion molecules (CAMs) 8(4.96e-02)
A1 B1 c1 D1 Huntington disease 7(4.96e-02)
A2esgRNAreads(@1)  B2<sgRNAreads(@1)  C2=sgRNAreads(D1)  D2=sqRNAreads(D1) ;
SgRNAreads(A1)<0.5  sgRNA reads(A1)22 SgRNAreats(C1)<05  sgRNA reads(C1)22 Ribosome 6(2.62e+01)
A2 B2 c2 D2 P53 sigraling pathway 4 (1.04e+01)
AZ'=same sgRNA corresponding genes in AZ; A2"=sgRNA reads(B1)/sgRNA reads(A1) Drug metabolism - other enzymes 4(9.22e+01)
<02 corresponding genes; A3-A2 +A2':in the sama waywe get 83,C3 and D3 g
A3 B3 Cc3 D3 el Cy 4(1.16e+01)
We intersect B3 with D3, we named the unique data set in B3 as B4 data set, Apoptosis - multiple species 2(247e+01)
and the unique data set in D3 as D4; similarly, we get A4 and C4 data stes Nucleotide excision repair 2(3.11e+01)
A4 B4 c4 D4
0 2 4 6 10
ZT16resistant  ZT16sensitive  ZT28resistant ~ ZT28 sensitive Rich Factor(%)
gene clusters gene clusters gene clusters gene clusters
SW480 KEGG enrichment KEGG enrichment
N
rS 5@ shBmal1 vs shnc. shBmal1 5-FU vs shBmal1
<& ‘?Q
2 Viral myocarditis + . Valine leucine and isoleucine degradation  + .
amact D s Tyrosine metabolsm « ° TGF-bela signaling pahiay Rhematod + @
- Type | diabetes melitus « . anis + .
Staphylococcus aureus nfecton + Pyrimidin metabolsm + «
;: - Rheumatod artnits @ Purine metabolism
FTUBULIN | |~ Pyimidine metabolsm « . Pvaive Perusss . w Pvake
Nicotne addicton » 5 o0 Pentose phosphate pathway 5 o
Jak-STAT signaling pathway « @ o008 One carbon pool by folate 0010
E Hypetrophic camtomyopatty(HCM) ° o Natural ket oo medited cytonicty « @
BMAL1 Hematopoletc cellneage « @ Walaria » N
& Wi ECHreceplor nteraction + . Hyperrophic ardomyopathy(HCM) +
B 2T werai Dilated cardiomyopathy(DCM) + ) “":"’;"“'“ Hematopoietic cell ineage  + . Gene_num
2 Cytokine-cytokine receplor ineraction  + @ i Giyoxylate and dicarboxylate metabolism <
= . Cocaine addiction « . [ & Glutamatergic synapse + & ®
; Cell adhesion molecules(CAMs) « & LN Focal adhesion + & L&
REC 10 CAMP signaling pathway @ ECM-receptor interaction + .
2 Arthythmogznic right ventricular cardiomyppathy . { ] Dilated cardiomypathy(DCM) +
2o (ARVC) Avginine bosyrihesis . Cytokin receptorinteracton
° Alcoholsm « @ Alcoholism
w0 African trypanosomiasis + 5 Afican typanosomiasis
o625 odse odrs oizs o.1d0 o8 020 035 30 038
Rich actor Rich factor
Screened genes in pyrimidine metabolism
CRISPR Uracil  UPP2 _ Deoxyurid dumpP duTP
Top 10 KEGG 5-FU Fluorodeoxy- FdUMP FdUTP
pathway in ZT28 uridine
sensitivie genes A
uTP
FUTP
e s ENPPS
Top 20 KEGG Top 20 KEGG “« -
pathway in pathway in Uracil UPP2 Uridine UCk2  umpP
shBmal1 vs shnc shBmal1 5-FU 5.FU FUri
vs shBmal1 FUMP
umMPs -
ATP CAD 5FU ¥
Glutamine —_—
HCO3- Orotate





OEBPS/Images/fonc-12-949715-g004.jpg
R SW480 e HCT116 & SW480
. si-nc . si-nc
. si-Bmal1-1 . si-Bmal1-1 . shnc
P si-Bmal1-2 15- + Si-Bmal1-2 % - shBmal1
3 3 Elmn ~ &
& E %10 :
< <
21 2 x
: : :
_%u E %os
3 8 B
o 4 -
0.0 o Q‘L Q’b
NS N NG R WK
RIS DG S\
Q)@P 0@ RAEROIRS Qg (\\\‘ Q <
B E HCT116 F HCT116
. Vector
. Vector - . Vector . OE Bmal1
» °]. OEBmall — £'%1. OEBmalt D107
E " H g7
o) i Ly i 2 3
S P B T -SSR 2l
Dé ra £ [=)
o 2 g°
&2 ns k] B
5 i 2 2
3 14
Ne N N B R\ NS AN AN @ N QR
V€0 KB WX RSP A S SR\
%¢V ARV AN DN O S Q’\g&“ R AR SRS & ,\4“‘
q dNTP imbanlance H
Increased dUTP \ \ HCT116
8y, )P wor oy
/% (ﬁ — 2500 . shnc
20000 4N ‘ 2000 - shBmal1
-
DNA Incorporation 1‘(“" E 1500 i
o 50
= S w0
@ UPP —
<« FUR' 30
6 10
% /\\ 2, 0
3 o 0“‘ (\
® = <\ &
FUT & X
o S
Y « K
| J K
HCT116 HCT116 shBmal1 HCT116
« shnc 5-FU
,i\ - shBmal1 5-FU
2500 6000
2000 + DmSO DMSO 5-FU 50001 ok
— 4000
ol 17 SR - e
4 Uracil 1500 _ 2000
> Ee
gmi ’ ’ [a:]—.‘ Uridine woo@'gﬁg e ™ —
Sk 100
:g - ‘ ‘ ‘ ‘ ‘
‘Eﬂ L ‘ nm =T ‘ U ’ Cytidine , m
g K @ < > e Q N
G-\\&‘\ N d\é“\ N R 0¢&° ™ s





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-949715-g005.jpg
Relative luciferase activity

7se. 00l

= Wb

124.731. 600l

124,732, 00

20

15

1.0

0.5

293T

- UMPS Promoter
UMPS E-box
- UMPS E-box-mut

UMPS
UMPS
UMPS

BMAL1+CLOCK

HCT116
ook -
z —™ oo
S 15 || « Vector
% - OEBmalt
= - shBmal1
o 10
c
S
0
3 os
s
x
o
o
2 00
2 BMALA1 UMPS
4
SW480
0.5 ek « 1gG-Input
04 - + BMAL1-input
)
X Hekek
< 03 —
5
2 o2
0.1
0.0.
PER2 UMPS UMPS
(-209 ~ 0 bp) (-181 ~ -60bp)
HCT116
- UMPS Promoter
g UMPS E-box
- UMPS E-box-mut *
2
3, ** . h*“**
‘6 *k
2 (I :
@ - »
32 :
Kl 1 :
= 5
T 1 2
©

BMAL1

BMAL1+CLOCK





