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KIT and PDGFRA play a major role in the oncogenic process in gastrointestinal stroma tumors (GIST) and small molecules have been employed with great success to target the KIT and PDGFRA pathways in this cancer. However, approximately 10% of patients with GIST are resistant to current targeted drug therapy. There is a need to explore other potential targets. Although p53 alterations frequently occur in most cancers, studies regarding p53 in GIST have been limited. The CDKN2A/MDM2/p53 axis regulates cell cycle progression and DNA damage responses, which in turn control tumor growth. This axis is the major event required for transformation from low- to high-risk GIST. Generally, p53 mutation is infrequent in GIST, but p53 overexpression has been reported to be associated with high-risk GIST and unfavorable prognosis, implying that p53 should play a critical role in GIST. Also, Wee1 regulates the cell cycle and the antitumor activity of Wee1 inhibition was reported to be p53 mutant dependent. In addition, Wee1 was reported to have potential activity in GIST through the regulation of KIT protein and this mechanism may be dependent on p53 status. In this article, we review previous reports regarding the role of p53 in GIST and propose targeting the p53 pathway as a novel additional treatment strategy for GIST.
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Gastrointestinal stromal tumor

GISTs are a subgroup of mesenchymal tumors arising from the gastrointestinal tract and have been considered as smooth muscle tumors (such as leiomyomas or leiomyosarcomas) based on the histologic characteristics (1). Until the discovery of KIT (CD117) expression in GIST (2), the origin of GIST was proposed to be from the interstitial cells of Cajal (ICCs) or precursors (3–5).

GISTs are relatively rare and account for 1%–2% of cases of gastrointestinal malignancy (6). They were most commonly found in the stomach (55.6%), followed by the small intestine (31.8%), colon and rectum (6%), other locations (5.5%) (7), and esophagus (<1%) in a systemic review of 9,747 GISTs. Surgical resection is the main treatment for localized GISTs. The risk of GIST recurrence was estimated using the modified National Institutes of Health consensus classification system based on the tumor size, mitotic count (8), and primary location (gastric vs. non-gastric). Most low- and intermediate-risk GISTs are cured by surgical resection. In contrast, high-risk GISTs should be treated with adjuvant therapy with 3-year imatinib, which can improve recurrence-free survival (RFS) and overall survival. Neoadjuvant therapy may be an alternative for high-risk GISTs, which can potentially increase the complete resection rate and avoid surgical rupture and resection of the involved organs (9). Palliative treatment, mainly targeted therapy, is the standard treatment for advanced/metastatic GISTs, and classical cytotoxic chemotherapy is inactive for GIST.

c-KIT mutations (2, 10) followed by platelet-derived growth factor receptor alpha (PDGFRA) mutations (11) were discovered and small molecule targeted therapies with tyrosine kinase inhibitors (12, 13) were developed in GIST. Imatinib, sunitinib, regorafenib, and ripretinib are approved in advanced GIST without selection for matched druggable targets. The post-hoc analysis of clinical trials found that KIT exon 9 mutation was associated with a lower response rate and progression-free survival (PFS) compared to exon 11 mutation under treatment with 400 mg/day of imatinib, and 800 mg/day of imatinib benefited patients with KIT exon 9 mutation upon progression despite 400 mg/day of imatinib (14). Although most PDGFRA mutations are sensitive to imatinib, D842V is resistant to imatinib and targeted agents other than avapritinib. Currently, genetic testing of KIT and PDGFRA is essential before treatment initiation (15), and comprehensive genomic profiling, such as for lung cancer, should be considered to identify driver mutations (e.g., SDH, BRAF, NF1, NTRK fusion, and FGFR fusion) for GISTs without KIT and PDGFRA mutations.

KIT and PDGFRA are the main driver mutations but insufficient to promote tumor progression from low- to high-risk GISTs. Additional chromosomal aberrations and subsequent dysregulation of the cell cycle are essential for tumor progression. For example, chromosome 9/9p loss, homozygous CDKN2A (located on chromosome 9p) deletion, p14/p16 loss, activation of MDM2/CDK4 leading to RB1/p53 inactivation, and loss of cell cycle control are considered to be the main events for progression to high-risk GISTs (16).



Driver mutations and approved targeted therapy for GIST

The nature of GISTs became better understood with the identification of KIT (CD117) expression and c-KIT mutations (2, 10). Heinrich et al. investigated possible alternative receptor tyrosine kinase (RTK) oncoproteins using immunoprecipitations with polyclonal panRTK antisera and found hosphor-PDGFRA was the predominant hosphor-RTK in a KIT wild type GIST cell line (GIST478). Activated PDGFRA mutations were subsequently found in 35% (14 of 40) of KIT-WT GIST  (11). Although most GISTs have either mutation of KIT or PDGFRA kinase genes as driver mutations, approximately 10 to 15% of GISTs do not harbor a KIT or PDGFRA mutation, which are collectively grouped as KIT/PDGFRA-WT GIST.

With the understanding of the molecular biology of GIST and discovery of effective targeted therapy against KIT/PDGFRA pathways, the disease has become more manageable, but the treatments are not completely curative. Several small molecule compounds targeting KIT and other tyrosine kinases, such as imatinib (12, 13), sunitinib (17), regorafenib (18) and ripretinib (19) have shown efficacy in advanced GIST and have been approved for the treatment of advanced GIST. In the SWOG phase III S0033 trial imatinib treatment resulted in a median PFS of 18-20 months (13) and 26% of GIST patients survived 8 years or longer (20). Approximately 10% of GIST patients have primary resistance to imatinib and many of these resistant tumors lack mutations in KIT or PDGFRA, or they harbor a PDGFRA exon 18 D842V mutation. Secondary mutation on KIT (exons 13, 14, 17) developed after imatinib treatment leading to resistance to imatinib. Sunitinib and regorafenib were found to overcome such secondary mutation of KIT (21). Sunitinib treatment after failure of imatinib showed a median time to tumor progression of 27.3 weeks in GIST patients (17). Regorafenib treatment resulted in a median PFS of 4.8 months after failure of imatinib and sunitinib (18). Ripretinib produced a median PFS of 6.3 months in GIST patients after failure of imatinib, sunitinib, and regorafenib (19). All the above inhibitors are widely used in routine clinical practice for patients with advanced GIST and significantly improve the overall survival of GIST patients (22–25). In addition, for patients with symptomatic and/or rapidly progressive disease harboring a PDGFRA exon 18 D842V mutation, avapritinib has been suggested over either imatinib or observation in the setting of initial therapy. These tumors often demonstrate primary resistance to imatinib, whereas the response rate with avapritinib was nearly 90% (26).

In KIT/PDGFRA-WT GISTs, SDH deficiency and other genetic alterations, such as BRAF, NF1, and NTRK fusions, were the main alterations according to comprehensive genetic profiling. Therefore, the proportion of GIST without mutation is decreasing. However, quadruple WT GISTs without mutations or alterations in the KIT/PDGFRA, RAS pathway, or SDH complex are the current treatment challenges because of lack of active treatment for such patients and inactivity of transitional cytotoxic chemotherapy for GISTs (27).

In addition, resistance to targeted therapy is another challenge, as these tyrosine kinase inhibitors (TKIs) can cytostatically inhibitor tumor growth but not induce apoptosis leading to cell killing. Therefore, GIST may be incurable once it develops metastasis.



Is p53 a biomarker or target in GIST?


TP53 in GIST

The TP53 gene encoding the p53 tumor suppressor protein is referred to as the guardian of genome and is mutated in most human cancers, although the frequency of mutation varies according to cancer type (28). The wild-type p53 protein plays a critical role in the cellular response to DNA damage in order to induce cell cycle arrest and DNA repair, or apoptosis (28). The incidence and possible prognostic role of TP53 mutations have been studied in most cancers (28–30). However, the role of p53 in GIST has received relatively little attention, largely because both KIT and PDGFRA deregulation play such a strong role as the major oncogenic processes in GIST (1). As CDKN2A loss, MDM2 overexpression, and p53 inactivation are the main events for tumor progression to high-risk GISTs, in this article, we review previous reports regarding p53 in GIST and propose a novel treatment strategy against GIST by non-genotoxic targeted activation of p53. In a meta-analysis including 1,163 patients from 19 studies, p53 expression was significantly higher in high-/intermediate-risk GISTs compared to low-/very-low-risk GIST and correlated with a poor prognosis (31).

Generally, TP53 mutation has been found to be infrequent (<5%) in GIST cohorts (32–34). Henze et al, reported that TP53 mutation was both infrequent (3%) and independent of p53 immunostaining in 62 GISTs (33). In a cohort of 83 GISTs, four patients had inactivating TP53 or RB1 mutations, which were associated with high-risk tumors, and three patients developed recurrent and metastatic GISTs (35).

The role of p53 alterations, other than those involving TP53 mutation, have been evaluated in relation to GIST aggressiveness and progression. In a gene expression study of 30 localized GIST, upregulated genes were significantly enriched for those involving cell cycle regulation and the DNA damage response pathway in high risk compared to low risk GIST (36). As p53 is a key regulator responsible for cell cycle control in response to DNA damage, it may also be involved in tumor progression for high risk GIST. Other studies have confirmed that p53 expression is associated with high risk of recurrence in localized GIST (37, 38). It was reported that 40.0% of one hundred and twenty-five localized GIST had a p53 alteration, including 20.8% TP53 mutation and 24.8% p53 overexpression, and that the GISTs with p53 alterations were more commonly found in localized high risk GISTs with shorter relapse-free survival. This suggested that p53 alteration, involving either mutation or overexpression, is a significant independent indicator of poor prognosis (36). The relatively high rate of TP53 mutation (20.8%) in this study may be related to the high proportion of high-risk GIST (48%) (37). In another study of 96 localized GIST, p53 expression was also found to be significantly associated with increased mitotic rate and the risk of malignancy (38). Similarly, in another report of 104 KIT-positive GISTs, p53 expression significantly correlated with high-risk epithelioid GISTs regardless of the tumor site (31).

Using samples from the SSGXVIII trial (39, 40), a phase III study comparing adjuvant one-year and three-year imatinib in high-risk GIST patients, IHC was performed in 320 primary GIST and mutations analyzed using Sanger sequencing in 245 cases (41). A high expression of CDK4 (32.8%) was associated with a favorable RFS, whereas high expression of MDM2 (12.2%) or p53 (35.3%) was associated with a shorter RFS. The overall frequency of TP53 mutations was low (3.5%) and could not be predicted by the IHC detection of p53. TP53 mutations tend to occur more frequently in gastric GISTs associated with a worse RFS.

In a phase III study of advanced/metastatic GIST patients undergoing imatinib 400 mg vs 800 mg daily treatment, 353 GISTs were screened for p53 immunostaining, and only samples with high p53 expression were subsequently analyzed for TP53 mutations (42). Only 13 (16.4%) TP53 mutations were found among 79 GISTs with high p53 expression, consistent with previous studies that TP53 mutations cannot be predicted by IHC alone. In addition to previously well-known prognostic factors including performance status, KIT mutation, and tumor size, molecular biomarkers of low p16 and high p53 expressions were correlated with imatinib response and identified as significant and independent prognostic factors of PFS (43). Low p16 was supposed to be a result from loss of CDKN2A which encodes both p14ARF and p16INK4a. p14ARF is a negative regulator of MDM2 function (43).

A more comprehensive study assessed the prognostic significance of CDKN2A, RB1 or TP53 mutation/copy loss in 71 primary GISTs. The occurrence of genetic alteration was associated with high risk primary GISTs. The presence of cell cycle-related events was associated with a significantly shorter relapse-free survival (p < 0.0001) and overall survival (p = 0.042). This study provide indirect evidence that genomic alterations involving cell cycle-related genes were associated with GIST progression to malignant disease (44).

Although these results cannot be directly compared because of the different approaches, a consistent lack of close association between TP53 mutations and IHC data was found. Alternative reasons for mutation independent activation of p53 could include cellular stress, such as hypoxia, or posttranscriptional modifications such as phosphorylation, acetylation or sumoylation.

In conclusion, TP53 mutation is generally infrequent in GIST despite the frequency being higher in high-risk GIST. The overexpression of p53 by IHC cannot predict TP53 mutation, but has been shown to be significantly associated with localized high-risk GIST with unfavorable relapse free survival. In addition, p53 expression was also reported to be an independent prognostic factor for advanced GIST undergoing imatinib treatment. The overall evidence suggests that p53 expression and/or TP53 mutation play a critical role in tumor progression and may be unfavorable prognostic factors for imatinib treatment. These findings provide a rationale to explore targeting the p53 pathway as a novel therapeutic strategy in GIST.



MDM2 alteration and as a possible target in GIST

MDM2 is transcriptionally transactivated by p53 and can negatively auto-regulate p53 by ubiquitination (28, 45), therefore MDM2 is considered an oncogene and its amplification or overexpression can increase tumor cell proliferation by suppressing p53 (46).

Regarding MDM2 amplification, only one out of 35 (3%) GISTs was found to be amplified for MDM2 in one series (47). In contrast, by IHC, 40% of GIST cases (14 out of 35 patients) were reported to be positive for MDM2 IHC staining, which was significantly associated with metastasis (48). Based on a limited study of MDM2 in GIST, MDM2 expression may be an indicator of aggressive behavior and poor prognosis, likely resulting from inhibition of p53 function. This implies that targeting MDM2 may be a potential strategy for treatment of a subset of GIST, particularly for WT-p53 GIST. Nutlin-3, an MDM2 inhibitor, has shown selectively growth inhibitory and little cytotoxic activity in WT p53 GIST cell lines (GIST430, GIST48, GIST48B) compared with p53 mutated cells (GIST882, GIST-T1) (33).



Wee1

A study of Wee1 expression knockdown by siRNA or Wee1 kinase inhibition with MK1775 was observed to reduce KIT expression (49). This suggested that Wee1 plays a potential role in the regulation of KIT in GIST which may contribute to an anti-proliferative effect of Wee1 inhibition in this cancer. Wee1 inhibition was reported to promote the autophagic degradation of KIT and, therefore, targeting Wee1 was suggested to represent a novel strategy for GIST therapies. Another study identified a role of Wee1 in GIST using kinome profiling with loss-of-function assays, and demonstrated that in addition to KIT mutant GIST, Wee1 may be a promising target in PDGFRA D842V mutant GISTs (50). However, only p53 mutated cells were used in the above studies, implying this approach may be limited to p53 mutated cell lines, as indicated in previous reports of Wee1 inhibitors (28, 51, 52). It is of interest to determine whether Wee1 plays the same role in WT p53 GISTs.




Future clinical studies targeting p53 in GIST

Targeted therapies, either alone or in combination with immune checkpoint inhibitors have been evaluated in clinical trials (53). Most studies have involved small molecule inhibitors approved in GIST, such as imatinib, sunitinib, regorafenib and/or ripretinib. However, no trials have included drugs targeting the p53 pathway, although a few preclinical studies have indicated the efficacy of such compounds.

As MDM2 expression has been associated with poor prognosis GISTSs (48) and MDM2 inhibitors (33) demonstrated to suppress growth and induced apoptosis in WT p53 GIST cells, the use of MDM2 inhibitors may be an additional strategy beyond KIT and PDGFRA in future studies. However, preclinical studies, particularly in vivo studies, to confirm the feasibility of using MDM2 inhibitors in GIST are lacking. As no clinical trials of p53-directed targeted therapy have been performed or are underway in GISTs, only some clinical studies on other malignancies can be summarized to highlight the applicability of such agents in GISTs in the future.

Although several preclinical studies have shown impressive results, the limited clinical trials of MDM2 inhibitors in other cancers have been disappointing. A phase III study, MIRROS (NCT02545283), failed to meet its primary goal of showing the combination therapy of idasanutlin and cytarabine was superior to placebo plus cytarabine regarding improvement of survival in acute myeloid leukaemia (54). Limited efficacy of HDM201 (siremadlin) in combination with ribociclib (a CDK4/6 inhibitor) was observed in patients with locally advanced or metastatic liposarcoma, even though this tumor highly expresses MDM2 and CDK4 (55). As no agents targeting MDM2 have so far been successful, the therapeutic strategy of targeting the p53 pathway in this way has been doubted. The next challenge is to understand why these studies have shown limited efficacy. It should be clarified whether these targeted agents insufficiently reactivate WT-p53 or if the dose limiting hematologic and gastrointestinal toxicity of p53 reactivation is not tolerated. Furthermore, the efficacy of MDM2 inhibitors may be limited by WIP1 phosphatase expression (56). WIP1 inhibition has been shown to enhance the activity of MDM2 inhibitors (28, 45, 57, 58). Unfortunately, due to the lack of suitable compounds for in vivo evaluation, the studies of WIP1 inhibition have been limited to the preclinical setting, however there is a strong case for the development of WIP1 inhibitors suitable for clinic evaluation.

In contrast, MK-1775 is active against p53 mutated GIST cells both in vitro and in vivo. Besides the regulation of KIT expression, synthetic lethality may be the key mechanism in p53 deficient cells (28, 51, 52). Clinical studies of MK-1775 are ongoing and early phase studies in various tumors have reported encouraging results (59–62).

RITA, a p53 activator, induced p53 in only one p53-WT GIST48B (but not GIST430 or GIST48), followed by growth inhibition and apoptosis. GIST-T1, a p53-mutated cell line, was also highly sensitive to RITA without p53 activation. The aforementioned findings suggested the feasibility of a p53-independent mechanism of action for RITA treatment (24). As no biomarkers can predict the response or resistance to RITA, RITA may not be a good targeted agent in GIST.



Proposed incorporation of targeting based on p53 status into current GIST clinical practice

Based on the above evidence, CDKN2A/MDM2/p53 pathway alterations frequently occur in high-risk GISTs. The clinical application of this knowledge may be a prognostic factor, or a predictive factor to identify patients who would benefit from adjuvant imatinib treatment (63). Therefore, the genetic testing of these p53 pathway components is required and p53 status would be a critical biomarker for risk stratification beyond the current model based on clinical features (location, tumor size, mitosis). In addition, targeted treatment based on p53 status, either as monotherapy or in combination with KIT/PDGFRA targeted therapy, is proposed for metastatic GISTs (Figure 1). Furthermore, if p53-directed targeted therapy shows promising results in metastatic GISTs, the incorporation of p53-directed targeted therapy may be considered for development in the neoadjuvant setting for high-risk GIST, in combination with KIT/PDGFRA targeted therapy to increase response rate and maximize tumor shrinkage (Figure 1). However, due to currently limited studies as described above, preclinical research is warranted to build a case for the evaluation of such a treatment strategy in clinical trials.




Figure 1 | Future development of p53 for potential clinical application in GIST. Genetic testing including p53 should be included for risk evaluation. p53 targeted therapy (MDM2 inhibitor for wild-type p53 or Wee1 inhibitor for mutant p53) may be incorporated in palliative treatment for metastatic GIST or neoadjuvant treatment for high-risk GIST (if it works in metastatic GIST).





Conclusions

CDKN2A/MDM2/p53 pathway alterations in GIST have been associated with high-risk GIST, adverse clinicopathological characteristics and poor patient survival (Figure 2). Preclinical studies have demonstrated the potential activity of MDM2 inhibitors in p53-WT GIST cells and Wee1 inhibitors in p53-mutated GIST cells. Clinical trials are warranted to determine the role of these novel targeted treatments in GIST.




Figure 2 | Alterations of the CDKN2A/MDM2/p53 pathway in GIST tumors. The tumor suppression function of p53 is regulated by MDM2 and p14ARF. The overexpression of MDM2 and loss of p16INK4a/p14ARF, which in turn influence p53 function, lead to tumor progression in GIST.





Author contributions

Conceptualization, C-EW, W-KH, C-NY, and JL. Data curation, C-EW and C-PC. Formal analysis, C-PC and Y-RP. Funding acquisition, C-EW and C-NY. Investigation, EA. Methodology, C-EW, and Y-RP. Project administration, C-EW. Supervision, JL. Validation, C-EW, W-KH, C-NY, and JL. Visualization, C-PC and EA. Writing—Original draft, C-EW. Writing—Review and editing, C-NY and JL. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by Linkou Chang Gung Memorial Hospital, grant numbers CMRPG3J0971~3, NMRPD1K1332~3, CMRPG3L0911 to C-EW.



Acknowledgments

This work was supported by grants from Linkou Chang-Gung Memorial Hospital and the Ministry of Science and Technology in Taiwan. Please refer to funding section.



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.



References

1. Wu, CE, Tzen, CY, Wang, SY, and Yeh, CN. Clinical diagnosis of gastrointestinal stromal tumor (GIST): From the molecular genetic point of view. Cancers (Basel) (2019) 11:1–15. doi: 10.3390/cancers11050679

2. Hirota, S, Isozaki, K, Moriyama, Y, Hashimoto, K, Nishida, T, Ishiguro, S, et al. Gain-of-function mutations of c-kit in human gastrointestinal stromal tumors. Science (1998) 279:577–80. doi: 10.1126/science.279.5350.577

3. Torihashi, S, Ward, SM, Nishikawa, S, Nishi, K, Kobayashi, S, and Sanders, KM. C-kit-dependent development of interstitial cells and electrical activity in the murine gastrointestinal tract. Cell Tissue Res (1995) 280:97–111. doi: 10.1007/BF00304515

4. Ward, SM, Burns, AJ, Torihashi, S, and Sanders, KM. Mutation of the proto-oncogene c-kit blocks development of interstitial cells and electrical rhythmicity in murine intestine. J Physiol (1994) 480(Pt 1):91–7. doi: 10.1113/jphysiol.1994.sp020343

5. Huizinga, JD, Thuneberg, L, Kluppel, M, Malysz, J, Mikkelsen, HB, and Bernstein, A. W/Kit gene required for interstitial-cells of cajal and for intestinal pacemaker activity. Nature (1995) 373:347–9. doi: 10.1038/373347a0

6. Parab, TM, DeRogatis, MJ, Boaz, AM, Grasso, SA, Issack, PS, Duarte, DA, et al. Gastrointestinal stromal tumors: a comprehensive review. J Gastrointest Oncol (2019) 10:144–54. doi: 10.21037/jgo.2018.08.20

7. Søreide, K, Sandvik, OM, Søreide, JA, Giljaca, V, Jureckova, A, and Bulusu, VR. Global epidemiology of gastrointestinal stromal tumours (GIST): A systematic review of population-based cohort studies. Cancer Epidemiol (2016) 40:39–46. doi: 10.1016/j.canep.2015.10.031

8. Joensuu, H. Risk stratification of patients diagnosed with gastrointestinal stromal tumor. Hum Pathol (2008) 39:1411–149. doi: 10.1016/j.humpath.2008.06.025

9. Wang, SY, Wu, CE, Lai, CC, Chen, JS, Tsai, CY, Cheng, CT, et al. Prospective evaluation of neoadjuvant imatinib use in locally advanced gastrointestinal stromal tumors: Emphasis on the optimal duration of neoadjuvant imatinib use, safety, and oncological outcome. Cancers (Basel) (2019) 11:424. doi: 10.3390/cancers11030424

10. Miettinen, M, Sarlomo-Rikala, M, and Lasota, J. Gastrointestinal stromal tumors: Recent advances in understanding of their biology. Hum Pathol (1999) 30:1213–20. doi: 10.1016/S0046-8177(99)90040-0

11. Heinrich, MC, Corless, CL, Duensing, A, McGreevey, L, Chen, CJ, Joseph, N, et al. PDGFRA activating mutations in gastrointestinal stromal tumors. Science (2003) 299:708–10. doi: 10.1126/science.1079666

12. Blanke, CD, Rankin, C, Demetri, GD, Ryan, CW, von Mehren, M, Benjamin, RS, et al. Phase III randomized, intergroup trial assessing imatinib mesylate at two dose levels in patients with unresectable or metastatic gastrointestinal stromal tumors expressing the kit receptor tyrosine kinase: S0033. J Clin Oncol (2008) 26:626–32. doi: 10.1200/Jco.2007.13.4452

13. Demetri, GD, von Mehren, M, Blanke, CD, Van den Abbeele, AD, Eisenberg, B, Roberts, PJ, et al. Efficacy and safety of imatinib mesylate in advanced gastrointestinal stromal tumors. New Engl J Med (2002) 347:472–80. doi: 10.1056/NEJMoa020461

14. Patel, S, and Zalcberg, JR. Optimizing the dose of imatinib for treatment of gastrointestinal stromal tumours: lessons from the phase 3 trials. Eur J Cancer (2008) 44:501–9. doi: 10.1016/j.ejca.2007.11.021

15. Casali, PG, Abecassis, N, Aro, HT, Bauer, S, Biagini, R, Bielack, S, et al. Gastrointestinal stromal tumours: ESMO-EURACAN clinical practice guidelines for diagnosis, treatment and follow-up. Ann Oncol (2018) 29:iv267. doi: 10.1093/annonc/mdy320

16. Liang, CW, Yang, CY, Flavin, R, Fletcher, JA, Lu, TP, Lai, IR, et al. Loss of SFRP1 expression is a key progression event in gastrointestinal stromal tumor pathogenesis. Hum Pathol (2021) 107:69–79. doi: 10.1016/j.humpath.2020.10.010

17. Demetri, GD, van Oosterom, AT, Garrett, CR, Blackstein, ME, Shah, MH, Verweij, J, et al. Efficacy and safety of sunitinib in patients with advanced gastrointestinal stromal tumour after failure of imatinib: a randomised controlled trial. Lancet (2006) 368:1329–38. doi: 10.1016/S0140-6736(06)69446-4

18. Demetri, GD, Reichardt, P, Kang, YK, Blay, JY, Rutkowski, P, Gelderblom, H, et al. Efficacy and safety of regorafenib for advanced gastrointestinal stromal tumours after failure of imatinib and sunitinib (GRID): an international, multicentre, randomised, placebo-controlled, phase 3 trial. Lancet (2013) 381:295–302. doi: 10.1016/S0140-6736(12)61857-1

19. Blay, JY, Serrano, C, Heinrich, MC, Zalcberg, J, Bauer, S, Gelderblom, H, et al. Ripretinib in patients with advanced gastrointestinal stromal tumours (INVICTUS): a double-blind, randomised, placebo-controlled, phase 3 trial. Lancet Oncol (2020) 21:923–34. doi: 10.1016/S1470-2045(20)30168-6

20. Demetri, GD, Rankin, CJ, Benjamin, RS, Borden, EC, Ryan, CW, Priebat, DA, et al. Long-term disease control of advanced gastrointestinal stromal tumors (GIST) with imatinib (IM): 10-year outcomes from SWOG phase III intergroup trial S0033. J Clin Oncol (2014) 32(15_suppl):10508. doi: 10.1200/jco.2014.32.15_suppl.10508

21. Serrano, C, Marino-Enriquez, A, Tao, DL, Ketzer, J, Eilers, G, Zhu, M, et al. Complementary activity of tyrosine kinase inhibitors against secondary kit mutations in imatinib-resistant gastrointestinal stromal tumours. Br J Cancer (2019) 120:612–20. doi: 10.1038/s41416-019-0389-6

22. Chen, YY, Yeh, CN, Cheng, CT, Wu, CE, Chiang, KC, Chen, TW, et al. Fractioned dose regimen of sunitinib for patients with gastrointestinal stromal tumor: A pharmacokinetic and treatment efficacy study. Transl Oncol (2014) 7:620–5. doi: 10.1016/j.tranon.2014.08.004

23. Hsu, CC, Wu, CE, Chen, JS, Tseng, JH, Chiang, KC, Liu, YY, et al. Imatinib escalation or sunitinib treatment after first-line imatinib in metastatic gastrointestinal stromal tumor patients. Anticancer Res (2014) 34:5029–36. doi: 10.2147/OTT.S101385

24. Yeh, CN, Hwang, TL, Huang, CS, Lee, PH, Wu, CW, Chen-Guo, K, et al. Clinical practice guidelines for patients with gastrointestinal stromal tumor in Taiwan. World J Surg Oncol (2012) 10:1–9. doi: 10.1186/1477-7819-10-246

25. Chen, YY, Yeh, CN, Cheng, CT, Chen, TW, Rau, KM, Jan, YY, et al. Sunitinib for Taiwanese patients with gastrointestinal stromal tumor after imatinib treatment failure or intolerance. World J Gastroentero (2011) 17:2113–9. doi: 10.3748/wjg.v17.i16.2113

26. Heinrich, MC, Jones, RL, von Mehren, M, Schoffski, P, Serrano, C, Kang, YK, et al. Avapritinib in advanced PDGFRA D842V-mutant gastrointestinal stromal tumour (NAVIGATOR): a multicentre, open-label, phase 1 trial. Lancet Oncol (2020) 21:935–46. doi: 10.1016/S1470-2045(20)30269-2

27. Pantaleo, MA, Nannini, M, Corless, CL, and Heinrich, MC. Quadruple wild-type (WT) GIST: defining the subset of GIST that lacks abnormalities of KIT, PDGFRA, SDH, or RAS signaling pathways. Cancer Med (2015) 4:101–3. doi: 10.1002/cam4.325

28. Wu, CE, Pan, YR, Yeh, CN, and Lunec, J. Targeting P53 as a future strategy to overcome gemcitabine resistance in biliary tract cancers. Biomolecules (2020) 10(11):1474. doi: 10.3390/biom10111474

29. Steels, E, Paesmans, M, Berghmans, T, Branle, F, Lemaitre, F, Mascaux, C, et al. Role of p53 as a prognostic factor for survival in lung cancer: a systematic review of the literature with a meta-analysis. Eur Respir J (2001) 18:705–19. doi: 10.1183/09031936.01.00062201

30. Tandon, S, Tudur-Smith, C, Riley, RD, Boyd, MT, and Jones, TM. A systematic review of p53 as a prognostic factor of survival in squamous cell carcinoma of the four main anatomical subsites of the head and neck. Cancer Epidemiol Prev Biomarkers (2010) 19:574–87. doi: 10.1158/1055-9965.EPI-09-0981

31. Pauser, U, Schmedt, ADGN, Klöppel, G, Merz, H, and Feller, AC. P53 expression is significantly correlated with high risk of malignancy and epithelioid differentiation in GISTs. an immunohistochemical study of 104 cases. BMC Cancer (2008) 8:204. doi: 10.1186/1471-2407-8-204

32. Ohnstad, HO, Castro, R, Sun, J, Heintz, KM, Vassilev, LT, Bjerkehagen, B, et al. Correlation of TP53 and MDM2 genotypes with response to therapy in sarcoma. Cancer-Am Cancer Soc (2013) 119:1013–22. doi: 10.1002/cncr.27837

33. Henze, J, Muhlenberg, T, Simon, S, Grabellus, F, Rubin, B, Taeger, G, et al. p53 modulation as a therapeutic strategy in gastrointestinal stromal tumors. PloS One (2012) 7:e37776. doi: 10.1371/journal.pone.0037776

34. Palmirotta, R, De Marchis, ML, Ludovici, G, Leone, B, Covello, R, Conti, S, et al. Mutational analysis of gastrointestinal stromal tumors (GISTs): procedural approach for diagnostic purposes. Cancer Genomics Proteomics (2013) 10:115–23.

35. Hur, K, Lee, HJ, Woo, JH, Kim, JH, and Yang, HK. Gene expression profiling of human gastrointestinal stromal tumors according to its malignant potential. Dig Dis Sci (2010) 55:2561–7. doi: 10.1007/s10620-009-1061-4

36. Merten, L, Agaimy, A, Moskalev, EA, Giedl, J, Kayser, C, Geddert, H, et al. Inactivating mutations of RB1 and TP53 correlate with sarcomatous histomorphology and metastasis/recurrence in gastrointestinal stromal tumors. Am J Clin Pathol (2016) 146:718–26. doi: 10.1093/ajcp/aqw193

37. Ryu, MH, Kang, YK, Jang, SJ, Kim, TW, Lee, H, Kim, JS, et al. Prognostic significance of p53 gene mutations and protein overexpression in localized gastrointestinal stromal tumours. Histopathology (2007) 51:379–89. doi: 10.1111/j.1365-2559.2007.02797.x

38. Jiang, J, Jin, MS, Suo, J, Wang, YP, He, L, and Cao, XY. Evaluation of malignancy using ki-67, p53, EGFR and COX-2 expressions in gastrointestinal stromal tumors. World J Gastroenterol (2012) 18:2569–75. doi: 10.3748/wjg.v18.i20.2569

39. Joensuu, H, Eriksson, M, Sundby Hall, K, Hartmann, JT, Pink, D, Schutte, J, et al. One vs three years of adjuvant imatinib for operable gastrointestinal stromal tumor: a randomized trial. JAMA (2012) 307:1265–72. doi: 10.1001/jama.2012.347

40. Joensuu, H, Eriksson, M, Sundby Hall, K, Reichardt, A, Hermes, B, Schutte, J, et al. Survival outcomes associated with 3 years vs 1 year of adjuvant imatinib for patients with high-risk gastrointestinal stromal tumors: An analysis of a randomized clinical trial after 10-year follow-up. JAMA Oncol (2020) 6:1241–6. doi: 10.1001/jamaoncol.2020.2091

41. Ihle, MA, Huss, S, Jeske, W, Hartmann, W, Merkelbach-Bruse, S, Schildhaus, HU, et al. Expression of cell cycle regulators and frequency of TP53 mutations in high risk gastrointestinal stromal tumors prior to adjuvant imatinib treatment. PloS One (2018) 13:e0193048. doi: 10.1371/journal.pone.0193048

42. Romeo, S, Debiec-Rychter, M, Van Glabbeke, M, Van Paassen, H, Comite, P, Van Eijk, R, et al. Cell cycle/apoptosis molecule expression correlates with imatinib response in patients with advanced gastrointestinal stromal tumors. Clin Cancer Res (2009) 15:4191–8. doi: 10.1158/1078-0432.CCR-08-3297

43. Stott, FJ, Bates, S, James, MC, McConnell, BB, Starborg, M, Brookes, S, et al. The alternative product from the human CDKN2A locus, p14(ARF), participates in a regulatory feedback loop with p53 and MDM2. EMBO J (1998) 17:5001–14. doi: 10.1093/emboj/17.17.5001

44. Heinrich, MC, Patterson, J, Beadling, C, Wang, Y, Debiec-Rychter, M, Dewaele, B, et al. Genomic aberrations in cell cycle genes predict progression of KIT-mutant gastrointestinal stromal tumors (GISTs). Clin Sarcoma Res (2019) 9:3. doi: 10.1186/s13569-019-0112-7

45. Wu, CE, Huang, CY, Chen, CP, Pan, YR, Chang, JW, Chen, JS, et al. WIP1 inhibition by GSK2830371 potentiates HDM201 through enhanced p53 phosphorylation and activation in liver adenocarcinoma cells. Cancers (Basel) (2021) 13:1–18. doi: 10.3390/cancers13153876

46. Zhao, Y, Yu, H, and Hu, W. The regulation of MDM2 oncogene and its impact on human cancers. Acta Biochim Biophys Sin (Shanghai) (2014) 46:180–9. doi: 10.1093/abbs/gmt147

47. Wallander, ML, Layfield, LJ, Tripp, SR, and Schmidt, RL. Gastrointestinal stromal tumors: clinical significance of p53 expression, MDM2 amplification, and KIT mutation status. Appl Immunohistochem Mol Morphol (2013) 21:308–12. doi: 10.1097/PAI.0b013e31826ea7c0

48. Efared, B, Atsame-Ebang, G, Tahiri, L, Sidibe, IS, Erregad, F, Hammas, N, et al. The expression of MDM2 in gastrointestinal stromal tumors: immunohistochemical analysis of 35 cases. BMC Clin Pathol (2018) 18:2. doi: 10.1186/s12907-018-0069-0

49. Liu, W, Zeng, X, Yin, Y, Li, C, Yang, W, Wan, W, et al. Targeting the WEE1 kinase strengthens the antitumor activity of imatinib via promoting KIT autophagic degradation in gastrointestinal stromal tumors. Gastric Cancer (2020) 23:39–51. doi: 10.1007/s10120-019-00977-1

50. Ye, S, Sharipova, D, Kozinova, M, Klug, L, D'Souza, J, Belinsky, MG, et al. Identification of Wee1 as a target in combination with avapritinib for gastrointestinal stromal tumor treatment. JCI Insight (2021) 6:1–18. doi: 10.1172/jci.insight.143474

51. Bridges, KA, Hirai, H, Buser, CA, Brooks, C, Liu, H, Buchholz, TA, et al. MK-1775, a novel Wee1 kinase inhibitor, radiosensitizes p53-defective human tumor cells. Clin Cancer Res (2011) 17:5638–48. doi: 10.1158/1078-0432.CCR-11-0650

52. Rajeshkumar, NV, De Oliveira, E, Ottenhof, N, Watters, J, Brooks, D, Demuth, T, et al. MK-1775, a potent Wee1 inhibitor, synergizes with gemcitabine to achieve tumor regressions, selectively in p53-deficient pancreatic cancer xenografts. Clin Cancer Res (2011) 17:2799–806. doi: 10.1158/1078-0432.CCR-10-2580

53. Vallilas, C, Sarantis, P, Kyriazoglou, A, Koustas, E, Theocharis, S, Papavassiliou, AG, et al. Gastrointestinal stromal tumors (GISTs): Novel therapeutic strategies with immunotherapy and small molecules. Int J Mol Sci (2021) 22:1–13. doi: 10.3390/ijms22020493

54. Montesinos, P, Beckermann, BM, Catalani, O, Esteve, J, Gamel, K, Konopleva, MY, et al. MIRROS: a randomized, placebo-controlled, phase III trial of cytarabine +/- idasanutlin in relapsed or refractory acute myeloid leukemia. Future Oncol (2020) 16:807–15. doi: 10.2217/fon-2020-0044

55. Razak, AA, Bauer, S, Blay, J-Y, Quek, R, Suárez, C, Lin, C-C, et al. Abstract CT009: Results of a dose-and regimen-finding phase ib study of HDM201 in combination with ribociclib in patients with locally advanced or metastatic liposarcoma. Cancer Res (2018) 78(13_Supplement):CT009. doi: 10.1158/1538-7445.AM2018-CT009

56. Lowe, J, Cha, H, Lee, MO, Mazur, SJ, Appella, E, and Fornace, AJ Jr. Regulation of the Wip1 phosphatase and its effects on the stress response. Front Biosci (Landmark Ed) (2012) 17:1480–98, doi: 10.2741/3999

57. Wu, CE, Esfandiari, A, Ho, YH, Wang, N, Mahdi, AK, Aptullahoglu, E, et al. Targeting negative regulation of p53 by MDM2 and WIP1 as a therapeutic strategy in cutaneous melanoma. Br J Cancer (2018) 118:495–508. doi: 10.1038/bjc.2017.433

58. Chamberlain, V, Drew, Y, and Lunec, J. Tipping growth inhibition into apoptosis by combining treatment with MDM2 and WIP1 inhibitors in p53(WT) uterine leiomyosarcoma. Cancers (Basel) (2021) 14:1–27. doi: 10.3390/cancers14010014

59. Chera, BS, Sheth, SH, Patel, SA, Goldin, D, Douglas, KE, Green, RL, et al. Phase 1 trial of adavosertib (AZD1775) in combination with concurrent radiation and cisplatin for intermediate-risk and high-risk head and neck squamous cell carcinoma. Cancer-Am Cancer Soc (2021) 127:4447–54. doi: 10.1002/cncr.33789

60. Liu, JF, Xiong, N, Campos, SM, Wright, AA, Krasner, C, Schumer, S, et al. Phase II study of the WEE1 inhibitor adavosertib in recurrent uterine serous carcinoma. J Clin Oncol (2021) 39:1531–9. doi: 10.1200/JCO.20.03167

61. Keenan, TE, Li, T, Vallius, T, Guerriero, JL, Tayob, N, Kochupurakkal, B, et al. Clinical efficacy and molecular response correlates of the WEE1 inhibitor adavosertib combined with cisplatin in patients with metastatic triple-negative breast cancer. Clin Cancer Res (2021) 27:983–91. doi: 10.1158/1078-0432.CCR-20-3089

62. Cole, KA, Pal, S, Kudgus, RA, Ijaz, H, Liu, X, Minard, CG, et al. Phase I clinical trial of the Wee1 inhibitor adavosertib (AZD1775) with irinotecan in children with relapsed solid tumors: A COG phase I consortium report (ADVL1312). Clin Cancer Res (2020) 26:1213–9. doi: 10.1158/1078-0432.CCR-19-3470

63. Schaefer, I-M, Mariño-Enríquez, A, and Fletcher, JA. What is new in gastrointestinal stromal tumor? Adv Anatomic Pathol (2017) 24:259. doi: 10.1097/PAP.0000000000000158



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 Wu, Chen, Huang, Pan, Aptullahoglu, Yeh and Lunec. 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.2022.872202_cover.jpg
& frontiers | Frontiers in Oncology

p53 as a biomarker and
potential target in
gastrointestinal stromal tumors





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





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        p53 as a biomarker and potential target in gastrointestinal stromal tumors

      

        		

          Gastrointestinal stromal tumor

        



        		

          Driver mutations and approved targeted therapy for GIST

        



        		

          Is p53 a biomarker or target in GIST?

        

          		

            TP53 in GIST

          



          		

            MDM2 alteration and as a possible target in GIST

          



          		

            Wee1

          



        



        



        		

          Future clinical studies targeting p53 in GIST

        



        		

          Proposed incorporation of targeting based on p53 status into current GIST clinical practice

        



        		

          Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-872202-g001.jpg
Future development of p53 in GIST

Low-RiskGIST | = &
a Y 4

surgery

—>/d—>

neoadjuvant surgery adjuvant

[ ]
N

Primary
7 Risk evaluation
including genetic M :
etastatic GIST _ S
testing of p53 o
Metastatic combination sequential
GIST

= targeting KIT/PDGFRA

= targeting p53 status






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-872202-g002.jpg
— )

Tumor
suppression

Overexpression

_____

Amplification

. .‘
Overexpression

Mutation

More aggressive GIST
High-risk GIST






