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Abstract 

Pediatric gastrointestinal (GI) cancers are rare malignancies that differ fundamentally from their 
adult counterparts in molecular drivers, histology, and clinical behavior. While adult GI cancers are 
frequently driven by recurrent oncogenic mutations, pediatric tumors often exhibit pathway-level 
dysregulation involving developmental signaling networks. Among these, the RAS/MAPK pathway 
emerges as a central convergent axis integrating growth factor signaling, developmental programs, 
inflammatory cues, and post-translational regulatory mechanisms. Increasing evidence suggests that 
aberrant phosphorylation dynamics result from imbalanced kinase activation and phosphatase-
mediated signal aĴenuation which contribute to sustained MAPK signaling in pediatric GI 
malignancies, even in the absence of canonical RAS or RAF mutations. This review synthesizes 
current knowledge on RAS/MAPK signaling in pediatric GI cancers, emphasizing the role of kinase–
phosphatase imbalance, signal duration, and regulatory failure in shaping oncogenic outcomes. We 
highlight how altered phosphorylation control may influence tumor differentiation, therapeutic 
responsiveness, and resistance mechanisms, and discuss emerging opportunities for targeting 
signaling dynamics rather than single genetic lesions. This signaling-centric framework provides a 
biologically grounded rationale for functional biomarker-driven precision therapy in pediatric GI 
malignancies.  

Keywords: pediatric gastrointestinal malignancies; receptor tyrosine kinases (RTK); RAS/MAPK 
pathway; ERK activation; post-translational regulation 
 

1. Introduction 
Pediatric GI cancers constitute a small but clinically significant subset of childhood malignancies 

and are associated with substantial morbidity and long-term treatment-related toxicity. Their rarity 
has limited large-scale molecular characterization, and therapeutic strategies are frequently 
extrapolated from adult oncology despite clear biological differences [1,2]. Pediatric GI tumors 
typically arise in tissues undergoing active growth and differentiation, where developmental 
signaling pathways play a dominant role [3,4]. Consequently, oncogenesis in this context often 
reflects dysregulated signaling networks rather than a high somatic mutational burden.  

The RAS/mitogen-activated protein kinase (MAPK) pathway is a prototypical kinase-driven 
signaling cascade that regulates proliferation, survival, and differentiation through tightly controlled 
phosphorylation events [5,6]. While this pathway has been extensively studied in adult GI cancers, 
particularly in relation to KRAS mutations, its role in pediatric GI malignancies is less clearly defined 
[7,8]. Increasing evidence suggests that RAS/MAPK signaling in pediatric tumors frequently 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 March 2026 doi:10.20944/preprints202603.0829.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.0829.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

functions as a convergent signaling hub rather than a mutation-defined oncogenic driver [9,10] 
(Table 1). While canonical KRAS/RAF mutations are less frequent in certain pediatric GI tumors such 
as hepatoblastoma, early-onset colorectal carcinoma may still demonstrate RAS pathway alterations. 
Thus, MAPK activation in pediatric GI malignancies likely reflects a spectrum ranging from 
mutation-driven to developmentally or receptor-driven pathway activation [11]. Recognition of this 
distinction is essential for the rational development of kinase- and phosphatase-targeted therapeutic 
strategies in children. 

Table 1. 

Adult GI Cancer. Pediatric GI Cancer 

Mutation-driven Developmentally driven 

Recurrent KRAS/RAF mutations RAS/MAPK developmental signaling 

Genotype-driven therapy selection Functional pathway-output assessment 

Constitutive pathway activation Developmentally and receptor-driven activation 

Mutation blockade Signal modulation 

2. RAS/MAPK Signaling as a Post-Translationally Regulated Network 
Activation of the RAS/MAPK pathway is typically initiated by receptor tyrosine kinases (RTKs) 

in response to extracellular ligands, leading to RAS activation and sequential phosphorylation of 
RAF, MEK, and ERK [12]. These phosphorylation events transmit signals to the nucleus and regulate 
transcriptional programs controlling proliferation, differentiation, and cellular survival. Under 
physiologic conditions, pathway activity is tightly constrained by negative feedback loops and 
phosphatase-mediated dephosphorylation, ensuring transient and context-dependent signaling 
output [6,13]. An overview of RAS/MAPK signaling as a kinase–phosphatase–regulated pathway 
integrating developmental, growth factor, and inflammatory inputs in pediatric GI cancers is shown 
in Figure 1.  

In cancer, disruption of the balance between kinase-driven activation and phosphatase-
mediated signal aĴenuation results in sustained MAPK signaling and oncogenic transcriptional 
reprogramming [14]. Importantly, in pediatric GI malignancies, persistent MAPK activation may 
occur even in the absence of canonical activating mutations in RAS or RAF genes [9,10]. Instead, 
pathway activation may be driven through heightened upstream RTK signaling and ligand-
dependent stimulation, integration with developmental signaling networks, inflammatory 
microenvironment cues, and/or impaired phosphatase activity that prolongs ERK phosphorylation 
and signal duration [9,10,13]. Candidate RTKs that can converge on MAPK activation in GI tissues 
include EGFR/ERBB family receptors, FGFR signaling axes, MET, IGF1R, PDGFR, and KIT, each of 
which can promote downstream RAS activation through adaptor-mediated signaling and feedback-
sensitive network dynamics [13]. This distinction has direct therapeutic implications: reliance on 
mutational profiling alone may underestimate MAPK dependency in pediatric GI cancers, whereas 
functional assessment of pathway output (e.g., ERK phosphorylation or phosphoproteomic 
signatures) may beĴer identify actionable vulnerabilities. Standardization of phospho-ERK 
immunohistochemistry or phosphoproteomic-based pathway output scoring systems may provide a 
pragmatic entry point for clinical translation. Emerging evidence suggests that dysregulation of 
MAPK-directed phosphatases such as DUSP family members and PP2A may contribute to sustained 
ERK activation in tumors lacking canonical RAS mutations. In addition, upstream regulators such as 
SHP2 facilitate RTK-mediated RAS activation and may promote adaptive pathway rebound 
following MEK inhibition.  

Direct phosphoproteomic profiling of pediatric GI tumors remains limited, and systematic 
evaluation of ERK activation states across histologies is lacking. Prospective integration of pathway-
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output biomarkers into collaborative pediatric trials represents a key unmet research priority. 
Accordingly, pediatric GI malignancies represent a seĴing where targeting signaling dynamics, 
signal amplitude, duration, and feedback regulation may be more clinically informative than 
targeting single genetic lesions. 

 

Figure 1. Kinase–phosphatase regulation of RAS/MAPK signaling in pediatric gastrointestinal (GI) cancers: 
Extracellular signals activate the RAS/MAPK cascade through sequential phosphorylation of RAF, MEK, and 
ERK, while MAPK-directed phosphatases (e.g., DUSPs and PP2A) constrain signal amplitude and duration. 
Disruption of this kinase–phosphatase balance promotes sustained ERK activation and oncogenic signaling in 
pediatric GI cancers, including hepatoblastoma (HB), pediatric colorectal carcinoma, pancreatoblastoma, 
pediatric gastrointestinal stromal tumor (GIST), pediatric hepatocellular carcinoma (pHCC), and pediatric 
cholangiocarcinoma (CCA). 

3. Developmental Context of RAS/MAPK Signaling in Pediatric GI Cancers 
During normal development, gastrointestinal tissues rely on coordinated signaling through 

pathways such as Wnt/β-catenin, Hippo/YAP, and PI3K–AKT–mTOR to regulate growth, lineage 
commitment, and differentiation [15]. RAS/MAPK signaling intersects with these programs at 
multiple levels, serving as a central integrator of developmental and environmental cues [15]. In 
pediatric cancers, this physiologic signaling architecture may be co-opted to support malignant 
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growth, particularly in tumors arising from tissues with active developmental remodeling and high 
proliferative capacity. 

This developmental context distinguishes pediatric GI tumors from many adult malignancies, 
in which MAPK pathway activation more commonly reflects discrete oncogenic mutations that 
constitutively activate the pathway independent of extracellular cues [10]. In children, sustained 
MAPK signaling may instead represent persistence or dysregulation of developmentally 
programmed signaling states, rather than irreversible genetic activation, thereby creating a 
therapeutic landscape in which pathway modulation—and biomarker-guided targeting of signaling 
dynamics—may be preferable to complete pathway blockade. Accordingly, pediatric GI oncology 
increasingly requires conceptual frameworks that extend beyond mutation-centered models to 
incorporate signaling intensity, duration, and feedback regulation as actionable determinants of 
tumor behavior and therapeutic response. While MAPK inhibitors are not part of current standard 
therapy due to limited pediatric trial evidence and uncertainty regarding toxicity-benefit balance in 
the absence of validated biomarkers, pathway-output assessment may support investigational 
enrollment and rational pathway-oriented strategies in biologically selected patients. Herein, we 
focus on hepatoblastoma (HB), pediatric colorectal carcinoma, pancreatoblastoma, pediatric 
gastrointestinal stromal tumor (GIST), pediatric hepatocellular carcinoma (pHCC), and pediatric 
cholangiocarcinoma (CCA) (Table 2). 

Table 2. 

Pediatric GI 

malignancy 

Standard management / 

treatment 

Major limitations 

in pediatrics 

MAPK pathway relevance 

(why it matters) 

Therapeutic opportunity 

(MAPK angle) 

Hepatoblastom

a (HB) 

Risk-adapted 

chemotherapy + surgical 

resection; liver transplant 

for unresectable disease 

Treatment toxicity; 

relapse/refractory 

cases need better 

options 

MAPK may act as a 

proliferative amplifier, often 

without KRAS/RAF 

mutations 

Consider MAPK output 

testing (pERK) to support 

MEK/ERK modulation in 

refractory/high-risk disease 

and as a potential 

chemosensitizer 

Pediatric 

colorectal 

carcinoma 

Surgery + systemic 

chemotherapy (often 

adult-derived regimens) 

Rare + aggressive; 

limited pediatric 

trials; adult 

mutation-guided 

therapy may not 

translate 

Functional MAPK activation 

may occur without 

canonical KRAS 

Evaluate pathway output 

(not mutation only); explore 

downstream MAPK 

inhibition or pathway-based 

trial enrollment 

Pancreatoblast

oma 

Surgical resection ± 

chemotherapy 

Extremely rare; no 

standardized 

pediatric protocols 

Developmental tumor 

biology suggests pathway 

convergence including 

MAPK 

Use functional biomarkers 

to identify MAPK 

dependence and guide 

investigational targeted 

options in refractory disease 

Pediatric 

Gastrointestina

l stromal tumor 

(GIST) 

Surgery when feasible; 

selective use of TKIs 

depending on biology 

Pediatric GIST 

differs from adult; 

variable response 

to standard TKIs 

MAPK may mediate RTK 

downstream signaling and 

escape pathways 

Consider MAPK signaling 

as a resistance node; 

rational basis for RTK + 

MAPK combination 

strategies (investigational) 
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Pediatric 

hepatocellular 

carcinoma 

(pHCC) 

Resection or transplant 

when possible; limited 

systemic options 

Often chemo-

resistant; limited 

pediatric targeted 

therapy data 

Pathway-level dysregulation 

may be present even 

without actionable 

mutations 

Use MAPK output 

stratification to support 

enrollment in pathway-

driven trials or 

investigational 

combinations 

Pediatric 

cholangiocarci

noma (CCA) 

Resection when possible; 

limited systemic therapy 

Very rare; poor 

outcomes in 

advanced disease; 

no pediatric 

standards 

Potential RTK→MAPK 

activation and resistance 

mechanisms 

Basket trials / pathway-

based strategies guided by 

functional activation rather 

than histology 

3.1. Hepatoblastoma (HB): RAS/MAPK Signaling as a Proliferative Amplifier and Therapeutic Modifier 

Hepatoblastoma (HB) is the most common malignant liver tumor in children, with global 
epidemiologic analyses showing geographic variation and an overall incidence of approximately 1.5 
cases per million children per year, predominantly affecting those under 5 years of age [16,17]. 

Although aberrant Wnt/β-catenin signaling is a hallmark of hepatoblastoma, transcriptomic 
profiling demonstrates broader deregulation of growth and survival programs, supporting 
integration of additional kinase-driven pathways. In this context, RAS/MAPK signaling may function 
as a proliferative amplifier that enhances cell-cycle progression and tumor survival, even in the 
absence of canonical RAS mutations, consistent with a post-translational activation model driven by 
upstream growth factor signaling and/or impaired negative regulation [18,19]. 

Standard therapy remains multimodal and risk-adapted, combining systemic chemotherapy 
with definitive surgical resection when feasible. Modern protocols emphasize chemotherapy 
optimization and surgical standardization, including evidence supporting PLADO-based regimens 
(Cisplatin and Doxorubicin) and structured surgical guidelines [20–24]. For unresectable tumors or 
extensive hepatic involvement, liver transplantation remains a curative option in selected patients 
[25]. Relapsed or refractory hepatoblastoma remains a major unmet clinical need, prompting 
collaborative efforts to improve biologic stratification and trial infrastructure [26]. 

3.2. Pediatric Colorectal Carcinoma: Treatment Challenges and Functional MAPK Activation Beyond KRAS 

Pediatric colorectal carcinoma is clinically aggressive, representing less than 1% of pediatric 
malignancies, with increasing aĴention to early-onset colorectal cancer as a distinct clinical and 
molecular entity [27]. 

Adult colorectal cancer paradigms heavily emphasize KRAS mutation status for predicting 
resistance to standard therapy, and multiple studies in early-onset disease demonstrate a meaningful 
role for KRAS-related variation and broader genomic complexity [28,29]. Notably, some pediatric 
and early-onset colorectal cancers do harbor KRAS alterations, underscoring the heterogeneity of 
MAPK pathway dependency across age groups [30–32]. In pediatric and young adult colorectal 
cancers, molecular profiling suggests distinct genomic landscapes, supporting the concept that 
MAPK pathway activation may occur through alternative upstream drivers and signaling feedback 
dysregulation rather than KRAS mutation status alone [33,34]. 

Because pediatric-specific prospective evidence is limited, management is often extrapolated 
from adult regimens and generally includes surgical resection with systemic chemotherapy for 
advanced disease. Molecular stratification may have prognostic relevance, as microsatellite 
instability has been associated with favorable prognosis in pediatric cohorts [35,36]. 

MAPK-targeted therapies are not currently standard in pediatric colorectal carcinoma due to 
limited pediatric trial evidence and lack of validated functional biomarkers for patient selection; 
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however, pathway-output assessment may help identify investigational opportunities for targeted or 
combination strategies in refractory disease [37,38]. 

3.3. Pancreatoblastoma: Developmental Tumor Biology and Limited Therapeutic Standardization 

Pancreatoblastoma is a rare pediatric pancreatic malignancy characterized by embryonal 
histology and strong developmental biology. Integrated molecular characterization supports the 
concept that pancreatoblastoma is driven by distinct oncogenic programs and developmental 
signaling architecture rather than high mutational burden [39]. 

While direct evidence for MAPK-driven oncogenesis remains limited, emerging reports expand 
the spectrum of potential RAS/MAPK involvement, including NRAS mutation in select cases, 
supporting biologic plausibility for MAPK-related vulnerabilities in a subset of tumors [40]. Ongoing 
molecular investigations are beginning to clarify the signaling alterations underlying 
pancreatoblastoma pathogenesis. For example, a recent report describing spontaneous rupture of an 
advanced pancreatoblastoma identified aberrant RASSF1A promoter methylation and a CTNNB1 
mutation, highlighting disruption of key growth-regulatory pathways. RASSF1A is a well-
established Ras effector and tumor suppressor that modulates Ras/MAPK signaling by interfacing 
with RAF kinases and restraining ERK activation, while also promoting pro-apoptotic signaling 
through Hippo pathway components. Epigenetic silencing of RASSF1A therefore shifts KRAS output 
toward unchecked MAPK-driven proliferation and survival. In parallel, activating mutations in 
CTNNB1 stabilize β-catenin and enhance Wnt signaling, reinforcing developmental programs that 
are frequently co-opted in embryonal tumors such as pancreatoblastoma. Together, these alterations 
support the concept that dysregulated Ras/MAPK and developmental signaling networks cooperate 
in the biology of this rare tumor [41]. 

Treatment is multimodal and typically includes surgical resection when feasible, often combined 
with systemic chemotherapy for locally advanced or metastatic disease. However, standardized 
pediatric regimens remain limited due to extreme rarity, and clinical decision-making often relies on 
case-based evidence [42]. 

3.4. Pediatric Gastrointestinal Stromal Tumors (GIST): Distinct Biology and Potential MAPK Escape 
Signaling 

Gastrointestinal stromal tumor (GIST) in children typically presents in the second decade of life 
(median age of 13 years) with a strong predilection toward females, who represent ∼70–75% of 
sporadic pediatric cases [43]. Pediatric GIST is biologically distinct from adult GIST, with early 
foundational studies demonstrating differences in driver alterations and mechanisms of progression 
[44]. A minority (10–15%) of GISTs in adults, along with ∼85% of pediatric GISTs, lacks oncogenic 
mutations in KIT and PDGFRA [45]. Not surprisingly these wild type (WT) GISTs respond poorly to 
kinase inhibitor therapy. Pediatric KIT/PDGFRA–wild-type tumors may still demonstrate KIT 
activation through distinct biology, and succinate dehydrogenase (SDH) enzyme complex deficiency 
represents a major molecular subgroup contributing to unique clinical behavior and therapeutic 
response paĴerns [46]. 

Surgical resection remains central when feasible, while systemic therapy decisions may 
incorporate TKIs depending on tumor biology and clinical context. Long-term management can be 
challenging in recurrent or metastatic disease, and responses to adult-derived TKI approaches may 
be variable. MAPK signaling may contribute to downstream survival signaling and adaptive 
resistance, supporting interest in pathway-informed investigational strategies. 

3.5. Pediatric Hepatocellular Carcinoma (pHCC): Limited Systemic Options and Need for Pathway-Driven 
Strategies 

Pediatric hepatocellular carcinoma is rare but high-risk, occurring either sporadically or in the 
context of underlying liver disease with biologic and clinical features that differ from hepatoblastoma 
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(HB) and from adult HCC. Overall, the prognosis of pediatric HCC is dismal with 5-year event-free 
survival of <30 % as compared to >80 % for HB. Contemporary reviews highlight predisposing 
conditions, molecular mechanisms, and ongoing challenges in pediatric-specific therapeutic 
development [47,48]. 

Curative therapy relies on complete surgical resection when possible, and liver transplantation 
may be considered in selected cases [49]. International groups have done trials in pediatric HCC with 
chemotherapy optimization regimen, based on PLADO-based regimens (Cisplatin and Doxorubicin) 
as for HB [24]. Sorafenib, a multi-kinase inhibitor, following positive results in adults and in a pilot 
study in children, is now tested in conjunction with chemotherapy in the PHITT phase III clinical 
trial. Evidence from pediatric cooperative experiences continues to evaluate whether modified 
platinum- and doxorubicin-based chemotherapy improves resectability and outcomes, while 
registry-based studies highlight persistent uncertainty regarding systemic therapy benefit in 
unresectable disease [50]. Notably, HCC showed a meaningful response to neoadjuvant 
chemotherapy, which enabled secondary resection in several initially unresectable cases, suggesting 
that chemotherapy may be a valuable component of treatment in selected patients [51]. An extended 
molecular analysis of tumor samples could give information about pathways as possible targets of 
biological and immunotherapeutic agents and immune checkpoint inhibitors (ICIs) bringing new 
pharmacological options for the treatment of pediatric HCC [52,53]. MAPK-targeted therapies are 
not established as standard treatment; however, pathway-driven stratification remains a rational 
investigational direction particularly for refractory disease where standard options are limited.  

3.6. Pediatric Cholangiocarcinoma (CCA): Ultra-Rare Disease with Potential MAPK Linked Vulnerabilities 

Pediatric cholangiocarcinoma (CCA) is a biliary malignancy, exceptionally rare, and registry-
based analyses emphasize the limited number of pediatric cases available for systematic study [54]. 

Surgical resection offers the best chance of cure when feasible, while advanced disease remains 
challenging due to limited systemic options and poor outcomes [55]. Current approaches are largely 
extrapolated from adult biliary tract cancer management, including molecular screening strategies 
and guideline-based systemic treatment frameworks [56]. MAPK pathway-directed strategies may 
represent a rational investigational approach in biomarker-selected pediatric cases. 

4. Therapeutic Targeting of RAS/MAPK Signaling in Pediatric GI Cancers: 
Repurposing Opportunities and Limitations  

Targeted therapy development in pediatric gastrointestinal oncology is constrained by tumor 
rarity, limited trial enrollment, and the developmental importance of MAPK signaling in normal 
tissue growth. Consequently, treatment paradigms are often extrapolated from adult GI oncology 
despite major biological differences between pediatric and adult tumors. 

In adult GI cancers, MAPK-directed strategies have historically focused on mutation-defined 
targets and resistance mechanisms [57]. However, pediatric GI malignancies may exhibit MAPK 
pathway activation without canonical KRAS or RAF mutations, emphasizing the importance of 
pathway-output evaluation rather than mutation status alone [58]. In this seĴing, downstream 
inhibition at the level of MEK or ERK represents a theoretically aĴractive approach [59]. 

Despite this rationale, clinical evidence for MAPK inhibitor use in pediatric GI cancers remains 
limited, and toxicity considerations are critical given the pathway’s role in development. 
Combination approaches may be particularly relevant, including MAPK inhibition with 
chemotherapy, dual pathway targeting, and RTK-directed combinations [60,61] (Figure 2). 
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Figure 2. Therapeutic targeting nodes in the RAS/MAPK signaling pathway in pediatric gastrointestinal 
malignancies. Schematic representation of the canonical RAS/MAPK cascade, beginning with receptor tyrosine 
kinase (RTK) activation and sequential signaling through RAS, RAF, MEK, and ERK to promote cell proliferation 
and survival. Pharmacologic targeting strategies are highlighted at multiple pathway nodes. RTK inhibitors 
(erlotinib, afatinib, cetuximab) are approved in adult malignancies but have limited pediatric GI-specific data. 
KRAS G12C inhibitors (sotorasib, adagrasib) are mutation-specific and may have limited applicability due to the 
low frequency of actionable KRAS mutations in pediatric gastrointestinal cancers. Pan-RAS inhibition (RMC-
6236) represents an emerging strategy aimed at broader RAS targeting. MEK inhibitors (trametinib, cobimetinib) 
are the most clinically explored MAPK-directed agents in pediatric tumors and RASopathies. Cross-pathway 
targeting with PI3K/mTOR inhibitors (everolimus) is also shown. Key therapeutic limitations in pediatric GI 
malignancies include developmental context-dependent pathway activation, adaptive ERK feedback 
reactivation, limited pediatric-specific clinical trials, and long-term toxicity considerations. 

5. Therapeutic Outlook and Research Priorities 
Available evidence supports a paradigm shift in pediatric gastrointestinal oncology: RAS/MAPK 

signaling is not solely a mutation-defined cascade, but a dynamic signaling output shaped by 
developmental context, upstream receptor inputs, signaling crosstalk, and failures of phosphatase-
mediated aĴenuation. This distinction explains why adult-derived targeted strategies cannot be 
directly translated to children and underscores the need for functional biomarkers that measure 
pathway activity rather than genotype alone. Therapeutically, MAPK-directed agents offer important 
repurposing opportunities, including convergent inhibition at the level of MEK or ERK and upstream 
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approaches such as SHP2 or SOS1 inhibition to reduce RAS activation and pathway rebound. 
Nevertheless, developmental toxicity concerns and adaptive resistance favor biomarker-guided, 
combination-based approaches—such as MAPK modulation with chemotherapy, co-targeting 
MAPK with PI3K/AKT/mTOR, or pairing MAPK-directed therapy with RTK inhibition in receptor-
driven tumors. By synthesizing emerging biology with practical therapeutic implications, this review 
defines a functional roadmap for precision therapy development in rare pediatric GI malignancies 
and highlights key priorities for collaborative trial design and translational investigation. 
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