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Abstract

Recent research on genomic profiling of pancreatic ductal adenocarcinoma (PDAC) has identified 

many potentially actionable alterations. However, the feasibility of using genomic profiling to 

guide routine clinical decision making for PDAC patients remains unclear. We retrospectively 

reviewed PDAC patients between October 2013 and December 2017, who underwent treatment 

at the Johns Hopkins Hospital and had clinical tumor next-generation sequencing (NGS) through 

commercial resources. Ninety-two patients with 93 tumors tested were included. Forty-eight 

(52%) patients had potentially curative surgeries. The median time from the tissue available to the 

NGS testing ordered was 229 days (interquartile range 62–415). A total of three (3%) patients 

had matched targeted therapies based on genomic profiling results. Genomic profiling guided 

personalized treatment for PDAC patients is feasible, but the percentage of patients who receive 

targeted therapy is low. The main challenges are ordering NGS testing early in the clinical course 

of the disease and the limited evidence of using a targeted approach in these patients. A real-time 

department level genomic testing ordering system in combination with an evidence-based flagging 

system for potentially actionable alterations could help address these shortcomings.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy with a 5-year overall 

survival rate of 9% for all stage patients [1]. The dismal 5-year survival is a result of 

the advanced stage of disease at diagnosis and it being refractory to treatment [2]. Many 

clinicians have turned to the genomic profiling of PDAC to identify potentially actionable 

alterations and hope the possible directed treatment can improve patient outcomes [3–7].

Despite the progress of genomic profiling in the clinical practice of many solid tumors [8,9], 

the benefit of genomic profiling for PDAC patients is still limited. These limitations are 

multi-factorial, including lack of effective targeted therapy in common driver alterations 

(KRAS, etc.), low prevalence of potentially actionable alterations [10], the genetic 

background complexity on which the rare targetable somatic mutations occur in PDAC.

Several clinical trials have prospectively demonstrated the feasibility of real-time genomic 

profiling for PDAC patients. However, only a small percentage are found to have potentially 

actionable alterations with clinical benefits [11–13]. Compared to well-designed clinical 

trials, real-time genomic testing in routine practice for PDAC patient care can be much more 

challenging. Although genomic testing is not standard clinical practice for PDAC patients 

so far, the most recently updated ASCO guideline for metastatic pancreatic cancer strongly 

recommends obtaining genomic testing for all treatment eligible patients to select patients 

for recommended therapies [14].
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This study aimed to summarize the past use of clinical genomic profiling in PDAC patients 

at a single institution. The feasibility of utilizing this approach was assessed, challenges 

faced with its implementation identified, and future directions suggested.

2. Materials and methods

2.1. Study population

A retrospective study was performed to identify all PDAC patients who were managed at 

the Johns Hopkins Medical Institutions and underwent clinically directed next-generation 

sequencing (NGS) of their primary or metastatic tumor through commercial resources 

between October 2013 and December 2017. Approximately 3000 patients with PDAC 

were evaluated at the institution during this period. All genomic alteration information was 

obtained from the NGS test reports. General demographics and clinical data were obtained 

from a prospectively maintained institutional registry.

2.2. Genetic analysis

The NGS testing for all tumor tissue were done through commercial resources, including 

Foundation Medicine, Perthera, and Personal and Genome Diagnostics (PGDx) and with 

their panels. DNA was extracted from unstained slides or formalin-fixed paraffin-embedded 

(FFPE) for library preparation. Either Foundation Medicine Panel Version 1 (coding exons 

of 236 genes and introns of 19 genes involved in rearrangements) [7] or Foundation 

Medicine Panel Version 2 (coding exons of 315 genes and introns of 28 genes involved 

in rearrangements) [7] was used by Foundation Medicine and Perthera in the study cohort 

[15]. Both alterations marked as clinically relevant alterations and variants of uncertain 

significance were included in our analyses. CancerSelect™ panel, which included sequence 

analyses for 76 genes, copy number analyses for 13 genes, and rearrangement analyses for 

13 genes, were used by PGDx in the study cohort. Since all patients except five were tested 

and reported with only tumor tissue (Foundation Medicine and Perthera), some reported 

alterations may be unappreciated germline variants. ClinVar [16] database was referred for 

functional significance of variants (last checked date 7/17/2019). The list of potentially 

actionable alterations in Table 1 was used to determine whether the sequenced tumor had 

any potentially actionable alteration. The potentially actionable alteration was defined as an 

alteration with US Food and Drug Administration (FDA) approved targeted therapies for any 

cancer type between Oct 2013 and Dec 2017, which was the period for patients included in 

this study.

2.3. Statistical analysis

All categorical variables were reported as frequencies and percentages, and all continuous 

variables were reported as means and standard deviations or medians and interquartile 

ranges (IQR) as deemed necessary. Chi-squared or Fisher test was used for categorical 

variables, as appropriate. Overall survival (OS) was calculated from the date of biopsy

confirmed diagnosis to date of death or censored at the last date when the patient was 

known to be alive. Kaplan-Meier curve and log-rank test were used to compare survival 

distributions between different groups. Progression-free survival (PFS) was calculated from 

the initiation of therapy to disease progression or censored at the time of change because 
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of intolerance, surgery (used as neoadjuvant treatment) without progression. Cox model 

was used for survival analysis. P values from multiple testing were adjusted using the 

Benjamini-Hochberg method at level 0.05. All analyses were performed using R version 

3.5.3 (R Foundation, Vienna, Austria). Package GenVisR (Version 4.0) was used for the 

genomic alteration landscape plot.

The Johns Hopkins Institutional Review Board approved the study for human research.

3. Results

3.1. Patient information

We included 92 patients in the study. The median age was 63 years (IQR: 55–70) 

and approximately half were male (N = 47, 51%). There were 48 (52%) patients 

underwent potentially curative surgeries, and a majority of these patients (81%) had 

pancreaticoduodenectomy. The remaining patients (48%) had metastasis or locally advanced 

disease (Table 2).

All the commercially conducted clinical NGS tests were ordered by patients’ oncology care 

providers. Of the patients undergoing surgical resection, 44 NGS tests were conducted on 

primary tumors (42 on surgery specimens and two on pre-surgery endoscopic ultrasound 

with fine-needle aspiration/fine needle biopsy (EUS-FNA/FNB)), two on liver metastases 

as a recurrence, one on lung metastasis as a recurrence, one on peritoneal metastases as 

a recurrence and one on right rectal muscle metastasis as a recurrence. For non-surgical 

patients, 16 NGS tests were done on primary tumors through EUS-FNA/FNB, 22 on 

metastatic liver lesions, one on lymph node metastasis, and five on metastatic peritoneal 

lesions.

3.2. Most common somatic alterations

In all 93 tumor tissues, the highest mutation prevalence was reported in KRAS (N = 

86, 93%), consistent with 93% KRAS mutation of PDAC reported in using The Cancer 

Genome Atlas (TCGA) network [17]. Other highly mutated genes were TP53 (N = 63, 

68%), SMAD4 (N = 21, 23%), and CDKN2A (N = 19, 20%). The landscape of genomic 

mutations and copy number variations were shown in Fig. 1. The associated between most 

common somatic mutations and clinicopathologic variables were shown in Table 3, and the 

OS of patients with common somatic mutations were calculated in Table 4. Considering the 

sample size for testing, we included all genes having more than five patients with mutations.

Copy number alterations most frequently identified were CDKN2A/B loss (N = 23, 25%), 

SMAD4 loss (N = 6, 6%), and AKT2 amplification (N = 5, 5%). Other copy number 

alterations identified in at least 2% of tumors include GATA6 (N = 3, 3%), CCND3 (N = 

3, 3%), MYC (N = 2, 2%), BARD1 (N = 2, 2%), SLIT2 (N = 2, 2%), ERBB2 (N = 2, 

2%). Since the loss of CDKN2A/B were reported together in genomic test reports of most 

patients, CDKN2A/B loss was listed separately from CDKN2A mutation in Fig. 1.

Seven tumors did not have any alteration in KRAS. One of these tumors had a BRAF 
(V600_K601 > E). Other genetic alterations which have been previously reported in KRAS 
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wild-type PDACs, including MYC, ERBB, and different RTKs amplifications [11,17], as 

well as ROS1 [12], ALK [18], RET [19], and NTRK1 [20] fusions, were not observed in 

these KRAS wild-type tumors.

3.3. Time from tumor tissue available to genomic testing ordered

Of the 92 patients tested, 91 were still alive at the time of the genomic result reported. 

The median time from tissue available (biopsy or surgical resection) to the genomic testing 

ordered by the providers was 229 days (IQR: 62–415). In a further subgroup analysis, the 

median time was 361 days (IQR 91–567) for surgical patients and 92 days (IQR 43–289) for 

non-surgical patients.

3.4. Actionable alteration and matched therapy

A majority (N = 82, 88%) of the tumors were tested with Foundation Medicine Panel 

Version 2 [7], followed by six patients with Foundation Medicine Panel Version 1 [7] and 

five patients with CancerSelect™ panel. A total of 10 (11%) patients were found to have 

potentially targetable alterations, and 3 (30%) of them received matched therapy. The details 

of patients with potentially actionable alterations were summarized in Table 1.

3.5. Microsatellite status and tumor mutation burden

A total of 49 tumors underwent microsatellite instability testing, and all of them were 

microsatellite stable (MSS). Of the 35 patients with tumor mutation burden (TMB) 

determined, six patients had intermediate TMB (definition: 5 < Muts/Mb < 21) with a 

median of 6.5 Muts/Mb (IQR 6–9). The other 29 patients had low TMB (definition: 

mutations/Mb < 6), with a median of 4 Muts/Mb (IQR 3–4). POLE mutations were observed 

in eight patients. Five of them had TMB tested, and all these five patients were TMB-low.

3.6. Homologous recombination deficiency (HRD) pathway gene alterations

Several mutations were found in HRD genes, including ATM, BRCA2, BRCA1, and PALB2 
[17]. We classified all mutations in the four genes into 1) pathogenic: mutations reported 

as pathogenic/likely pathogenic in the ClinVar database or which were predicted to result 

in a truncated protein product (nonsense, frameshift, and splice-site mutations); 2) variants 

of uncertain significance (VUS): missense or inframe indel mutations reported as uncertain 

significance in the ClinVar database. Pathogenic mutations were detected in 10 tumors 

(11%), and were most frequently identified in BRCA2 (N = 6, 6%), followed by ATM (N 
= 3, 3%), BRCA1 (N = 1, 1%). Detailed information of mutations classified as pathogenic 

and VUS was given in Table 5 and Table 6, respectively. Inactivation of BRCA2 or BRCA1 

has been reported to correlate positively with platinum-based chemotherapy and PARP 

inhibitor sensitivity in some PDAC patients [21–24]. Out of seven patients with BRCA2 
or BRCA1 pathogenic mutations, six (86%) received platinum-based chemotherapy in the 

whole treatment process. One patient who was given platinum-based chemotherapy as 

adjuvant treatment had recurrence after 12 months. Of the other five evaluable patients on 

platinum-based chemotherapy, four (80%) patients had a partial response (PR), one (20%) 

had stable disease (SD) based on RECIST 1.1. Details were listed in Table 5.
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Additionally, three patients with BRCA2 mutations were given a PARP inhibitor basing on 

NGS test results, with two recruited to clinical trials.

The first patient had two BRCA2 mutations, one classified as pathogenic (V1283fs × 

2) and one classified as VUS (D820E), and was treated with off-label PARP inhibitor. 

The patient was initially diagnosed with resectable PDAC with elevated CA199 (205 U/

mL). Gemcitabine/Abraxane was recommended after the Pancreas Multidisciplinary Cancer 

Clinic discussion, with a genomic testing ordered concurrently. New liver lesions were found 

after two cycles of Gemcitabine/Abraxane (Fig. 2A–C). Then, modified FOLFIRINOX 

(mFFX) was given with stable disease for primary tumor but decreasing liver lesions 

(Fig. 2D–F). A PARP inhibitor was given as maintenance treatment after seven cycles of 

mFFX. Computerized Tomography (CT) scan three months after the PARP inhibitor showed 

no lesions in the liver with CA199 continuing to trend down (Fig. 2G–I). The patient 

underwent pancreaticoduodenectomy 11 months after starting mFFX and five months after 

beginning PARP inhibition. PARP inhibitor was continued as adjuvant therapy after surgery 

and continued for a total of 17 months by the time of the last follow-up, which was 25 

months after diagnosis and 12 months after surgery.

The second patient with a BRCA2 mutation was diagnosed with metastatic disease with 

a liver lesion found during surgical exploration. The patient was subsequently found 

to have a pathogenic BRCA2 mutation (K2162fs × 5). The patient was enrolled in 

a clinical trial with a PARP inhibitor plus FOLFOX for 19 months with a PR. CT 

scan at 19 months after treatment showed no obvious evidence of metastasis disease. 

Exploration was suggested after the pancreatic cancer tumor board discussion. The patient 

then had a pancreaticoduodenectomy with several liver segments biopsied negative for 

adenocarcinoma. PARP inhibitor was given as adjuvant therapy until a new lung lesion was 

found four months after surgery.

The third patient with a BRCA2 mutation was treated with a PARP inhibitor in a 

clinical trial. The patient was initially diagnosed with resectable PDAC and underwent 

pancreaticoduodenectomy. Five cycles of Gemcitabine/Abraxane was given as adjuvant 

therapy. The patient was found to have recurrence 12 months after surgery. The primary 

tumor was then sequenced, and a pathogenic BRCA2 mutation (T1566fs × 9) was reported. 

The patient received a PARP inhibitor in a clinical trial but unfortunately progressed after 

only one cycle.

The ATM gene codes for an integral component protein of double-strand DNA repairing in 

response to ionizing radiation. However, the response of cancers with ATM mutations to 

platinum-based chemotherapy and PARP inhibition is less well established [24–29]. Of the 

three patients with pathogenic ATM mutations, two received platinum-based chemotherapy. 

One patient had PR, and the other patient had PD. One patient had adjuvant stereotactic 

body radiation therapy (SBRT). None of the patients with a pathogenic ATM mutation 

received a PARP inhibitor. Details of pathogenic ATM mutations identified in sequenced 

patients are listed in Table 5.
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4. Discussion

Despite the rapidly increasing volume of genomic testing in clinical practice, utilization of 

this approach in the management of patients with PDAC remains limited. The utilization of 

tumor genomic testing in our study increased from 6 in 2014 to 44 in 2017, which reflected 

the increasing awareness of the potential value of molecular profiling in pancreatic cancer 

treatment. Three (3%) patients with pathogenic mutations in the HRD pathway had a change 

of clinical decision to PARP inhibitor because of the genomic test results.

One patient, who had an NGS for primary tumor without a potentially actionable mutation, 

was sequenced again for a recurred tumor in the liver. Unfortunately, no new actionable 

alterations were found in the recurred lesion. The utility of genomic testing on multiple or 

recurrent tumors for discordant potential actionable alternations is unknown, and further 

studies are warranted. Interestingly, one patient with two different BRCA2 pathogenic 

mutations (E2677 × and Y2215fs × 13) had SD on FFX and progressed after 6.8 months, 

while another patient with one pathogenic BRCA2 mutation and one VUS BRCA2 mutation 

(V1283fs × 2, D820E) had PR on FFX and PRAP inhibitor for 17.6 months.

Based on the results, we found two major challenges that still need to be overcome before 

widespread adoption of genomic profiling in clinical practice.

First, during the routine clinical practice, even in a high-volume pancreatic cancer center, the 

medium time from when tumor tissue became available to when a clinical NGS tests was 

ordered is unacceptably long at 229 days (IQR 62–415). By contrast, the median time from 

the receiving of tissues to the reporting of the results was only 12 days (IQR 10–13). This 

result suggests that most of the NGS tests were not ordered when the tissues were available. 

This result can also explain why few patients had receive targeted therapies matched to their 

tumor mutations. This is likely due to the lack of an institutional system to facilitate the 

testing. Not surprisingly, the medium time from when the tissue became available to when 

the result was reported is much longer than the real-time genomic sequencing clinical trial 

by Lowery et al. [11] with a median of 45 days from patients were consented for the trial 

to the result were available. Future efforts shall be made toward getting the sequencing tests 

ordered sooner in the non-clinical trial, routine clinic setting after the tissues have become 

available.

Second, the purpose of the clinical tumor genomic testing is to find and use potential 

targeted therapies for the patient using genomic profiling results. However, we do not have 

enough evidence to find matched treatment for most alterations. Similarly, Lowery et al. 

[11] reported 3 of 225 (1%) patients were given a matched therapy based on the sequencing 

result, and Aguirre et al. [12] reported that 11 of 71 (15%) patients enrolled were treated 

with an experimental agent with direction provided from the genomic testing. Apart from 

this, the percentage of patients with potentially targetable alterations who received the 

match therapies in the clinical trial could not represent the condition in routine clinical 

practice. Two recently published large cohort studies have provided important information 

on screening patients of potentially targetable alterations and matched therapies [7,30]. 

Singhi et al. [7] defined the targetable alteration in different pathways and found 609 
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(17%) patients with potentially targetable alterations. Pishvaian et al. [30] reported 282 

(26%) sequenced tumors tissue in the Know Your Tumor program to have targetable 

alterations. Besides, they demonstrated the survival benefit of patients who received matched 

therapies. Both studies showed more actionable mutation than our cohort, especially in 

fusion, amplification, MSI-H and/or TMB-H. The lower rate of targetable alteration in our 

cohort could come from the small sample size comparing the two cohort studies and the 

definition of targetable alterations. Results from the two studies delivered a promising signal 

that future efforts shall be made toward developing a system to help identify potentially 

targetable mutations from the patients’ reports in the non-clinical trial, routine clinic setting.

Outside of BRCA phenotype or Mismatch Repair deficiency (MMRd) tumor, there are 

no clinically relevant biomarker strategies in PDAC, although trials are ongoing. The 

COMPASS trial [31] recently reported and presented data on a modified Moffitt gene 

signature, demonstrating that the basal-like subgroup was associated with a poor prognosis. 

Furthermore, it was determined that GATA6, highly expressed in the tumors with the 

‘classical’ phenotype, could separate these two molecular subgroups. Notably, the basal-like 

group was more likely to be resistant to oxaliplatin, and therefore mFFX and the classical 

group (GATA6 high) aligned with oxaliplatin-sensitivity. In the group tested, GATA6 high 

expression constituted only a small percentage (3 or 3%)

In light of the observations of the current study, the Johns Hopkins Pancreatic Cancer 

Precision Medicine Program (PMCoE) is in the process of implementing multiple changes 

to address the challenges identified (Fig. 3). Firstly, a system for well-coordinated and 

timely ordering of genomic profiling and delivery of results to the clinicians has been 

developed. Integration of this system into the clinical pathways will allow clinicians, who 

treat these patients at the multidisciplinary pancreatic clinics, to order genetic profiling 

in real-time, i.e., as early as within a day of tumor tissue available (biopsy or surgical 

resection). The genomic profiling will be performed in-house using a CLIA certified John 

Hopkins Molecular Lab with a Solid Tumor Panel, as well as MS and TMB. This reporting 

will be uploaded to the EMR as soon as results become available.

As a follow-up for genomic results and further treatment, a flagging system will be 

programmed to notify providers of potentially actionable alterations in these patients. 

Furthermore, the flagging system will receive feedback from providers on treatment 

response to administration of the specific treatment, especially the alterations that are 

not reported in any database yet or have been reported but are still classified as having 

uncertain significance. The relay of this information back into the platform will allow 

updates to be made to the Johns Hopkins Pancreatic Cancer PMCoE for a genomic 

database. Accumulation of these data could potentially help identify associations between 

genetic alterations and tumor response to unique therapeutics. This system, in particular the 

development of a feedback loop, will help establish a robust, feasible, and effective program 

that can provide real-time precision medicine guided care to patients with PDAC.

This study has several limitations. First, as the majority of patients had genomic profiling 

of tumor tissue only, some genetic alterations could be germline and not somatic. The 

probability of germline alteration could be much higher for HRD pathway genes. Indeed, 

Ding et al. Page 8

Cancer Lett. Author manuscript; available in PMC 2022 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a recent update to NCCN guidelines recommends consideration of germline testing for all 

patients diagnosed with PDAC. Although an approach based on germline testing may be 

more feasible [32], the presence of somatic mutations in the HRD pathway in the absence 

of germline alterations indicates that a combination of germline testing and tumor genomic 

profiling remains important and clinically relevant [24]. In particular, future studies will 

determine the utility of germline testing together with or without tumor genomic profiling 

in patients with PDAC. Second, as a retrospective study, selection bias was unavoidable. 

Patients included in our study had genomic profiling ordered by providers at our institution 

using Foundation Medicine, Perthera, and PGDx, but not from other commercial sources 

or by providers at outside institutions. Therefore, the rates of actionable mutations and 

response to targeted therapy observed in our study may not represent unselected patients 

with PDAC. Third, our study had a small sample size, which provides insufficient power to 

perform statistical testing that most statistical analyses can only be descriptive. Even with 

these limitations, this is one of the largest studies to report a single institution’s experience 

of integrating genomic profiling in the management of patients with PDAC in a non-clinical 

trial setting.

In conclusion, a precision medicine approach to the management of patients with PDAC 

using genomic profiling is feasible. However, the percentage of patients who benefit from 

this approach remains extremely low. We need to develop a real-time ordering system for 

genomic profiling at the departmental or institutional level supplemented by a flagging 

system and an evidence-based reference database to address current challenges. In the 

future, a well-organized system could lead to an increase in the adoption of a precision 

medicine approach to the management of patients with PDAC and potentially result in 

improved long-term outcomes for patients.
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Fig. 1. 
The landscape of genomic alteration and frequency of all 93 tumors.
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Fig. 2. 
Computed tomography (CT) before and after PARP inhibitor treatment of a patient with 

mutations in BRCA2. A–C. CT before modified FOLFIRINOX treatment. D–F. CT after 

modified FOLFIRINOX before PARP inhibitor treatment. G–I. CT after PARP inhibitor 

treatment. Note: the yellow arrows indicate metastatic liver lesions; the orange arrows 

indicate primary lesions.
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Fig. 3. 
Schematic diagram of the pancreatic cancer precision medicine program.
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Table 1

List of potentially actionable alteration and matched therapy screened for all 92 patients.

Potential actionable alteration Matched therapy Patient found in the study, N (%) Patient received matched therapy, 
N (%)

BRCA1/2 mutation PARP inhibitor 7 (8) 3 (3)

ATM mutation PRAP inhibitor 3 (3) 0

Microsatellite instability - high Anti-PD-1 Antibodies 0 0

BRAF mutation MEK and ERK inhibitors 0 0

ALK fusion Crizotinib, Ceritinib 0 0

ROS1 fusion Crizotinib 0 0

HER2 amplification Trastuzumab or Neratinib 0 0

IDH2 mutation Enasidenib 0 0

EGFR mutation Erlotinib, Gefitinib, Afatinib 0 0

Cancer Lett. Author manuscript; available in PMC 2022 January 28.
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Table 2

General demographic and clinicopathologic features of 92 patients.

Variables N (%)

Age (yrs), median (IQR) 63 (55–70)

Gender

 Female 45 (49)

 Male 47 (51)

Race

 White 79 (86)

 African American 9 (10)

 Asian 3 (3)

 Unknown 1 (1)

Treatment

 Curative surgical resection 48 (52)

 Non-surgical resection 44 (48)
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Table 4

The associations between overall survival and genomic mutations.

GENE Mutation Positive Mutation Negative HR (95% CI) P Pa

N OS median (95% CI) N OS median (95% CI)

KRAS 85 24.5 (21.3, 28.3) 7 36 (22.7, NA) 2.2 (0.8, 6) 0.12 0.87

TP53 63 24.5 (21.2, 29.5) 29 27.3 (22.7, 44) 1.2 (0.7, 2) 0.43 0.87

SMAD4 20 24.1 (18.9, 35) 72 24.7 (21.3, 30.1) 1.1 (0.7, 2) 0.63 0.93

CDKN2A 18 24.2 (15.5, NA) 74 24.7 (22.3, 28.4) 0.9 (0.5, 1.6) 0.66 0.93

LRP1B 16 25 (18.4, NA) 76 24.7 (21.8, 30.1) 1 (0.5, 1.9) 1 1

ARID1A 15 18.9 (14.6, NA) 77 25.3 (23, 29.5) 1 (0.5, 2) 0.93 0.99

BRCA2 15 24.7 (18.4, 29.3) 77 25.3 (21.6, 30.6) 1.3 (0.7,2.4) 0.44 0.9

ARID1B 14 24.1 (18.7, NA) 78 25 (21.6, 29.3) 0.8 (0.4, 1.6) 0.58 0.87

MLL3 14 25.7 (18, NA) 78 24.7 (21.6, 29.3) 1.1 (0.6, 2.1) 0.69 0.93

ATM 10 22.8 (15.1, NA) 82 25 (22.3, 29.3) 1 (0.5, 2.1) 0.96 0.99

TSC2 10 31.8 (12.7, NA) 82 24.7 (21.8, 28.4) 0.8 (0.3, 1.8) 0.53 0.9

MLL2 9 18.4 (13, NA) 83 25 (22.7, 29.5) 1.6 (0.8, 3.3) 0.21 0.87

POLE 8 28.4 (23, NA) 84 24.5 (21.3, 27.5) 0.7 (0.3, 1.7) 0.45 0.87

SPEN 8 21.1 (15.5, NA) 84 25 (22.3, 29.3) 1.3 (0.6, 2.7) 0.49 0.89

EP300 7 34.2 (24.5, NA) 85 24.7 (21.6, 28.4) 0.5 (0.2, 1.6) 0.24 0.87

FAT1 7 18.7 (13, NA) 85 25 (22.7, 29.5) 1.5 (0.7, 3.5) 0.32 0.87

GPR124 7 27.3 (14.6, NA) 85 24.7 (21.8, 29.3) 1 (0.5, 2.4) 0.92 0.99

KDR 7 24.5 (16.2, NA) 85 24.7 (21.6, 29.5) 1 (0.5, 2.4) 0.91 0.99

NOTCH2 7 37 (22.3, NA) 85 24.7 (21.3, 28.4) 0.7 (0.3, 1.5) 0.34 0.85

PRKDC 7 21.3 (15.7, NA) 85 25.3 (22.3, 30.1) 1.5 (0.7, 3.5) 0.33 0.85

RNF43 7 23 (16.2, NA) 85 24.7 (21.8, 29.3) 1.1 (0.5, 2.8) 0.78 0.98

ROS1 7 18.9 (13.1, NA) 85 24.7 (22.3, 29.5) 1.5 (0.6, 3.4) 0.38 0.88

FANCF 6 19.9 (16.7, NA) 86 25 (22.7, 29.5) 1.9 (0.8, 4.8) 0.17 0.85

FLT1 6 17.1 (11.5, NA) 86 25.3 (22.3, 29.5) 2.1 (0.9, 4.8) 0.09 0.85

GNAS 6 27.8 (14.4, NA) 86 24.7 (21.6, 28.4) 1 (0.4, 2.4) 0.94 0.99

PIK3CA 6 18.8 (13, NA) 86 25 (21.8, 29.5) 2.1 (0.8, 5.9) 0.15 0.85

PIK3CG 6 29.3 (23, NA) 86 24.7 (21.3, 28.4) 0.8 (0.3, 1.9) 0.57 0.92

RANBP2 6 17.9 (16.2, NA) 86 25 (22.3, 29.3) 1.6 (0.7, 4.1) 0.29 0.85

SETD2 6 28.4 (24.7, NA) 86 24.5 (21.3, 29.3) 0.5 (0.2, 1.6) 0.22 0.85

SLIT2 6 22.9 (16.2, NA) 86 25.3 (21.6, 29.5) 1.8 (0.7, 4.5) 0.23 0.85

SMARCA4 6 23.2 (18.4, NA) 86 24.7 (21.6, 29.5) 1.1 (0.5, 2.9) 0.76 0.98

CI, confidence interval; NA, not applicable; OS, overall survival; HR, hazard ratio; Pa, adjusted p value
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