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Glossary 

CI (Confidence Interval) An es�mated range of values which is likely to include an 
unknown popula�on parameter, the es�mated range being 
calculated from a given set of sample data.(1) 

HR (Hazard Ra�o) The ra�o of [risk of outcome in one group]/ [risk of outcome 
in another group], occurring at a given interval of �me.(2) 

Inclusion/Exclusion Criteria Inclusion/Exclusion Criteria are factors that allow someone to 
par�cipate in a research study are inclusion criteria. Those 
that exclude or not allow par�cipa�on are exclusion 
criteria.(3) 

Informed Consent Informed consent explains risks and poten�al benefits about a 
clinical trial before someone decides whether to par�cipate. 

OS (Overall Survival) The �me from randomiza�on to death(4) 
PFS (Progression Free 
Survival) 

The �me from randomiza�on to �me of progressive 
disease/death(4) 
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Overview of the Thesis Papers 

Targeted therapy has played an important role in cancer treatment over the last few decades. It 

offers a precision-based strategy unlike the conven�onal therapies that o�en entail systemic 

toxicity and cause damage to healthy �ssues. Trea�ng these targets improves the survival 

outcomes and combina�on of one or more targeted therapies helps in overcoming resistance to 

these targeted therapies that may develop over�me. It also minimizes the risk of secondary 

cancers and adverse effects associated with tradi�onal treatments like whole body radia�on 

exposure and empirical chemotherapy agents. Through the following two projects, we explore 

the two different ends of the spectrum of targeted therapies. Project 1 explores newer targets 

that can help in improving survival outcomes and factors that may affect response to approved 

targeted therapies whereas project 2 explores the long-term side effects caused by use of 

tradi�onal therapies and advocates for use of targeted therapies in cancer pa�ents to treat 

them in future. As we con�nue to study the complexi�es in cancer biology, the importance of 

targeted therapy remains paramount in the quest for more effec�ve, safer, and ul�mately, life-

saving treatments. 
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Paper 1 Overview 

The project inves�gates the impact of concomitant oncogenic muta�ons and intratumoral 

heterogeneity (ITH) on the response to trastuzumab-based therapy in Human Epidermal Growth 

Factor Receptor 2 (HER2) posi�ve gastric and esophageal adenocarcinoma (GEA) pa�ents. A 

cohort of pa�ents with metasta�c HER2+ GEA underwent Next Genera�on Sequencing (117 

pa�ents) and single cell HER2 In-situ hybridiza�on (ISH) assessment (70 pa�ents) on pre-

treatment tumor biopsies. The study found that ERBB2 amplifica�on was prevalent (89%), with 

HER2 immunohistochemistry (IHC) 3+ observed in 86.4% of pa�ents. MET amplifica�ons were 

associated with shorter overall survival (OS) and progression-free survival (PFS), while CDK6 

amplifica�ons correlated with shorter OS. Notably, HER2 intratumoral heterogeneity influenced 

response to trastuzumab therapy, with the frac�on of cells expressing high HER2 copy number 

(CN) ra�o emerging as significant predictor of responder status. HER2 CN ra�o refers to 

HER2/centromere ra�o (HER2/CEP17). The study underscores the importance of considering 

concomitant genomic altera�ons and intratumoral heterogeneity in predic�ng outcomes and 

designing personalized treatment strategies for HER2+ GEA pa�ents. Larger studies are 

warranted to validate these findings and explore addi�onal factors influencing treatment 

response. 
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Paper 2 Overview 

Our project focuses on Therapy-Associated Polyposis (TAP), a rare condi�on emerging post 

abdominopelvic radia�on and/or chemotherapy exposure in childhood or young adult cancer 

that lacks a known gene�c basis. We analyzed a cohort of 29 pa�ents with TAP, with a mean 

cancer diagnosis age of 13.79 years, mainly Hodgkin’s Lymphoma. Clinical and genomic analysis 

reveals adenomatous polyps as the most common histology of polyps in TAP pa�ents with 

ascending colon being the most involved site. Muta�onal signature analysis of polyp �ssue 

reveals ongoing muta�onal evolu�on, independent of germline muta�ons, and involvement of 

DNA mismatch repair genes in the disease pathophysiology. In summary, we shed light on the 

underlying causes of TAP and advocate for gene�c tes�ng for MSI signatures in polyps. We aim 

to provide the first human organoid model for TAP. 
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Project 1 

Predictors of response to trastuzumab containing chemotherapy in metasta�c HER2+ 

gastroesophageal adenocarcinomas 

Yashika Parashar1,2, Shagun R. Nasta4, Elizabeth Andrews1, Yvonne Li1, Joshua Remland1, Alison 

Hannigan1, Adam Zachary Bard4, Ursula Green4, Chetan Nambiary, David Chen1,6, Charlote I. 

Wang4, James M. Cleary1,2, Nilay Sethi1,2, Harshabad Singh1,2 

(1) Dana Farber Cancer Ins�tute 

(2) Harvard Medical School 

(3) Stanford University  

(4) Massachusets General Hospital 

(5) The Ohio State University Comprehensive Cancer Center – James Cancer Hospital and Solove 

Research Ins�tute 

(6) Temerty Faculty of Medicine, University of Toronto 
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Abstract: 

Background 

Intratumoral heterogeneity (ITH) of HER2 amplifica�ons, and other oncogenic driver altera�ons 

are common in HER2+ GEA. However, their importance in predic�ng response to trastuzumab 

based therapy in these pa�ents are not well studied. 

Methods 

Pa�ents with advanced HER2+ GEA who were seen at DFCI between 2011-2023 were included 

in the study to evaluate response to Trastuzumab therapy. Next Genera�on Sequencing and 

single cell HER2 ISH assessment on pre-treatment tumor biopsies to analyze concomitant 

muta�ons and frac�on of cells with HER2 high copy number, respec�vely. Outcomes OS and PFS 

were analyzed using Kaplan-Meier curves and Cox regression models to find associa�on with 

concomitant genomic altera�ons. Responders and non-responders categorized based on PFS 

were analyzed mul�variable using logis�c regression to assess correla�on with ITH. 

Results 

A total of 168 pa�ents with HER2+ metasta�c GEA treated with Trastuzumab based therapy 

were included. Most pa�ents were males (85.7%) with a mean age of 60.6 years. HER2 IHC 3+ 

was observed in 86.3% of pa�ents. Genomic analysis revealed ERBB2 amplifica�on in 89% of 

pa�ents. MET amplifica�ons were associated with a significantly shorter PFS and OS, whereas 

CDK6 amplifica�ons were significantly associated with shorter OS. HER2 was discordant 

between spa�ally disparate lesions in 44.7% of pa�ents. Median HER2 copy number and HER2 

IHC did not independently predict treatment response. However, HER2 intratumoral 

heterogeneity influenced response to trastuzumab therapy; higher frac�on of cells with HER2 
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high copy number were significantly associated with long term response (OS >= 21.6 months) to 

Trastuzumab therapy independently as well as a�er adjus�ng for other covariates(coefficient 

es�mate of 8.38, p<0.05). 

Conclusion 

Concomitant MET and CDK6 co-occurring with HER2 amplifica�ons impacted clinical outcomes 

in pa�ents treated with Trastuzumab. Pa�ents with more homogenous HER2 CN ra�o per cell 

(higher frac�on of cells with HER2 high copy number ra�o) responded for a longer dura�on to 

Trastuzumab based therapies and pave way for future studies to validate its use as a clinical 

assay to predict response to therapy.    
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Introduc�on  

GEA comprises of adenocarcinoma of lower esophagus, gastro-esophageal junc�on, and cardia 

of stomach.(5, 6) Pa�ents diagnosed with metasta�c disease (mGEA) are treated with 

chemotherapy and targeted therapy.(7, 8) 

Human epidermal growth factor receptor 2 (HER2) is a membrane tyrosine kinase receptor and 

is amplified in about 15-20% of GEAs.(6, 9) Trastuzumab is, a type of targeted cancer drug called 

a monoclonal an�body, used to treat cancers that have large amounts of HER2 protein. The 

ToGA trial has established the efficacy of trastuzumab and chemotherapy in the treatment of 

metasta�c gastric cancer for HER2 posi�ve cases (HER2 IHC 3+ or HER2 IHC 2+ Fluorescent in 

situ hybridiza�on +(FISH+)). Addi�on of trastuzumab to the standard chemotherapies 

(fluorouracil, oxalipla�n, leucovorin (FOLFOLX) or irinotecan (FOLFIRI)) improved the overall 

survival and progression free survival of the pa�ents significantly. However, the median OS and 

PFS of the pa�ents increased by only 4.6 and 1.2 months.(9) Apart from Trastuzumab, 

Trastuzumab Deruxetacan (T-DXd) is the only other drug that has been recently approved for 

use in HER2 posi�ve GEA pa�ents. T-Dxd is an an�body drug conjugate consis�ng of the 

humanized monoclonal an�body trastuzumab covalently linked to the topoisomerase I inhibitor 

deruxtecan. Several trials, including JACOB trial, that studied response to other HER2 targe�ng 

agents and second line therapies for HER2 posi�ve GEA yielded nega�ve results.(10, 11)  

The resistance to targeted therapy has been atributed to mul�ple possible mechanisms that 

may occur alongside in the tumor and the microenvironment to affect the response. 

Concomitant genomic altera�ons such as amplifica�ons and muta�ons in other driver 

oncogenes including EGFR, MET, KRAS, PIK3CA and PTEN muta�ons have been shown to confer 
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resistance to trastuzumab by upregula�ng the downstream signaling of PIK3/AKT and MAPK 

pathways.(12, 13) In addi�on, amplifica�ons in FGFR1, CDK4/6 and CCNE1 genes have been 

implicated to cause resistance to Trastuzumab therapy in HER2 posi�ve breast cancer, but s�ll 

unexplored in GEA.(14-16) In addi�on several studies have shown an associa�on between 

higher levels of HER2 amplifica�on and improved outcomes.(10, 17)  

Intra-tumoral heterogeneity (ITH) is another proposed mechanism for resistance to HER 

targeted therapy. ITH is defined as coexistence of subpopula�ons of tumor cells with different 

HER2 gene or protein expression within a tumor.(18) It is a well-known phenomenon in breast 

cancer, and is defined as the presence of tumor cells with HER2/chromosome enumera�on 

probe (CEP) 17 signal ra�os greater than 2.2 in 5–50% of the tumor cells tested in breast 

cancer.(5, 19) HER2 ITH is associated with poor pathologic complete response, shorter 

progression free-survival, and overall survival to tradi�onal an�-HER2 targeted therapy.(20) 

However, ITH in gastric cancer is not clearly defined and the clinical significance of HER2 

heterogeneity on trastuzumab efficacy in pa�ents with GEA is understudied.(21)Hence, the 

ongoing focus on emphasizing HER2 targeted therapies for pa�ents with HER2+ GEA may not 

yield success if ITH is overlooked and understudied. 

Based on these considera�ons, we conducted a retrospec�ve cohort study aimed to assess the 

predic�ve role of candidate oncogenic muta�ons and tumor heterogeneity in response to 

Trastuzumab therapy in pa�ents with HER2 posi�ve metasta�c Gastroesophageal 

adenocarcinoma.  
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Transla�onal Relevance:  

In the retrospec�ve cohort study, MET amplifica�on, CDK6 amplifica�on and FGFR1 

amplifica�on were associated with beter survival outcomes. Higher frac�on of HER2 

unamplified cells were associated with higher odds of resistance to Trastuzumab therapy. 

Iden�fying concomitant genomic altera�ons using NGS and tumor heterogeneity using single 

cell ISH can be implemented in future clinical trials to iden�fy responders and non-responders 

to HER2 therapy, develop targeted therapies and improve pa�ent outcomes. 

Materials and Methods 

Pa�ent popula�on: 

Pa�ents with pathologically confirmed HER2 posi�ve metasta�c GEA and who were treated 

with trastuzumab based therapy between January 2011 to July 2023 at Dana-Farber Cancer 

Ins�tute were included. HER2 nega�ve pa�ents and those on clinical trials for 1st or 2nd line 

therapy were excluded. HER2 posi�vity was defined as those with IHC 3+ or IHC 2+/FISH>=2.0 

performed on �ssue biopsy obtained from the primary site or metasta�c site. HER2 nega�vity 

was defined as IHC 0 or 1+ or IHC 2+/FISH<2.0. The Ins�tu�onal Review Board at DFCI approved 

the study and informed writen consent was obtained from all pa�ents.  

Baseline characteris�cs of the popula�on including age, sex, race, tumor site, tumor status, 

total number of metasta�c sites, histology grade of tumor, history of surgical resec�on for 

cancer, history of prior chemotherapy and radiotherapy, and HER2 IHC grade were annotated 

retrospec�vely from electronic health records.  

Molecular analysis:  
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Molecular informa�on of the tumor was obtained from pa�ents who underwent molecular 

tes�ng using ins�tu�onal next genera�on DNA based sequencing assay, OncoPanel (22). 

OncoPanel is a cancer genomic assay to detect soma�c muta�ons, copy number varia�ons and 

structural variants in tumor DNA extracted from fresh, frozen or formalin-fixed paraffin-

embedded samples. The OncoPanel assay surveys exonic DNA sequences of 447 cancer genes 

and 191 regions across 60 genes for rearrangement detec�on. DNA is isolated from �ssue 

containing at least 20% tumor nuclei and analyzed by massively parallel sequencing using a 

solu�on-phase Agilent SureSelect hybrid capture kit and an Illumina HiSeq 2500 sequencer.  

HER2 Heterogeneity assessment 

HER2 heterogeneity i.e. varia�on in HER2 gene amplifica�on status at single cell resolu�on was 

tested using CLIA cer�fied HER2 Fluorescence in situ hybridiza�on (FISH) assay as previously 

described(23). Briefly, 5-micron sec�ons of formalin-fixed paraffin-embedded tumor material 

were prepared, and an H&E sec�on reviewed to select regions for hybridiza�on that contain a 

majority of tumor cells. A dual-color FISH assay was performed using the PathVysion assay 

(Abbot Molecular) using a probe specific to the chromosome 17q HER2 locus and a copy 

number control probe recognizing centromere 17 (CEP17). Signal quan�ta�on was used to 

generate a HER2/CEP17 ra�o. A ra�o of HER2:CEP17 of 1.8 to 2.2 is considered borderline for 

amplifica�on. A ra�o between 2.2 to 5.0 is considered low-level amplifica�on. A ra�o greater 

than 5.0 or clustered HER2 signals that are too numerous to count would be considered highly 

amplified.  This test was developed, and its performance characteris�cs were determined by the 

MGH Diagnos�c Molecular Pathology Laboratory. It has not been cleared or approved by the 

U.S. Food and Drug Administra�on. The FDA has determined that such clearance or approval is 
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not necessary. This test is used for clinical purposes, and we are repurposing the test to assess 

heterogeneity.  

We calculated 3 measures of heterogeneity as follows: 

1. Frac�on of cells with HER2 high copy number (CN) ra�o (HER2/CEP17) defined as 

frac�on of cells with HER2 CN ra�o >=4.7 amongst the total number of cells analyzed 

using single cell HER2 ISH. The cut off for a cell to be classified as HER2 CN high or low 

was selected based on literature review and results from the JACOB trial, where pa�ents 

with HER2 CN>=4.7 were classified as HER2 CN high and those with HER2 CN<4.7 were 

classified as HER2 CN low.(10) 

2. Frac�on of HER2 unamplified cells defined as frac�on of cells with HER2 CN <2.0 

amongst the total number of cells analyzed using single cell HER2 ISH. 

3. Gini Simpson diversity index defined as is a measure of the inequality of a distribu�on, a 

value of 0 expressing total equality and a value of 1 maximal inequality, when cells are 

classified into 5 groups based on HER2:CEP17 ra�o and HER2 signal. 

Sta�s�cal Analysis 

Primary endpoints OS was defined as the �me from start of Trastuzumab therapy to death and 

PFS is defined as the �me from start of Trastuzumab therapy to radiological/pathological 

evidence/clinical note of disease progression or death while on Trastuzumab. Any loss to follow 

up or withdrawal from the study was censored for that event. 

Secondary endpoint was long term survival and is defined as a median OS of 21.6 months or 

longer.  We divided the outcome for cohort of patients with single cell HER2 in-situ 

hybridization testing into two groups responders and resistant based on duration of overall 
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survival (OS). The median overall survival for the population was 21.6 months. Hence, patients 

with OS more than 21.6 months were considered as responders and those with OS less than 

21.6 months were considered as resistant. We performed complete case analysis. Baseline 

characteris�cs of the study popula�on are described using demographics and clinical variables. 

Mean and standard devia�on were used to report distribu�on of con�nuous variables. 

(Supplementary Table 1) Distribu�on of categorical variables was tested using Fisher’s exact 

test and χ2 test. CI were calculated at 95% level. Primary endpoints OS and PFS were analyzed 

using Kaplan-Meier curves and log rank test was used to compare the groups. Univariable Cox 

propor�onal hazard regression analysis was used to assess the associa�on between the 

concomitant altera�ons and the survival outcomes, followed by mul�variable analysis which 

was adjusted for variables with p<0.1. Secondary endpoints were analyzed using mul�variable 

logis�c regression analysis to assess associa�on of frac�on of cells with HER2 high CN ra�o, 

frac�on of HER2 unamplified cells, median HER2 copy number and diversity index with 

response to therapy. Correla�ons were explored using Pearson’s correla�on coefficient and 

visualized using scater plots. Collinearity was assessed using variable influence factor (vif) and 

selec�on of one variable amongst the collinear variables was based on scien�fic literature. Data 

was imported and analyzed using Stata/BE 17.0. 

Data Availability 

The data that support the findings of this study are available from the corresponding author, HS, 

upon reasonable request. 
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Results 

We iden�fied a total of 168 pa�ents with esophageal, gastroesophageal, or gastric 

adenocarcinoma (from here on referred collec�vely as HER2+ GEA) who received trastuzumab 

based therapy for metasta�c disease between 2011-2023 at Dana-Farber Cancer Ins�tute 

(Figure 1).  

The mean age for the cohort was 60.6 years and most pa�ents were male (85.7%). 81.5% of 

pa�ents had tumors arising from esophagus and gastroesophageal junc�on, 72.6% had 

metasta�c disease at the �me of diagnosis, and 23.8% had history of surgical resec�on of the 

primary tumor. Most pa�ents (86.3%) had HER2 IHC 3+ at the �me of diagnosis whereas 13.7% 

were HER2 IHC 2+ FISH+. (Supplementary Table1). 

Impact of concomitant genomic altera�ons: 

A total of 117 of the 168 pa�ents (69.6%) in the HER2+ GEA cohort had genomic tes�ng 

performed on pre-treatment biopsy (Figure 1). Baseline characteris�cs for these pa�ents 

including age at diagnosis, sex, smoking history, loca�on of the primary tumor, tumor status at 

the �me of diagnosis, surgical history, total number of metasta�c sites, histology grade and 

posi�ve for genomic altera�ons included in AMNESIA panel are described (Table 1). AMNESIA 

panel refers to EGFR/MET/KRAS/PI3K/PTEN muta�ons and EGFR/MET/KRAS amplifica�ons. 

ERBB2 amplifica�ons were noted in 104 of 117 HER2+ IHC pa�ents (89%). Amongst the 

amplifica�ons that have been implicated in preclinical studies to play role in developing 

resistance to trastuzumab therapy, EGFR amplifica�ons were observed in 43.6% of pa�ents, 

MET amplifica�ons were iden�fied in 21/117 (17.9%), KRAS amplifica�on in 17/117 (14.53%), 

and PIK3CA amplifica�ons in 19/117(16.24%). Biallelic loss of PTEN was not observed in any 
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pa�ent. Other genes FGFR1 and CDK6 were amplified in 8.5% and 28.2% pa�ents. Only 9 

pa�ents had oncogenic PIK3CA muta�ons. The most common oncogenic muta�on observed in 

the cohort was CDKN2A, which occurred in 17.1% of pa�ents followed by SMAD4 muta�ons 

(6.8%) and NOTCH1 muta�ons (4.3%). Pa�ents did not harbor concomitant MET, EGFR and 

KRAS oncogenic muta�ons. (Supplementary Table 2)  

Pa�ents with MET amplifica�ons were associated with a significantly shorter OS (median OS 

12.6 vs. 27.0 months; HR 2.03 (95% CI 1.1 -3.8), p = 0.023) and PFS (median PFS 5.9 vs. 10.2 

months; HR 1.76 (95% CI 1.0 – 3.1), p = 0.046) compared to those without MET amplifica�ons. 

In addi�on, CDK6 amplifica�ons were associated with a significantly shorter OS (median OS 15.3 

vs. 26.6 months; HR 1.98 (95% CI 1.2 -3.3), p = 0.008) and shorter PFS that did not reach 

sta�s�cal significance (median PFS 7.0 vs. 8.2 months; HR 1.34 (95% CI 0.8 -2.2), p = 0.252). 

(Figure 2) 

Analysis of concomitant amplifica�ons and muta�ons in other oncogenes was not associated 

with clinical outcomes in our cohort (Supplementary Figure 2). 

Further, we used univariate and mul�variate Cox propor�onal hazards regression models for OS 

and PFS. The findings underscore the prognos�c relevance of MET, FGFR, and CDK6 

amplifica�ons in our study popula�on. (Table 2) 

Discordance in HER2 + GEA pa�ents 

Pathology reviews for primary and at least one metasta�c site was obtained for 38 pa�ents out 

of the 168 pa�ents (22.6%) to analyze discordance in HER2 expression. Discordance in HER2 

expression is defined as the differences in HER2 expression between primary tumor and distant 

metastases. HER2 status changed from HER2 nega�ve (0, 1+ or 2+ FISH<2.0) to HER2 IHC 
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posi�ve (2+ FISH>=2.0 or 3+) for 7 out of 17 pa�ents (41.2%) whereas HER2 status changed 

from HER2 posi�ve to HER2 nega�ve in the remaining 10 pa�ents from primary site to 

metasta�c site. Hence 17/38 pa�ents (44.7%) had discordant HER2 status between primary site 

and metasta�c site. Notably, 12/38 pa�ents (31.6%) received interval Trastuzumab based 

therapy between the two biopsies. (Figure 4) Out of these 12 pa�ents, 50% showed 

discordance in HER2 expression. Amongst them, primary tumor was posi�ve and metasta�c site 

was nega�ve in 4 pa�ents, and 2 pa�ents had HER2 nega�ve primary tumor but HER2 posi�ve 

metasta�c site.   

HER2 intratumoral heterogeneity impacts response to trastuzumab therapy In HER2 + GEA 

pa�ents 

We analyzed the role of median HER2 copy number ra�o (HER2/CEP17) and HER2 IHC in 

predic�ng the response to therapy using univariate logis�c regression and did not observe any 

significant associa�ons (Table 3). Based on these results, we hypothesized that intratumoral 

heterogeneity may contribute to difference in response to trastuzumab therapy. We conducted 

a comprehensive analysis of HER2 amplifica�ons at the single-cell level using fluorescence in 

situ hybridiza�on (FISH) on 80 pa�ent samples from the HER2 + GEA cohort. 10 out of the 80 

samples (12.5%) failed the quality check. Amongst the remaining 70 samples, we evaluated 50 

cells from each pretreatment biopsy sample. HER2 cellular heterogeneity was quan�fied using 

the frac�on of cells with HER2 high CN ra�o, Gini Simpson Diversity index(24) and frac�on of 

HER2 nonamplified cells across the biopsy. Notably, 10 pa�ents (14.71%) had more than 80% 

cells with a high HER2 CN ra�o. Median frac�on of cells with HER2 high CN ra�o across the 

cohort was 0.42 (IQR 0.1, 0.65). 7 pa�ents (10.3%) had more than 50% of the cells with HER2 
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CN ra�o <2.0 (frac�on of cells with HER2 unamplified cells). 17 pa�ents had homogenous 

expression of HER2 across all the cells and diversity index was reported as 0. We observed 

nega�ve correla�on between frac�on of cells with high HER2 CN ra�o and the Gini Simpson 

Diversity Index (R=-0.76, p<0.05) and nega�ve correla�on between frac�on of cells with high 

HER2 CN ra�o and frac�on of HER2 unamplified cells (R=-0.67, p<0.05), sugges�ng that pa�ents 

with a higher frac�on of cells with high HER2 CN ra�o tend to have lower diversity index and 

lower frac�on of HER2 unamplified cells. Furthermore, there was a strong rela�onship between 

frac�on of cells with high HER2 CN and clinically reported median HER2 CN ra�o (R=0.76, 

p<0.05).  

Based on these, we explored predic�ve models for long term survival (OS ≥ 21.7 months) using 

logis�c regression, where frac�on of cells with high HER2 CN ra�o, frac�on of HER2 unamplified 

cells, Gini index, median HER2 copy number and HER2 IHC were incorporated. Collinearity was 

explored. Gini index was excluded from adjusted model due to high collinearity with frac�on of 

HER2 unamplified cells. Resul�ng odds ra�o for unadjusted and adjusted models are presented 

in table 3. Median HER2 copy number, frac�on of HER2 unamplified cells, HER2 and Gini index 

were analyzed in univariate models, where they did not show a significant associa�on with 

responder status, indica�ng that these factors are not associated with treatment response. 

Notably, frac�on of cells with high HER2 CN ra�o turned out to significantly associate with 

being a long-term survivor independently. Adjus�ng for covariates median HER2 copy number, 

frac�on of HER2 unamplified cells, Gini index, and HER2 IHC with frac�on of cells with high 

HER2 CN ra�o in subsequent models step wise showed significant associa�on with response to 

trastuzumab therapy (p > 0.05). Overall, the odds of responding to trastuzumab therapy are 
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1.11 �mes higher in pa�ents with per unit increase in the frac�on of cells with high HER2 CN 

ra�o (adjusted OR= 1.11, 95% CI = 1.03 to 1.19) which is sta�s�cally significant.    

Discussion 

HER2 is one of the many validated biomarkers rou�nely tested in mGEA. Mismatch repair 

deficiency (MMR) status, Combined Posi�ve Score (CPS) and CLDN18.2 (Claudin 18.2) are few 

other biomarkers rou�nely tested in these pa�ents. Addi�on of Trastuzumab to standard 

chemotherapy was approved by FDA for pa�ents with HER2 IHC 2+ FISH>=2.0 or 3+ following 

the ToGA trial which showed an improvement in response rates, PFS, and OS in the 

experimental trastuzumab arm.(9, 12) Despite the improvement in outcomes with the addi�on 

of trastuzumab, both intrinsic and acquired resistance to this treatment present a significant 

challenge to these pa�ents. The role of concomitant genomic altera�ons has been extensively 

studied in pre-clinical models in HER2 posi�ve GEA and HER2 posi�ve breast cancer pa�ents. 

(14-16, 25-28) The role of HER2 heterogeneity has been extensively studied in breast cancer 

pa�ents, however it is understudied in GEA pa�ents and the cut offs to assess heterogeneity 

have not been clearly defined. (14-16, 25-28) Drugs targe�ng concomitant muta�ons like MET 

and CDK6 have been approved by the FDA.(29, 30) However, the mechanisms are s�ll 

understudied in GEA and a greater degree of suppor�ng literature is needed. Compared to 

other cancers, GEA with HER2 amplifica�on is more heterogenous both at the level of co-

occurring genomic altera�ons and HER2 expression.(19, 31) Preclinical studies that have 

analyzed and validated the impact of concomitant genomic altera�ons on treatment outcome 

for Trastuzumab therapy in HER2 + GEA report amplifica�ons in mul�ple genes encoding 

proteins that are part of the PIK3/AKT and MAPK pathways.(32, 33) Studies in pa�ent cohorts 
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have also revealed the associa�on of poor survival outcomes in those with concomitant 

muta�ons of PIK3CA/R1/C3, ERBB2/4 or NF1, or amplifica�on of CCNE1 when treated with 

HER2 targeted therapy.(33, 34) However, the majority of the previously cited studies concerning 

posi�ve and nega�ve biomarkers have limited sample sizes and different poten�al selec�on 

biases. Therefore, the availability of a larger pa�ent dataset provided us the opportunity to 

perform mul�variate analysis. We did not find any significant associations of shorter Overall 

Survival and Progression Free Survival with positive amplifications and/or mutations on 

AMNESIA panel, contrary to the AMNESIA case control study. However, the findings were in 

alignment with the post hoc analysis reported by the JACOB trial.(10) On further analysis of the 

genes included in the AMNESIA panel and explored based on literature, we show that pa�ents 

with MET amplifica�ons, assessed by Oncopanel (NGS), had inferior OS and PFS; CDK6 

amplifica�ons were associated with inferior OS while FGFR1 amplifica�ons were associated with 

inferior PFS. These results support the ra�onale to iden�fy co-occurring genomic altera�ons 

prior to star�ng therapy and pave way for future clinical trials to include therapies targeted like 

Crizo�nib targeted at MET amplifica�ons to improve survival outcomes.  

Interes�ngly, preclinical data support the notion that CDK4/6i can overcome resistance to 

HER2-targeted therapies in HER2+ breast cancer patients. Moreover, several clinical trials have 

substantiated the antitumor efficacy of CDK4/6i in HR + /HER2+ breast cancer.(35) Based on the 

results in breast cancer, the use of CDK6 inhibitors can be extrapolated to patients with HER2 

positive GEA and future studies are required to study the use of inhibitors like Palbociclib in 

combination with Trastuzumab to improve survival outcomes in those with CDK6 amplifications 

specifically. 
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The use of NGS to analyze the genomic altera�ons has several advantages, including reduc�on 

of observer bias to analyze HER2/ERBB2 amplifica�on as compared to HER2 IHC. Addi�onally, 

NGS allowed us to analyze several genes and assess their role in driving resistance to therapy by 

way of diagnos�c biopsy. There are limita�ons to the use of NGS as well. Heterogeneity, which 

can be assessed using HER2 IHC, is not possible if analyzing HER2 amplifica�on using NGS. 

Oncopanel (NGS) used in the study target only 447 genes, hence, other genes poten�ally driving 

resistance are not captured. Noncoding altera�ons that contribute to resistance may also be 

missed. Additionally, with the limited time and different version of Oncopanel tests that were 

performed on the tumor biopsy samples, we had limited data on continuous variable for gene 

amplifications for majority of the patients. Older versions of Oncopanel do not report the 

continuous values for copy number variations clinically. Hence, we used dichotomous variables 

for gene amplifications.  

Since HER2 IHC and median HER2 amplifica�on levels did not show any associa�on with 

response to therapy, we hypothesized that intratumoral heterogeneity may contribute to it. We 

performed single cell HER2 ISH, using a CLIA cer�fied clinical HER2 FISH assay, to test this 

hypothesis. Our findings suggest that there is a direct associa�on between HER2 heterogeneity 

and response to Trastuzumab therapy. The varying HER2 CN ra�o amongst cells from the same 

�ssue suggests that there is high heterogeneity at cellular level in HER2 IHC posi�ve pa�ents. 

The significant role of frac�on of cells with high HER2 CN ra�o in predic�ng response indicates 

that a pa�ent with HER2 posi�ve tumor determined by conven�onal methods such as IHC or 

NGS may s�ll respond poorly to HER2 targeted therapy if majority of the cells have low HER2 

CN ra�o. Our work suggests that the frac�on of HER2 posi�ve cells should be taken into 
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considera�on for these pa�ents and makes a case for evalua�on of clinical HER2 FISH results 

using single cell rather than averaged HER2 signal. Future studies are required to understand 

the biology of tumors with higher percentage of cells with lower HER2 CN ra�o and op�mizing 

treatment for those pa�ents. Notably, single cell HER2 ISH can be adapted clinically for 

assessing heterogeneity on pre-treatment biopsy obtained for HER2 IHC during diagnos�c 

endoscopy, which doesn’t require another interven�on and needs a small amount of �ssue to 

analyze 50 cells. This is one the earliest studies to analyze the impact of intratumoral 

heterogeneity on response to trastuzumab in HER2+ GEA and supports the idea of taking into 

considera�on that HER2 targeted therapy may not improve outcomes in pa�ents if intratumoral 

heterogeneity is overlooked.  

Our study describes the discordance in HER2 expression between 2 different sites in 38 

patients. However, as the sample size was small and the study was not powered enough to find 

association with interval therapy, we could not comment on the role of therapy in causing 

discordance. Other factors like the site of secondary biopsy, time duration between two 

biopsies, de novo metastasis or recurrent disease and genetic heterogeneity may affect the 

extent of discordance. However, with the limited data, we could not comment on their role.  

Overall, our study had a large sample size with long term follow up including survival outcomes 

and 48 pa�ent samples were analyzed for heterogeneity alongside NGS. The feasibility of 

performing both tests on the same pre-treatment biopsy allows clinical prac�ce to adopt these 

tools with few barriers. We performed logis�c regression analysis to study the association of 

higher fraction of cells with high HER2 CN ratio with secondary outcome response and resistant 

based on median overall survival at multiple cut offs of high HER2 CN ratio (a cut off 3.9 based 
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on the median HER2 CN ratio of the patient population and a cut off of 6.0 based on literature). 

We also performed cox regression proportional hazards model to look at the association of 

measures of heterogeneity with survival outcomes and adjusted for clinical factors, which 

supports the reproducibility of our results. However, the major limita�on is the absence of a 

control group due to retrospec�ve nature of the study. Secondly, we did not have NGS and 

single cell HER2 ISH performed for the en�re clinical cohort of 168 pa�ents. We could not 

exclude poten�al sampling bias as we analyzed only one biopsy for assessing HER2 

heterogeneity. Role of second line and third line therapies like Trastuzumab Deruxtecan, 

Ramucirumab and Irinotecan could not be excluded. Our study primarily looked at intrinsic 

resistance mechanisms as pre-treatment samples were analyzed by NGS and single cell HER2 

ISH. Another limitation of our study is limited analysis of role of other mediators of resistance 

like tumor mutational burden, PDL1 positivity in causing poor survival. 

In summary, concomitant MET and/or CDK6 amplifica�ons and higher frac�on of cells with high 

HER2 CN ra�o are associated with beter response to trastuzumab. Studies on larger pa�ent 

cohorts and randomized trials targe�ng concomitant genomic altera�ons can validate our 

findings further. Addi�onally, assessing HER2 heterogeneity prior to star�ng treatment may 

guide therapy selec�on in HER2+ GEA and pave way for newer ways to stra�fy and select 

pa�ents for treatment. Our study paves way for future studies to assess use of combina�on 

therapeu�c approaches targe�ng individual resistance mechanisms to trastuzumab in pa�ents 

to improve outcomes. Further studies analyzing development of acquired resistance 

mechanisms will help us improve the outcomes further.   
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Figure 1 Consort diagram of the study popula�on included in the study. 
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Variable HER2 2+ 
(n=15) 

HER2 3+ 
(n=102) 

Age at diagnosis  
Mean (SD) 

60.94 (11.56) 58.73 (10.77) 

Sex 
Male 
Female 

 
12 (80.0) 
3 (20.0) 

 
90 (88.2) 
12 (11.8) 

Smoking history 
No  
Yes 
Unknown 

 
5 (33.3) 
10 (66.7) 
0 (0) 

 
38 (37.3) 
59(57.8) 
5 (4.9) 

Primary Tumor loca�on 
Esophagus 
Gastroesophageal junc�on 
Gastric 

 
9 (60.0) 
3 (20.0) 
3 (20.0) 

 
58 (56.9) 
28 (27.5) 
16 (15.7) 

Tumor status 
De novo metastasis 
Recurrent metasta�c disease 

 
12 (80.0) 
3 (20.0) 

 
71 (69.6) 
31 (30.4) 

Surgical history 
No 
Yes 
Unknown 

 
10 (71.0) 
3 (21.0) 
1 (7.0) 

 
54 (68.0) 
24 (30.0) 
1 (1.0) 

Total number of metastatic sites 
1 
2 
3 
4 
≥5 

 
2 (13.3) 
5 (33.3) 
6 (40.0) 
2 (13.3) 
0 (0) 

 
27 (26.5) 
48 (47.1) 
22 (21.6) 
4 (3.9) 
1 (1.0) 

Histology grade 
G1 (low grade, well differentiated) 
G2 (intermediate grade, moderately 
differentiated) 
G3 (high grade, poorly differentiated) 
Unknown 

 
0 (0) 
5 (33.3) 
 
9 (60.0) 
1 (6.7) 

 
3 (2.9) 
56 (54.9) 
 
31 (30.4) 
12 (11.8) 

AMNESIA panel# 
Negative 
Posi�ve 

 
6 (40.0) 
9 (60.0) 

 
41 (40.2) 
61 (59.8) 

Table 1 Baseline characteris�cs of popula�on. #AMNESIA panel refers to EGFR/MET/KRAS/PI3K/PTEN muta�ons and 
EGFR/MET/KRAS amplifica�ons. 
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Figure 2 Kaplan–Meier curves showing OS and PFS comparing MET amplified to unamplified (A and B), and CDK6 
amplified to unamplified (C and D) 
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Table 2 Univariate and Mul�variate Cox propor�onal hazards regression models for OS and PFS for pa�ents with 
Oncopanel (n=117).Model adjusted for sex, age, disease site, total number of metasta�c sites, histology grade, 
HER2 IHC and de novo metasta�c/recurrent disease.  

 

(A) 

Diagnostic Biopsy: 
HER2 Status of HER2+

Second Biopsy: 
HER2 Status of HER2+

2 (n=6)

0 (n=10)

2 (n=8)

3 (n=20)

Concordance

Concordant 

HER2 Status

0 (Negative)

0 (n=7)

3 (n=25)

2 (Equivocal)

3 (Positive)

Discordant 
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(B) 
 
Figure 3 Subset of the HER2 + GEA cohort demonstra�ng discordance in HER2 expression. 17 out of the 38 pa�ents 
showed different HER2 discordance and 6 of them received interval Trastuzumab therapy. (A) Alluvial plot showing 
the change in HER2 IHC. (B) Heatmap showing the distribu�on of clinically relevant tumors features in pa�ents with 
HER discordant and concordant HER2 expression. 

 
 

 
Figure 4 Representa�ve images of Distribu�on of ERBB2 amplified cells and unamplified cells across tumor 
landscape as seen on single cell HER2 ISH. A-C are HER2 IHC posi�ve GEA+ 
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Figure 5 Exploring the relationship between Fraction of cells with high HER2 CN ratio, Gini Simpson Diversity Index, 
Median HER2 copy number, and Fraction of HER2 unamplified cells. Each patient is represented by a data point. R 
and p values are from Pearson correlation test of association. d_score: Gini Simpson’s Diversity Index; 
Fraction_high_her2_CN: Fraction of cells with high HER2 CN ratio; Fraction_her2_nonamp: Fraction of HER2 unamplified cells; 
Patient_median_CN: Median CN ratio of 50 cells for each patient 
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Variable Unadjusted OR (95% CI) P value Adjusted OR (95% CI)  P value 

Sex 

Male 

Female 

 

Ref 

0.33 (0.04 – 2.90) 

 

 

0.322 

 

Ref 

0.20 (0.02 – 2.39) 

 

 

0.204 

Age at diagnosis 1.01 (0.97 – 1.06) 0.496 0.99 (0.94 – 1.05) 0.904 

HER2 IHC 

2+ 

3+ 

 

Ref 

1.36 (0.14 – 13.09) 

 

 

0.789 

 

Ref 

1.20 (0.07 – 19.94) 

 

 

0.898 

Frac�on of cells 

with high HER2 

CN ra�o 

1.02 (1.01 – 1.05) 0.015 1.11 (1.03 – 1.19) 0.003 

HER2 median 

copy number 
1.04 (0.89 – 1.21) 0.590 0.31 (0.12 – 0.81) 0.018 

Frac�on of HER2 

unamplified 

cells 

0.02 (0.01 – 2.01) 0.095 0.53 (0.01 – 156.1) 0.827 

Gini Simpson 

Diversity Index 
0.08 (0.01 – 1.35) 0.080 - - 

 
Table 3 Logis�c regression analysis to analyze variables associated with response to Trastuzumab therapy. 
Model adjusted for HER2 median copy number, frac�on of HER2 unamplified cells, sex, age at diagnosis, HER2 
IHC where Male sex and HER2 IHC 2+ is reference. Gini index eliminated due to collineriaty. 
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Abstract: 

Background 

The role of predisposing germline and acquired soma�c genomic altera�ons to develop 

gastrointes�nal polyposis post radiotherapy and chemotherapy exposure is unknown in 

childhood and young adult cancer survivors. 

Methods 

We inves�gated 29 cancer survivors with Therapy Associated Polyposis (TAP). Pa�ents with 

more than 10 gastrointes�nal polyps’ post-exposure to radiotherapy/chemotherapy were 

included. Baseline clinical data were collected, and genomic analysis involved DNA sequencing 

of polyp samples and blood/normal �ssue for germline informa�on. Earlier studies have 

established the role of GREM1 muta�on in causing hereditary mixed polyposis syndrome in 

Ashkenazi Jews and hence GREM1 overexpression, using IHC, was explored in a subset of 

pa�ents with family history of colonic polyposis. Organoids were generated from colon �ssue 

collected prospec�vely. Candidate soma�c single nucleo�de varia�ons, soma�c small inser�ons 

and dele�ons, and muta�onal signatures were analyzed using methods such as Mutect2 and 

Bayesian non-nega�ve matrix factoriza�on to understand genomic altera�ons predisposing 

pa�ents to TAP. 

Results 

A study of 29 TAP pa�ents found a mean cancer diagnosis age of 13.79 years, mainly Hodgkin’s 

Lymphoma. Adenomatous polyposis turned out to be the most common type of histology seen 

in these pa�ents and ascending colon was the most common site of occurrence of polyposis, 

irrespec�ve of the therapies given, sugges�ng a gene�c predisposi�on. A strong posi�ve history 
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of secondary cancers, family history of polyposis in 34.5% of the pa�ents and mixed histology in 

almost all pa�ents indicates towards the role of GREM1 altera�on in pathophysiology of TAP. 

Muta�onal signature analysis of polyp �ssue revealed ongoing muta�onal evolu�on, 

independent of germline muta�ons, and involvement of DNA mismatch repair genes in the 

disease pathophysiology. We an�cipate more candidate muta�ons from our ongoing genomic 

analysis of pa�ent samples. Like organoids from polyposis syndromes with known germline 

predisposi�on, TAP organoids displayed features of arrested differen�a�on compared to paired 

normal colon organoids.  

Conclusion 

In summary, we propose that therapy associated polyposis is associated with defec�ve DNA 

damage repair pathways and future studies are warranted to validate the findings. We aim to 

propose other candidate genes to be tested for in germline gene�c tes�ng and suggest early 

surveillance in pa�ents with harboring those altera�ons. 
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Introduc�on 

Adenoma is a benign tumor that starts in gland-like cells of intes�nal epithelial �ssue. The 

epithelium lining of the colon typically prevents adenoma development by regula�ng a stable 

equilibrium between the crypt and villus regions. Stem cells located at the base of the crypt, 

s�mulated by high levels of WNT signaling, generate differen�ated colonocytes and goblet cells 

responsible for mucous produc�on in the villus.(36) Differen�a�on in the villus is further 

encouraged by BMP signaling. However, most premalignant adenomas emerge when there’s a 

disrup�on in the delicate balance between these opposing pathways. Gastrointes�nal polyposis, 

characterized by the simultaneous presence of numerous premalignant adenomas throughout 

the colon, is a well-established risk factor for colorectal cancer (CRC). It o�en occurs because of 

an imbalance between WNT and BMP signaling pathways.  

Polyposis is a defining feature of hereditary CRC predisposi�on syndromes. Familial 

adenomatous polyposis (FAP), for instance, is a hereditary polyposis syndrome caused by the 

inheritance of a defec�ve copy of the tumor suppressor and WNT pathway nega�ve regulator 

APC.(37, 38) Pa�ents with FAP exhibit hundreds to thousands of adenomas and o�en require 

prophylac�c colectomy to prevent cancer progression.(39) Muta�ons in BMP pathway leads to 

Juvenile polyposis syndrome and Hereditary mixed polyposis syndrome.(40) Another group of 

hereditary polyposis syndromes (MUTYH associated polyposis, Serrated Polyposis Syndrome 

and Lynch Syndrome) involve defects in various DNA repair pathways. A rare hereditary mixed 

polyposis syndrome studied in Ashkenazi Jews caused by duplica�on of about 40kb upstream of 

the GREM1 gene also acts through the BMP pathway. It has an autosomal dominant inheritance 

patern.(41)  Therefore, germline altera�ons that hinder differen�a�on, either by ac�va�ng 
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stem cell-like programs or disrup�ng differen�a�on pathways, play a central role in the 

development of hereditary polyposis. 

Therapy-associated polyposis (TAP) is a rare condi�on in which pa�ents develop polyposis 

decades a�er undergoing abdominopelvic radia�on and/or chemotherapy treatment for 

childhood or young adult cancer (CYAC), most commonly Hodgkin’s lymphoma.(42) Unlike 

hereditary polyposis, TAP lacks a known gene�c basis as germline tes�ng has not iden�fied a 

known predisposi�on muta�on. It is considered an acquired form of polyposis.(43) Daly et al. 

also observed young survivors treated with abdominopelvic radiotherapy have a polyp 

prevalence of 44.4%, with 27.8% being precancerous neoplas�c polyps.(44) The DCOG-LATER 

cohort studied five-year survivors of childhood cancer and reported an increased risk of 

adenomas compared with the sibling comparison group.(45) Survivors of CYACs face an increased 

risk (6 to 10 �mes higher than the general popula�on) of other cancers, including thyroid, lung, 

and breast, with a 30-year cumula�ve incidence approaching 20%.(46-48) The risk is increasing 

with the discovery of more treatments for cancers.(49) Exposure to abdominopelvic radiotherapy 

and/or alkyla�ng chemotherapy has been linked to an elevated risk of gastrointes�nal neoplasia, 

though the underlying biological mechanisms are not well understood.(48, 50) Unlike other 

hereditary polyposis syndromes, most TAP cases (94%) exhibit more than one histological 

subtype of adenoma.(42, 43) Approximately one-third of TAP cases are diagnosed with CRC, and 

30% of these cases show microsatellite instability high without iden�fiable germline muta�ons 

in the known five mismatch repair genes.(42) Addi�onally, It is established that CYACs have an 

almost 11-fold increased risk of colorectal cancer development compared with the general 

popula�on.(49) Based on the clinical characteriza�on of TAP, some screening guidelines for 
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young adults who have undergone cancer treatment and the cost-effec�veness of colonoscopy-

based colorectal cancer screening in them have been suggested.(51) However, we s�ll need 

molecular studies aimed at understanding the gene�c basis of TAP. With a retrospec�ve 

collec�on of TAP cases, we aim to define germline predisposi�on genes and soma�c altera�ons 

that lead to TAP, thereby aiding in the iden�fica�on of at-risk pa�ents, improving screening 

procedures, and poten�ally developing preven�ve strategies. 

Transla�onal Relevance 

In this exploratory study, we provide a deeper understanding of the clinical characteris�cs, 

secondary cancers, and family history of cancers in pa�ents with TAP. Analysis of soma�c 

muta�ons from adenomas collected at mul�ple �mepoints of a pa�ent’s disease course, in the 

absence of germline microsatellite instability (MSI), has revealed ongoing muta�onal evolu�on 

in TAP and suggests a possible role of mismatch repair pathway defects in disease 

pathophysiology. We provide the first organoid model of TAP to characterize features of the 

disease in vitro and test func�onal components in the future. We believe that our study will 

pave the way for future studies to understand undefined polyposis and provide ra�onale for 

inclusion of candidate genes in clinical panels used for tes�ng candidate genomic altera�ons in 

pa�ents with undefined polyposis.   

Methods 

Pa�ents with Therapy Associated Polyposis from Dana Farber Cancer Ins�tute, Brigham and 

Women’s Hospital and Massachusets General Hospital were iden�fied and included in the 

study. Polyposis was defined as the life�me incidence of 10 or more gastrointes�nal polyps, and 

individuals diagnosed with CYAC at age 30 or between ages 31–45, provided their first 
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gastrointes�nal polyp was iden�fied ten years a�er ini�al CYAC treatment, were included in the 

study. Pa�ents with personal or family diagnoses of pathogenic germline variants in genes 

linked to inherited colorectal cancer suscep�bility were excluded. The Ins�tu�onal Review 

Board at DFCI approved the study and informed writen consent was obtained from all pa�ents.  

Baseline characteris�cs of the popula�on including age, sex, race, ethnicity, mean age of 

primary cancer, type of primary cancer, treatment received for primary cancer, including site of 

radiotherapy and type of chemotherapy received, mean age of development of first polyp, and 

detailed histology of polyps observed, were annotated retrospec�vely from electronic health 

records. Addi�onally, history of secondary cancers, other systemic side effects of exposure to 

radiotherapy and chemotherapy and history of cancers in first degree rela�ves and second-

degree rela�ves were recorded. We also explored the overexpression of GREM1 protein using 

Immunohistochemistry with An� GREM1 an�bodies on formalin fixed paraffin embedded (FFPE) 

�ssue slides obtained for 2 (28.6%) out 10 pa�ents (34.5%) with family history of colonic 

polyposis in first degree rela�ves among the 29 pa�ents with TAP. 

Genomic analysis: 

To iden�fy genomic altera�ons underlying TAP, we conducted DNA sequencing on polyp 

samples for 5 pa�ents with TAP. Samples for DNA isola�on was collected retrospec�vely from 

archived frozen blocks containing polyp �ssue for 4 pa�ents, including one pa�ent with polyp 

�ssue from more than 1 site. Fresh polyp samples along with normal �ssue were collected for 2 

pa�ents during colonoscopy. DNA isola�on from FFPE samples was performed using the 

QIAamp DNA FFPE �ssue kit while QIAamp DNA Micro Kit was used to extract DNA from the 

fresh polyp sample. 
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As there was a lack of normal �ssue samples, bio-banked blood was u�lized for germline DNA 

extrac�on for the pa�ents. For informa�on on germline DNA for other pa�ents, we collaborated 

with an ongoing study at BROAD ins�tute and collected Whole Genome Sequence (WGS) 

informa�on and RNA seq informa�on on 9 pa�ents with TAP. Blood DNA for 2 pa�ents were 

extracted using the QIAamp DNA Mini Kit. Comprehensive WGS was performed on DNA from all 

5 polyp samples (4 pa�ents) and one blood sample using the NovaSeq X Plu pla�orm. 

Soma�c informa�on from polyp and germline informa�on from normal �ssue from pa�ents 

with Familial Adenomatous Polyposis syndrome served as nega�ve control soma�c and 

germline muta�ons whereas soma�c informa�on from polyp from pa�ents with known GREM1 

altera�on served as a posi�ve control for our exploratory hypothesis. 

We performed whole exome sequencing on DNA extracted from FFPE slides of 3 separate 

adenomas collected at 3 different �me points (2 adenomas were collected in 2012 and the third 

adenoma in 2014) obtained from 1 TAP pa�ent and analyzed the muta�onal signatures and 

evolu�on of muta�ons.  

We further generated organoids from normal colon and adenoma �ssue obtained from 2 

pa�ents with TAP, using a standard protocol. Ini�ally, the adenoma and adjacent normal �ssue 

underwent collagenase diges�on followed by filtra�on. Subsequently, the filtered �ssue was 

diluted in matrigel and grown in specialized culture dishes supplemented with WNT3A, R-

spondin, and Noggin (WRN) condi�oned media. The paired normal colon and adenoma 

organoids were propagated and cryopreserved for future molecular studies. 

Sta�s�cal analysis  
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Mutect2 was used to detect point mutations and indels in every sample (GATK 4.2.6.1), after 

aligning to the hg38 reference genome.  Only variations with a coverage of at least 20 were 

evaluated. Due to the absence of normal counterparts in the samples, only variants with an 

allele frequency of less than 25% were regarded as possible somatic variants. This list was 

further refined by retaining those mutations that are not present in gnomAD (V2.1) or KAVIAR 

(version 160204-Public) with an allele frequency greater than 0.01. Additionally, clustered 

mutations were also removed. To filter out the remaining variants caused by technical errors, 

the intersection of mutations between all the samples was also not included in the final call 

set.  

Single base substitution (SBS, Cosmic V2) signatures were extracted using the deconstructSigs R 

package, which identifies the linear combination of pre-defined signatures that best 

reconstructs a tumor's mutational profile. 

The selected signatures, the linear combination of which could lead to the final mutational 

catalog, were those reported to be present in colon cancer by COSMIC. 

Clinical data was imported and analyzed using Stata/BE 17.0.  

Results 

29 pa�ents diagnosed with TAP were included in the study. A complete clinical characteriza�on 

of the cohort is summarized in Table 1. The cohort includes 15 men and 14 women, with mean 

age of diagnosis of primary cancer being 13.79 years. 22 out of 29 pa�ents (75.8%) were 

diagnosed with Hodgkin’s Lymphoma in childhood followed by 2 pa�ents with Neuroblastoma 

and Acute Lymphoblas�c Leukemia each. 52.2% of the pa�ents received surgical treatment for 

the primary cancer, including splenectomy and nephrectomy. The mean age of polyposis in the 
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cohort was 48.66 years, lesser than the general popula�on.(52, 53) The mean �me dura�on 

between the incidence of primary cancer and incidence of first polyposis is 31.07 ± 8.69 years. 

The average number of colonoscopies for n=29 is 4.79~ 5 colonoscopies a�er the incidence of 

first polyp. The number of polyps per colonoscopy ranges from 1 polyp per colonoscopy to >30-

40 polyps per colonoscopy procedure for 1 pa�ent.  

48.3% pa�ents were treated with mantle and pelvic radiotherapy whereas only 6.8% pa�ents 

received whole body irradia�on. 38.4% pa�ents received MOPP (mechlorethamine 

hydrochloride, vincris�ne sulfate (Oncovin), procarbazine hydrochloride, and prednisone) while 

17.2% pa�ents received ABVD (doxorubicin hydrochloride (Adriamycin), bleomycin sulfate, 

vinblas�ne sulfate, and dacarbazine). Stra�fica�on according to site of radiotherapy and type of 

chemotherapy exposure revealed ascending colon being the most common site of polyposis 

irrespec�ve of the site of radiotherapy exposure and type of chemotherapy exposure. 71.4% 

pa�ents who were exposed to mantle and pelvic radia�on developed ascending colon polyps 

and all pa�ents who received MOPP regimen of chemotherapy developed polyps on ascending 

colon. Similarly, adenomatous polyposis was the most common type of polyposis seen 

irrespec�ve of the site of radiotherapy exposure and type of chemotherapy exposure. 90% of 

pa�ents who were treated with MOPP developed adenomatous polyps and 92.9% of the 

pa�ents who received mantle and pelvic radia�on developed adenomatous polyps. Hyperplas�c 

polyposis was the second most common type of polyposis observed amongst TAP 

pa�ents. >90% pa�ents had mixed polyposis.  

6 out of 12 females in the cohort developed secondary breast cancer while 5 pa�ents were also 

diagnosed with basal cell carcinoma. Lung cancer was diagnosed in 3 pa�ents while 2 pa�ents 
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developed colorectal cancer. Renal cell carcinoma, papillary carcinoma of thyroid and 

osteochondroma were few other cancers reported in TAP pa�ents. 

13 pa�ents had family history of other cancers in a first degree rela�ve while 1 pa�ent had 

family history of other cancers in a second degree rela�ve. 3 pa�ents didn’t have a history of 

cancers among their family members. Notably, 10 pa�ents had family history of colonic 

polyposis in family members. 

Based on the mixed histology of colonic polyposis, secondary cancers, and family history of 

colonic polyposis in 10 patients (34.4%), we suspected that these patients may be enriched for 

Hereditary Mixed Polyposis Syndrome (HMPS). We further explored the expression of GREM1 

protein using IHC in 2 patients with family history of polyposis and observed overexpression in 

patients with TAP alongside patients with known GREM1 duplication (positive control) and 

patients with FAP (negative control), however, it didn’t yield any significant results.   

Results from mutational analysis (n=1) 

Further analysis of DNA from different adenomas collected at different timepoints from 1 TAP 

patient using somatic mutation calling identified no pathogenic or likely pathogenic variants in 

the high-risk polyposis genes APC and MutY Homolog (MUTYH) or in classical genes associated 

with CRC including TP53, KRAS, CTNNB1 and SMAD4.  However, mutational signature analysis 

revealed 6 predominant patterns of mutations that contributed to the polyposis and 4 of them 

were present across all 3 time points. Notably, mutational signature 6, attributed to mismatch 

repair deficiency, was present in all 3 adenomas, even though mismatch repair genes were not 

mutated, suggesting impairment in DNA mismatch repair pathway through epigenetic or 
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nongenetic factors, which will be explored in further studies. Secondly, mutational signature 30, 

deficiency in base excision repair due to inactivating mutations in NTHL1, was also present in all 

3 adenomas and there was an increase in its signature over time.  Lastly, mutational signature 5 

appeared in the third adenoma whereas mutational signature 23 was lost in the third adenoma. 

Notably, the genetic panel testing for MSI genes is negative in the patient. These findings 

suggested ongoing mutational evolution in the polyps and will be explored in further studies 

using patient derived organoids.  Our ongoing analysis is focused on identifying more candidate 

mutations from other patient samples in germline DNA and paired polyp and validating it in 

public datasets.  

Muta�onal signature suggested impairment of the DNA mismatch repair pathway, which could 

be endorsed by epigene�c or other nongene�c factors. Muta�onal signature 5 emerge only in 

the third adenoma, sugges�ng ongoing muta�onal evolu�on in TAP.  Soma�c muta�on calling 

iden�fied no pathogenic or likely pathogenic variants in the high-risk polyposis genes APC and 

MutY Homolog (MUTYH) or in classical genes associated with CRC including TP53, KRAS, 

CTNNB1 and SMAD4. 

We generated patient derived TAP organoids. Preliminary comparison of the morphology of the 

organoids revealed folding in those generated from adjacent normal colon tissue and hence 

exhibiting a differentiated morphology, whereas the organoids from polyp were unfolded, 

spheroid and undifferentiated morphologically. Further experiments to characterize 

histopathology of the organoids, including protein markers SOX9 (marker of impaired 

differentiation), KRT20 (marker of differentiation) and MUC2 (Alcian blue staining) are 
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underway. On cultured organoids, we will perform bulk RNA-sequencing to determine 

transcriptional programs being activated in TAP adenoma organoids relative to paired normal 

colon organoids. We will then perform ATAC-seq to determine chromatin accessibility changes 

between normal colon and TAP adenoma. It will be followed by MNase-based Cut&Run assay 

and Gene set enrichment analysis to thoroughly understand and characterize the TAP model 

system. 

Discussion 

To our knowledge, this is the first study aimed to investigate the relationship between therapy-

associated polyposis (TAP) and its underlying genetic alterations, clinical manifestations, and 

implications for patient management. We suggest that TAP may result from a complex interplay 

of genetic and environmental factors, rather than being solely attributed to exposure to 

radiation or chemotherapy or germline mutations. The exposure to different therapies during 

childhood may accelerate the process of developing polyposis, hence the younger age of 

diagnosis of polyposis. It also underscores the importance of early but long-term surveillance 

and screening for gastrointestinal neoplasms following cancer treatment. Notably, TAP patients 

have mixed polyp histology and the heterogeneity suggests that TAP may be a different entity 

from the other hereditary polyposis syndromes and may require different treatment 

approaches. While the presence of a sporadic polyposis may be explained by treatment 

exposure alone, the development of synchronous polyps throughout the GI tract suggests an 

underlying predisposition. Patients with mixed polyposis harbor a 40kb duplication in the 5′ 

regulatory region of the GREM1 gene, the founder genomic alteration in Ashkenazi Jews, which 

leads to higher expression of GREM1 in multiple tissue, including the intestines.(41, 54) 
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Retrospective analysis of clinically used multi-gene panels testing for candidate alterations in 

patients with TAP revealed no GREM1 duplication. However, multiple reports have suggested a 

novel duplication of 16 kb in the regulatory region of GREM1 in a family with 

attenuated/atypical polyposis syndrome; novel 24kb tandem duplication of the 5′ regulatory 

region of GREM1 in a patient without Ashkenazi Jewish heritage; and 57kb duplication 

encompassing the entire GREM1 gene inpatients with hereditary CRC.(54-56) Notably, these 

genomic alterations are not detected by routine germline testing panels.  To validate the 

overexpression of GREM1 protein in the intestinal crypts for TAP patients with family history of 

colonic polyposis, we performed immunohistochemistry staining with GREM1 antibodies. 

However, we didn’t observe a significant difference on comparing with our negative control 

(Familial Adenomatous polyposis) and positive control (patients with Hereditary Mixed 

Polyposis Syndrome (known GREM1 alteration)). Based on whole genome sequencing analysis 

of paired polyp and germline DNA, we plan to perform mRNA ISH to analyze the areas of 

GREM1 localization. Comprehensive testing of the GREM1 regulatory region in families of all 

ethnicities with multiple colon polyps or colon cancer may be warranted.  

The results from muta�onal signatures are indica�ve of ongoing muta�onal evolu�on in TAP 

and support the role of genomic instability in enabling cancer and acquisi�on of gene�c events 

that ul�mately promote oncogenic transforma�on.(57) Several studies have documented the 

occurrence of chemotherapy induced gene�c instability, notably MSI.(58-60) The role of MSI in 

early stages of tumorigenesis and cancer development in other tumors reinstates the 

importance of studying these instabili�es in TAP pa�ents.(61, 62) The clinical informa�on on 

ascending colon being the most common site of polyp occurrence also supports the defec�ve 
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DNA repair pathway to be associated with TAP. Studies have shown right sided CRC tumors tend 

to be microsatellite instability-high tumors (MSI-high) whereas le� sided tumors tend to have 

chromosomal instability-high tumors (CIN- high).(63) With addi�onal analysis of muta�onal 

burden of different polyps from the same pa�ent or different pa�ents, we would be able to 

compare the muta�onal burden in TAP polyps to adenomas in other adenomatous polyposis 

syndromes. However, based on literature we hypothesize that defected DNA repair pathway will 

lead to higher incidence of muta�ons and hence a higher tumor muta�on burden in polyps in 

TAP pa�ents. Our ongoing analysis of WGS data will provide insights into it. This also carries a 

predic�ve value for earlier detec�on and management of secondary tumors in TAP pa�ents like 

other hereditary cancer syndromes.(64) There is scarce evidence suppor�ng the role of 

radia�on exposure leading to MSI high in mouse tumors and needs to be longitudinally studied 

in humans.(65)  We couldn’t rule out the involvement of alterna�ve molecular mechanisms, 

such as epigene�c modifica�ons or soma�c altera�ons, in the development of polyposis in TAP 

at present and plan to inves�gate it further.  

We are analyzing whole genome sequencing data of paired polyp and germline DNA to iden�fy 

other candidate genes in CYACS that predispose them to develop mixed polyposis, with a focus 

on GREM1. 

In future, more research is warranted to elucidate the molecular mechanisms underlying TAP 

and iden�fy novel therapeu�c targets. Prospec�ve studies incorpora�ng mul�omic analyses, 

including transcriptomics, epigenomics, and proteomics, will help in providing deeper 

understanding of dysregulated pathways responsible for development of polyposis in these 

pa�ents and may shed light on genes responsible for causing undefined polyposis in a vast 
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majority of pa�ents at present. Addi�onally, the establishment of pa�ent-derived organoid 

models will help us in inves�ga�ng the func�onal consequences of gene�c altera�ons 

associated with TAP. Longitudinal studies tracking the natural history of TAP will be essen�al for 

refining risk stra�fica�on and op�mizing surveillance strategies for cancer survivors. It may not 

be possible to iden�fy pa�ents with similar radia�on and chemotherapy exposure as the 

conven�onal therapies have been replaced but exposure to newer alkyla�ng agents and 

targeted radiotherapy to abdominal malignancy pa�ents may provide a similar cohort and 

screening them for candidate gene altera�ons and early development of polyps may help 

reduce the risk of CRC. 

It is important to acknowledge the limita�ons of our study. The rela�vely small sample size due 

to the rarity of the disease and the absence of a control group doesn’t allow us to directly 

compare the prevalence of gene�c altera�ons between TAP pa�ents and healthy individuals or 

those with other hereditary polyposis syndromes. Nonetheless, given the limited understanding 

of gene�c basis of undefined polyposis, this study contributes to explain the cause for a subset 

of polyposis.   

In conclusion, we present insights into the causal factors of TAP and aim to provide evidence to 

support gene�c tes�ng for MSI signature in polyps and surveillance in CYAC and others with 

undefined polyposis, independent of their history of exposure to therapy. 
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Figure 1 Consort diagram of the study popula�on included in the study. 
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Characteris�c N= 29 Percentage 

Sex 

Male 15 52.0 

Female 14 48.0 

Race 

White 25 83.3 

Asian 1 3.3 

Unknown 4 13.3 

Primary Cancer (n=29) 

Hodgkin's lymphoma 22 75.8 

Neuroblastoma 2 8.6 

ALL 2 8.6 

CLL 1 4.3 

Non-Hodgkin's 1 4.3 

Unknown 1 4.3 

Surgical treatment for primary 
cancer 

12 52.2 

Mean age of primary cancer 
(years) 

13.79 

Mean age of development of 
first polyp (years) 

48.66 

Mean �me interval between 
the incidence of primary 
cancer and incidence of first 
polyposis (years) 

31.07 ± 8.69 

Mixed polyposis (n=29) Number of pa�ents with mixed polyposis 

Yes 28 (96.5%) 

No 1(3.5%) 

Table 1 Baseline characteris�c of pa�ents with Therapy Associated Polyposis included in the study. 
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Figure 1: Pictorial representa�on of number of colonoscopies per pa�ent (n=29) 

 

Table 2: Range of number of polyps per colonoscopy for n=29 
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Figure 2 Polyposis is seen across the gastrointes�nal tract irrespec�ve of the site of radiotherapy exposure with 
ascending Colon being the most common site of occurrence. (Missing data for history of radiotherapy for n=3) 

 
Figure 3 Mixed polyposis is seen in >90% of the pa�ents exposed to radiotherapy and adenomatous polyposis is the 
most common type of polyposis seen with hyperplas�c polyp being the 2nd most common. (Missing data for history 
of radiotherapy for n=3) 
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Figure 4 Ascending colon remains to be the most common site for polyposis on exposure to MOPP 
(mechlorethamine hydrochloride, vincris�ne sulfate (Oncovin), procarbazine hydrochloride, and prednisone) 
regimen whereas polyposis was more common in Descending colon and Transverse Colon when pa�ent was 
treated with ABVD (doxorubicin hydrochloride (Adriamycin), bleomycin sulfate, vinblas�ne sulfate, and 
dacarbazine).(Missing data for history of radiotherapy for n=3) 
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Figure 5 Mixed polyposis is seen in >90% of the pa�ents treated with MOPP and ABVD and adenomatous polyposis 
is the most common type of polyposis seen with hyperplas�c polyp being the 2nd most common. MOPP 
(mechlorethamine hydrochloride, vincris�ne sulfate (Oncovin), procarbazine hydrochloride, and prednisone) 
regimen whereas polyposis was more common in Descending colon and Transverse Colon when pa�ent was 
treated with ABVD (doxorubicin hydrochloride (Adriamycin), bleomycin sulfate, vinblas�ne sulfate, and 
dacarbazine). (Missing data for history of radiotherapy for n=3) 
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Characteris�c N=29 Percentage 

Breast cancer 6  20.6 

Basal cell carcinoma 5  17.2 

Lung cancer 3  10.3 

Colorectal cancer 2 6.8 

Renal cell carcinoma 2  6.8 

Osteochondroma 1  3.4 

Papillary carcinoma of thyroid 2  6.8 

Table 3 Descrip�on of secondary cancers occurring in the pa�ent cohort. 

Characteris�c N= 29 Percentage (%) 

Family history of other cancers in 
first degree rela�ve (FDR) 

13 44.8 

Family history of other cancers in 
second degree rela�ve (SDR) 

1 3.4 

No family history of any cancer  3 10.3 

Family history of colonic 
polyposis in FDR  

10  34.4 

Table 4 Descrip�on of family history of cancers and colonic polyposis in FDR and SDR. 

 
Figure 6 Representa�ve images of colonic polyps from a) Therapy Associated polyposis pa�ent b) Pa�ent with 
known GREM1 muta�on c) Familial Adenomatous Polyposis Pa�ents showing staining for an� GREM1 an�bodies in 
brown color in colonic Crypts in all 3 samples. 
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Figure 7 Comparison of muta�onal signatures of 3 different adenomas collected at 3 different �me points to 
analyze ongoing muta�onal evolu�on. (A) Timeline of clinical course of a pa�ent with TAP; Dx= diagnosis, Tx= 
treatment, Ad = adenoma. (B) Muta�on signatures derived from WES performed on DNA extracted from each 
adenoma.  
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Figure 8 Representa�ve images of organoids developed from 2 sites (a and b) in a pa�ent Therapy Associated 
polyposis.  
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Summary 

In the retrospec�ve study on metasta�c HER2-posi�ve gastroesophageal adenocarcinoma 

(GEA), 168 pa�ents underwent treatment with Trastuzumab-based therapy. Analysis revealed 

significant associa�ons between concomitant genomic altera�ons and treatment outcomes. 

Notably, pa�ents with MET amplifica�ons had shorter overall survival (OS) and progression-free 

survival (PFS), while those with CDK6 amplifica�ons demonstrated shorter OS. Single cell HER2 

ISH showed the impact of higher frac�on of cells with high HER2 CN ra�o on response to 

trastuzumab and emphasized on assessing HER2 heterogeneity prior to star�ng treatment. 

 

In the study on therapy-associated polyposis, 29 CYACs were studied. Despite different site of 

radia�on exposure and type of chemotherapy exposure, polyposis predominantly affected the 

ascending colon and displayed mixed histology. Rou�ne gene�c analysis revealed no pathogenic 

variants in high-risk polyposis genes but iden�fied muta�onal signatures indica�ve of ongoing 

muta�onal evolu�on, including mismatch repair deficiency and base excision repair deficiency. 

Pa�ent-derived organoids were generated for the first �me to study TAP. These findings 

underscored the complex interplay of gene�c and environmental factors in TAP pathogenesis. 
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Discussion 

The two discussed projects shed light on the complex landscape of targeted therapy in cancer 

treatment, emphasizing the importance of understanding gene�c altera�ons and heterogeneity 

in guiding therapeu�c approaches. 

In the first project, focused on mGEA, the efficacy of Trastuzumab-based chemotherapy in 

pa�ents with HER2-posi�ve tumors is well-established. However, resistance to treatment 

remains a significant challenge. The study iden�fies the role of concomitant genomic 

altera�ons, such as MET, and CDK6 amplifica�ons, in driving resistance to HER2-targeted 

therapy. Leveraging next-genera�on sequencing (NGS) allows for a comprehensive analysis of 

genomic altera�ons, paving the way for personalized treatment strategies targe�ng specific 

resistance mechanisms. Moreover, intratumoral heterogeneity, par�cularly in HER2 expression, 

emerges as a crucial factor influencing treatment response. This underscores the importance of 

assessing heterogeneity to guide therapy selec�on and improve pa�ent outcomes. 

In the second project, therapy-associated polyposis (TAP) is inves�gated, revealing a complex 

interplay of gene�c and environmental factors in the development of gastrointes�nal polyps 

following cancer treatment. The study emphasizes the role of muta�onal signatures and 

genomic instability in TAP, sugges�ng poten�al targets for future therapeu�c interven�ons. 

Furthermore, the establishment of pa�ent-derived organoid models promises to elucidate the 

func�onal consequences of gene�c altera�ons associated with TAP, facilita�ng the development 

of targeted therapies. 

Overall, these projects underscore the importance of integra�ng genomic profiling and 

molecular characteriza�on into clinical prac�ce to op�mize treatment strategies and improve 
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outcomes in cancer pa�ents. Targeted therapies tailored to individual gene�c profiles, coupled 

with ongoing surveillance and screening, offer promising avenues for precision medicine in 

oncology. However, further research, including larger pa�ent cohorts and prospec�ve studies, is 

warranted to validate findings and iden�fy novel therapeu�c targets, ul�mately advancing 

personalized cancer care. 
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Appendix 2 Supplementary Figures and Tables  

Variable Level HER2 = 2 HER2 = 3 
p 

value 
N = 168  23 145  

Sex Male 20 (87.0%) 124 (85.5%) 1 
 Female 3 (13.0%) 21 (14.5%)  

Age at diagnosis Mean (SD) 62.12 (10.35) 59.13 (11.25) 0.23 

History of smoking No 7 (30.4%) 53 (36.6%) 0.73 
 Yes 15 (65.2%) 80 (55.2%)  
 Unknown 1 (4.3%) 12 (8.3%)  

Tumor location Esophagus 15 (65.2%) 86 (59.3%) 0.63 
 Gastroesophageal junction 3 (13.0%) 33 (22.8%)  
 Gastric 5 (21.7%) 26 (17.9%)  

Tumor status De novo metastasis 19 (82.6%) 103 (71.0%) 0.32 

 Recurrent metastasis 4 (17.4%) 42 (29.0%)  

Histology grade G1 (low grade, well differentiated) 1 (4.3%) 3 (2.1%) 0.055 

 
G2 (intermediate grade, moderately 

differentiated) 8 (34.8%) 74 (51.0%)  
 G3 (high grade, poorly differentiated) 13 (56.5%) 45 (31.0%)  
 Unknown 1 (4.3%) 23 (15.9%)  

Total number of 
metastatic sites 1 6 (26.1%) 41 (28.3%) 0.044 

 2 5 (21.7%) 68 (46.9%)  
 3 10 (43.5%) 29 (20.0%)  
 4 2 (8.7%) 6 (4.1%)  
 5 0 (0.0%) 1 (0.7%)  

History of surgical 
resection for GEA No 15 (75.0%) 78 (67.8%) 0.17 

 Yes 4 (20.0%) 36 (31.3%)  
 Unknown 1 (5.0%) 1 (0.9%)  

Supplementary Table 1 Baseline characteris�cs of the overall HER2+ GEA cohort 
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Gene Genomic altera�on N altered (%) 

ERBB2 Single nucleo�de variant 6 (5.17) 

PIK3CA Single nucleo�de variant 9 (7.6) 

CDKN2A 

Single nucleo�de variant 
Dele�ons 

Duplica�ons 
Inser�ons 

7 (5.98) 
11 (9.4) 
1 (0.85) 
1 (0.85) 

SMAD4 
Single nucleo�de variant 

Dele�ons 
7 (5.98) 
1 (0.85) 

NOTCH1 
Single nucleo�de variant 

Dele�ons 
2 (1.7) 

3 (2.56) 

MET Amp 21 (17.95) 

EGFR Amp 51 (43.59) 

PIK3CA Amp 19 (16.24) 

KRAS Amp 17 (14.53) 

ERBB2 Amp 104 (88.89) 

FGFR1 Amp 10 (8.55) 

CDK6 Amp 33 (28.21) 

CCNE1 Amp 27 (23.08) 

Supplementary Table 2 Prevalence of concomitant genomic altera�ons with HER2 amplifica�on in 117 pa�ents 
tested with Oncopanel. 

 
 
 
 
 
 
 
 



 70 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A1 A2 

D1 D2 

C1 C2 

B1 B2 



 71 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

E1 E2 

F1 F2 

G1 G2 

H1 H2 



 72 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 1 Kaplan–Meier curves showing OS and PFS comparing (A1-2) HER2 2+ vs HER2 3+ (B1-2) 
FGFR1 amplified vs unamplified (C1-2) PIK3CA amplified vs unamplified (D1-2) PIK3CA mutated vs no muta�on (E1-
2) KRAS amplified vs unamplified (F1-2) EGFR amplified vs unamplified (G1-2)  ERBB2 amplified vs unamplified (H1-
2) CCNE1 amplified vs unamplified (I1-2) CDKN2A mutated vs no muta�on (J1-2) SMAD4 mutated vs no muta�on 
(K1-2) NOTCH1 mutated vs no muta�on. 
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Supplementary Figure 2 Proposed future descrip�ve and molecular studies for organoids developed from pa�ents 
with TAP organoids. 


