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To the editor
Pseudomyxoma peritonei (PMP) is a rare clinical entity 
characterized by progressive accumulation of mucinous 
gelatinous material in the peritoneal cavity, without 
extraperitoneal growth or distant metastases [1]. This 
disease is categorized into three groups by the Peritoneal 
Surface Oncology Group International (PSOGI): (i) Low-
Grade (LG-PMP); (ii) High-Grade (HG-PMP); and (iii) 
PMP with the presence of signet ring cells (SRC-PMP) 
[2]. The most effective treatment option for PMP includes 
cytoreductive surgery (CRS) associated with hyper-
thermic intraperitoneal chemotherapy (HIPEC), which 
aims to remove all visible tumor within the peritoneum 
[3]. Despite this therapeutic effort, a high percentage of 
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Abstract
Pseudomyxoma peritonei (PMP) is a rare disease characterized by a massive accumulation of mucus in the 
peritoneal cavity. The only effective treatment is aggressive surgery, aimed at removing all visible tumors. However, 
a high percentage of patients relapse, with subsequent progression and death. Recently, there has been an 
increase in therapies that target mutated oncogenic proteins. In this sense, KRAS has been reported to be highly 
mutated in PMP, with KRASG12D being the most common subtype. Here, we tested the efficacy of a small-molecule 
KRASG12D inhibitor, MRTX1133, in a high-grade PMP xenograft mouse model carrying a KRASG12D mutation. 
The results obtained in this work showed a profound inhibition of tumor growth, which was associated with a 
reduction in cell proliferation, an increase in apoptosis, and a reduction in the MAPK and PI3K/AKT/mTOR signaling 
pathways. In conclusion, these results demonstrate the high potency and efficacy of MRTX1133 in KRASG12D-PMP 
tumors and provide a rationale for clinical trials.
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patients will develop relapse with subsequent progres-
sion and death due to the absence of effective treatment 
options [4].

KRAS is one of the most frequently mutated oncogenes 
in various cancer [5] and is reported to be mutated at a 
median frequency of 78% in PMP [5], with KRASG12D 
being the most common subtype [6]. KRASG12D pro-
motes uncontrolled cell proliferation and survival by 
constitutively activating KRAS protein, a critical com-
ponent of the MAPK and PI3K/AKT signaling pathways 
[7]. MRTX1133 is an investigational small-molecule 
inhibitor developed by Mirati Therapeutics Inc. (CA, 
USA). It was designed to selectively bind to the mutant 
KRASG12D protein and inhibit its activity [7]. MRTX1133 
has proven to be an effective treatment for animal mod-
els of KRASG12D-mutated colorectal and pancreatic can-
cers [8, 9]. Importantly, this treatment has proven to be 
highly selective for KRASG12D due to its binding to a spe-
cific histidine (H95), which is not conserved in wild-type 
KRAS, HRAS, or NRAS [10].

In this study, we first tested the direct effect of 
MRTX1133 on tumor progression in a xenograft mouse 
model of PMP with the KRASG12D mutation.

First, we describe and validate a HG-PMP xenograft 
mouse model with < 50% signet ring cells that exhibited 
a growth pattern very similar to its human counterpart 
(see Additional Information: methods). Additionally, 
immunohistochemical analyses showed that the expres-
sion patterns of specific markers, such as MUC2, CK7, 
CK20, P53, and CDX2, were maintained and consistent 
in the patient-derived xenograft (PDX) mouse model 
compared to the original human sample (Table S1). These 
results are consistent with those generated by Flatmark et 
al. [11]. Interestingly, we found that our PMP PDX mouse 
model carried the KRASG12D mutation (see Additional 
Information: methods and Table S2), making it a perfect 
candidate for testing therapies that target this specific 
mutation, such as MRTX1133.

MRTX1133-treated HG-PMP PDX mice showed pro-
found tumor growth inhibition based on the reduction 
in abdominal girth, mucin weight, mucin volume, and 
pre/post-treatment weight gain compared to the con-
trol group (Fig. 1). These results are consistent with the 
reduction in cell viability observed in vitro in several can-
cer cell lines and tumor regression observed in vivo in 
mouse models of pancreatic and colorectal cancer [7, 9].

To better understand how MRTX1133 reduces tumor 
growth, we explored the Ki67 proliferation index and 
cleaved caspase-3 protein levels as key indicators of cell 
proliferation and apoptosis. We observed an alteration 
in both protein staining levels in MRTX1133-treated 
HG-PMP PDX mice (Ki67 proliferation index reduction 
and cleaved caspase-3 increase; Fig.  2A-D), supporting 
the profound tumor growth inhibition observed in these 

mice. Consistent with these data, a reduction in the Ki67 
proliferation index and an increase in cleaved caspase-3 
levels have been reported in orthotopic pancreatic HPAC 
and AsPC-1 cell line xenograft models [7]. Similarly, a 
reduction in the Ki67 proliferation index was found in 
the pancreatic 6419c5 cell line in immunocompetent 
C57BL/6 mouse models, which harbor immunotherapy-
resistant pancreatic tumors [9].

Mutant KRAS, specifically KRASG12D, leads to 
increased levels of KRAS-GTP, which results in the ele-
vation of the PI3K/AKT and ERK pathways [12]. Based 
on this information, we investigated the role of these 
pathways in inhibiting tumor growth and observed a 
reduction in positive cells and staining intensity for 
both pERK1/2 and p-S6, with pERK1/2 being the most 
reduced (Fig.  2E-H). These results are in line with the 
reduction in pERK1/2 and p-S6 observed in vitro in both 
human and murine KRASG12D-mutant cell lines and in 
the orthotopic pancreatic HPAC xenograft mouse model 
[7, 9].

Collectively, we present novel and original informa-
tion on a striking and consistent reduction in mucinous 
tumor growth associated with a reduction in KRAS-
dependent signaling and induction of apoptosis in a 
KRASG12D-mutated HG-PMP xenograft mouse model 
using the MRTX1133 inhibitor. These results could 
pave the way to test this promising therapeutic option 
in a phase I/II clinical trial in KRASG12D-mutated PMP 
patients to prevent relapse after surgery, as well as to test 
its potential effects in other more prevalent mucinous 
carcinomatosis, such as KRASG12D-mutated mucinous 
colorectal cancer.
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Fig. 1 MRTX1133 (30 mg/kg) reduces tumor growth in a HG-PMP xenograft mouse model. (A–C) Abdominal girth (normalized by body weight gain), 
mucinous tumor weight (g) and pre/post-treatment mouse weight gain (calculated as the difference between the pre-treatment mouse weight and the 
weight before sacrifice) measured after sacrifice in MRTX1133-treated (n = 18) and control mice (n = 19). (D) Quantification of an estimated mucinous 
tumor volume (mm3) within mouse peritoneum using MRI T2-weighted images in treated (n = 18) and control mice (n = 19). (E) Representative MRI T2-
weighted images of MRTX1133-treated and control mice. Mucin appears as hypointense regions in the images. (F) Representative 3D images of mouse 
abdomens showing the distribution of mucin within peritoneumin treated and control mice. Mucin appears highlighted in yellow in the images. (G) 
Representative images of a control (left images) and a MRTX1133-treated mouse (right images) at sacrifice. Mucin appears as a viscous liquid throughout 
the peritoneum in control mice. Data are represented as the mean ± SEM. ** p < 0.001.
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Abbreviations
PMP  Pseudomyxoma peritonei
MRI  Magnetic resonance imaging
PSOGI  The Peritoneal Surface Oncology Group International
LG  Low grade
HG  High grade
CRS  Cytoreductive surgery
HIPEC  Hyperthermic intraperitoneal chemotherapy
MUC2  Mucin 2
CK7  Cytokeratin 7
CK20  Cytokeratin 20
CDX2  Homeobox protein CDX2
PDX  Patient-derived xenograft
MAPK  Mitogen-activated protein kinases
GTP  Guanosine triphosphate

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40164-023-00465-4.

Supplementary Material 1

Acknowledgements
We acknowledge the Preclinical Imaging Service, and specially Miguel Ángel 
Rodríguez Martín (Diagnostic Radiographer), from Maimonides Biomedical 
Research Institute of Cordoba (IMIBIC), for assistance and guidance in the MRI 
experiments.

Author contribution
MCVB and MGR contributed equally to this work and were involved in 
the study design, research, methodology, formal analysis, and all stages 
of manuscript preparation; FIB: research, methodology, formal analysis, 
writing-review, and editing. AML, ROS, AMS, RPR, BRA, FVM, LRO, SYH, CM, 

Fig. 2 MRTX1133 reduces cell proliferation and increases apoptosis mainly through the MAPK and PI3K/AKT/mTOR signaling pathways. (A) Represen-
tative 20X immunohistochemical images of tumor sections stained for Ki67 from MRTX1133-treated and control mice. (B) Quantification of the Ki67 
proliferation index in treated (n = 12) and control mice (n = 12). (C, E, G) Representative 20X immunohistochemical images of tumor sections stained for 
cleaved caspase-3, phospho-p44/42 (pERK1/2) and phospho-S6 from MRTX1133-treated and control mice. (D, F, H) Quantification of the percentage of 
positive cells and intensity of staining for cleaved caspase-3, phospho-p44/42 (pERK1/2) and phospho-S6 from MRTX1133-treated (n = 12) and control 
mice (n = 12). Data are represented as the mean ± SEM or stacked bar graphs (orange bars are control and blue bars are treated mice).

 

https://doi.org/10.1186/s40164-023-00465-4
https://doi.org/10.1186/s40164-023-00465-4


Page 5 of 5Vázquez-Borrego et al. Experimental Hematology & Oncology          (2023) 12:102 

JA: methodology, formal analysis, writing-review, and editing; ARR and AAS: 
funding acquisition, study design, research, methodology, formal analysis, 
supervision, writing the original draft, writing-review, and editing.

Funding
This study was carried out with financial support from the Carlos III Health 
Institute (Instituto de Salud Carlos III) associated with the Spanish Ministry 
of Science and Innovation (Ministerio de Ciencia e Innovación) (reference: 
PI22/01213), and from Asociación Española contra el Cáncer (reference: 
PRYES223170ARJO).

Data Availability
The data generated in this study are available within the article and its 
supplementary data files. Nevertheless, all data are also available upon request 
from the corresponding author.

Declarations

Ethical approval and consent to participate
All animal experiments and procedures were approved by the ethical 
committee for animal experimentation of the University of Cordoba. 
Furthermore, we got a permission from the Ministry of Agriculture to develop 
the preclinical models (certificate number 12/12/2019/196).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 November 2023 / Accepted: 30 November 2023

References
1. Sommariva A, Tonello M, Rigotto G, Lazzari N, Pilati P, Calabrò ML. Novel per-

spectives in Pseudomyxoma Peritonei Treatment. Cancers (Basel) [Internet]. 
2021;13:5965.

2. Carr NJ, Cecil TD, Mohamed F, Sobin LH, Sugarbaker PH, González-Moreno 
S et al. A Consensus for Classification and Pathologic Reporting of 

Pseudomyxoma Peritonei and Associated Appendiceal Neoplasia: The Results 
of the Peritoneal Surface Oncology Group International (PSOGI) Modified 
Delphi Process. Am J Surg Pathol; 2016. p. 14–26.

3. Kusamura S, Barretta F, Yonemura Y, Sugarbaker PH, Moran BJ, Levine EA, et al. 
The role of Hyperthermic Intraperitoneal Chemotherapy in Pseudomyxoma 
Peritonei after cytoreductive Surgery. JAMA Surg. 2021;156:e206363.

4. Baratti D, Kusamura S, Guaglio M, Milione M, Pietrantonio F, Cavalleri T, et al. 
Relapse of Pseudomyxoma Peritonei after cytoreductive Surgery and hyper-
thermic intraperitoneal chemotherapy: pattern of failure, Clinical Manage-
ment and outcomes. Ann Surg Oncol. 2023;30:404–14.

5. Lund-Andersen C, Torgunrud A, Fleten KG, Flatmark K. Omics analyses in 
peritoneal Metastasis—utility in the management of peritoneal metastases 
from Colorectal cancer and pseudomyxoma peritonei: a narrative review. J 
Gastrointest Oncol [Internet]. 2020;12:191–203.

6. Nummela P, Saarinen L, Thiel A, Järvinen P, Lehtonen R, Lepistö A, et 
al. Genomic profile of pseudomyxoma peritonei analyzed using next-
generation sequencing and immunohistochemistry. Int J Cancer [Internet]. 
2015;136:E282–9.

7. Hallin J, Bowcut V, Calinisan A, Briere DM, Hargis L, Engstrom LD, et al. Anti-
tumor efficacy of a potent and selective non-covalent KRASG12D inhibitor. 
Nat Med. 2022;28:2171–82.

8. Feng J, Hu Z, Xia X, Liu X, Lian Z, Wang H, et al. Feedback activation of EGFR/
wild-type RAS signaling axis limits KRASG12D inhibitor efficacy in KRASG12D-
mutated Colorectal cancer. Oncogene. 2023;42:1620–33.

9. Kemp SB, Cheng N, Markosyan N, Sor R, Kim I-K, Hallin J, et al. Efficacy of 
a small molecule inhibitor of KrasG12D in immunocompetent models of 
Pancreatic cancer. Cancer Discov. 2022;13:298–311.

10. Keats M, Han JJW, Lee Y-H, Lee C-S, Luo J. A non-conserved histidine residue 
on KRAS drives paralog selectivity of the KRASG12D inhibitor MRTX1133. 
Cancer Res. 2023.

11. Flatmark K, Reed W, Halvorsen T, Sørensen O, Wiig JN, Larsen SG, et al. 
Pseudomyxoma peritonei – two novel orthotopic mouse models portray the 
PMCA-I histopathologic subtype. BMC Cancer [Internet]. 2007;7:116–6.

12. Zeissig MN, Ashwood LM, Kondrashova O, Sutherland KD. Next batter up! 
Targeting cancers with KRAS-G12D mutations. Trends Cancer. 2023.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Antitumor effect of a small-molecule inhibitor of KRAS﻿G12D﻿ in xenograft models of mucinous appendicular neoplasms
	﻿Abstract
	﻿To the editor
	﻿References


