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IMPORTANCE Although patients with resected pancreatic adenocarcinoma are at high risk
for disease recurrence, few biomarkers are available to inform patient outcomes.

OBJECTIVE To evaluate the alterations of the 4 main driver genes in pancreatic
adenocarcinoma and patient outcomes after cancer resection.

DESIGN, SETTING, AND PARTICIPANTS This study analyzed protein expression and DNA
alterations for the KRAS, CDKN2A, SMAD4, and TP53 genes by immunohistochemistry and
next-generation sequencing in formalin-fixed, paraffin-embedded tumors in 356 patients
with resected pancreatic adenocarcinoma who were treated at the Dana-Farber/Brigham and
Women's Cancer Center (October 26, 2002, to May 21, 2012), University of Rochester
Medical Center (March 1, 2006, to November 1, 2013), or Stanford Cancer Institute
(September 26, 1995, to May 22, 2013). Associations of driver gene alterations with
disease-free survival (DFS) and overall survival (OS) were evaluated using Cox proportional
hazards regression with estimation of hazard ratios (HRs) and 95% Cls and adjustment for
age, sex, tumor characteristics, institution, and perioperative treatment. Data were collected
September 9, 2012, to June 28, 2016, and analyzed December 17, 2016, to March 14, 2017.

MAIN OUTCOMES AND MEASURES The DFS and OS among patients with resected pancreatic
adenocarcinoma.

RESULTS Of the 356 patients studied, 191(53.7%) were men and 165 (46.3%) were women, with
amedian (interquartile range [IQR]) age of 67 (59.0-73.5) years. Patients with KRAS mutant
tumors had worse DFS (median [IQR], 12.3 [6.7 -27.2] months) and OS (20.3 [11.3-38.3] months)
compared with patients with KRAS wild-type tumors (DFS, 16.2 [8.9-30.5] months; OS, 38.6
[16.6-63.11 months) and had 5-year OS of 13.0% vs 30.2%. Particularly poor outcomes were
identified in patients with KRAS G12D-mutant tumors, who had a median (IQR) OS of 15.3
(9.8-32.7) months. Patients whose tumors lacked CDKN2A expression had worse DFS (median,
1.5[IQR, 6.2-24.5] months) and OS (19.7 [10.9-37.1] months) compared with patients who had
intact CDKN2A (DFS, 14.8 [8.2-30.5] months; OS, 24.6 [14.1-44.6] months). The molecular status
of SMAD4 was not associated with DFS or OS, whereas TP53 status was associated only with
shorter DFS (HR, 1.33; 95% Cl, 1.02-1.75; P = .04). Patients had worse DFS and OS if they had a
greater number of altered driver genes. Compared with patients with O to 2 altered genes, those
with 4 altered genes had worse DFS (HR, 1.79 [95% Cl, 1.24-2.59; P = .002]) and OS (HR, 1.38 Author Affiliations: Author
[95% Cl, 0.98-1.94; P = .06]). Five-year OS was 18.4% for patients with O to 2 gene alterations, Sffiliations are listed at the end of this
14.1% for those with 3 alterations, and 8.2% for those with 4 alterations. article.
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ancreatic cancer is the third leading cause of cancer-

related death in the United States.! Large-scale ge-

nome sequencing studies have identified multiple mo-
lecular pathways involved in pancreatic adenocarcinoma
initiation and progression.?* Four main driver genes have been
identified—KRAS (NCBI 3845), CDKN2A (NCBI 1029), SMAD4
(NCBI 4089), and TP53 (NCBI 7157)—that are critical for pan-
creatic cancer growth. The association of these driver gene al-
terations with patient outcomes has not been clearly estab-
lished. Therefore, we characterized the status of these 4 driver
genes using immunohistochemistry (IHC) and next-
generation sequencing (NGS) of DNA in a large, highly anno-
tated, multi-institutional patient population with resected pan-
creatic adenocarcinoma.

Methods

The study population consisted of 356 patients with resected
pancreatic adenocarcinoma, of whom 126 were treated at the
Dana-Farber/Brigham and Women’s Cancer Center between Oc-
tober 26, 2002, and May 21, 2012; 90 were treated at the Uni-
versity of Rochester Medical Center between March 1, 2006,
and November 1, 2013; and 140 were treated at the Stanford
Cancer Institute between September 26, 1995, and May 22,
2013. The institutional review board at each institution granted
approval for this study. Patients treated at the Dana-Farber/
Brigham and Women's Cancer Center signed written in-
formed consent for participation in this study. Informed con-
sent was waived by the University of Rochester Medical Center
and the Stanford Cancer Institute as patients were identified

Alterations in Main Driver Genes in Patients With Pancreatic Adenocarcinoma

Key Points

Question Are alterations in the 4 main driver genes for pancreatic
adenocarcinoma associated with patient outcomes after
pancreatic cancer resection?

Findings In this study involving 356 patients with resected
pancreatic adenocarcinoma, immunohistochemistry and
next-generation DNA sequencing of formalin-fixed,
paraffin-embedded pancreatic adenocarcinoma resection
specimens identified alterations in the 4 main driver genes (KRAS,
CDKN2A, SMAD4, and TP53). Disease-free survival and overall
survival were associated with the presence and pattern of
alterations in these 4 genes independent of previously identified
prognostic factors.

Meaning Identifying the pathogenic alterations in the 4 main
driver genes of pancreatic adenocarcinoma informs patient
outcomes.

retrospectively, according to institutional review board ex-
empt protocols. Data were collected from September 9, 2012,
to June 28, 2016. Data analysis took place from December 17,
2016, to March 14, 2017.

Immunohistochemistry for CDKN2A, SMAD4, and TP53
was performed on formalin-fixed, paraffin-embedded whole-
tissue sections (eAppendix and eFigure 1in the Supplement).
After macroscopic dissection, genomic DNA was extracted from
tumor tissue and adjacent normal tissue. Pyrosequencing for
KRAS hotspot mutations and NGS using a customized, mas-
sively parallel sequencing panel were performed to deter-
mine the molecular status of KRAS, CDKN2A, SMAD4, and TP53

Table 1. Disease-Free Survival and Overall Survival by KRAS, CDKN2A, SMAD4, and TP53 Tumor Status

Disease-Free Survival (n = 335)

Overall Survival (n = 338)

Rate Rate
Median  2-y 5-y Median 2-y 5-y
Patients, (IQR), Survival,  Survival, HR (95% Patients, (IQR), Survival, Survival, HR (95%
Driver Gene No. (%) mo % % c1)? P Value® No. (%) mo % % cl)? P Value®
KRAS
Wild-type 27 16.2 30.2 20.2 1 27 38.6 63.0 30.2 1
(8.1) (8.9-30.5) [Reference] (8.0) (16.6-63.1) [Reference]
Mutant 308 12.3 27.5 12.4 1.72 311 20.3 44.5 13.0 1.55 .08
(91.9) (6.7-27.2) (1.04-2.84) (92.0) (11.3-38.3) (0.96-2.51)
CDKN2A
Intact 111 14.8 31.2 16.9 1 112 24.6 53.8 19.5 1
(33.1) (8.2-30.5) [Reference] (33.1) (14.1-44.6) [Reference]
Lost 224 11.5 26.0 11.5 1.62 .002 226 19.7 423 11.9 1.44 .01
(66.9) (6.2-24.5) (1.19-2.20) (66.9) (10.9-37.1) (1.08-1.91)
SMAD4
Intact 172 11.5 27.1 14.4 1 173 21.3 49.1 15.8 1
(51.3) (6.6-30.1) [Reference] (51.2) (18.2-26.7) [Reference]
Lost 163 13.6 28.4 12.3 1.18 165 20.5 43.0 12.9 1.07 .62
(48.7) (7.4-27.0) (0.90-1.55) (48.8) (11.3-39.3) (0.83-1.38)
TP53
Wild-type 118 14.8 31.4 13.9 1 119 24.6 50.7 18.7 1
(35.2) (8.1-30.5) [Reference] (35.2) (13.5-44.6) [Reference]
Altered 217 10.8 25.7 12.6 1.33 219 20.3 43.5 12.3 1.18 .23
(64.8) (6.2-24.5) (1.02-1.75) (64.8) (11.1-37.8) (0.91-1.53)

Abbreviations: HR, hazard ratio; IQR, interquartile range.

2 Cox proportional hazards regression model adjusted for age, sex, pathologic N
stage, tumor grade, lymphovascular invasion, receipt of perioperative

treatment, resection margin status, and institution.
b pvalue for multivariable-adjusted Cox proportional hazards regression.
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(eAppendix in the Supplement). For KRAS, tumors were clas-
sified as mutant or wild-type on the basis of NGS or pyrose-
quencing if predefined NGS coverage metrics were not met
(eFigure 2 in the Supplement). For CDKN2A and SMAD4, tu-
mors were classified as intact or lost on the basis of IHC re-
sults. For TP53, THC and sequencing data were combined to
make an integrated call as wild-type or altered (eAppendix in
the Supplement).

Disease-free survival (DFS) was defined as time between
surgery and disease recurrence, and overall survival (OS) was
defined as time between surgery and death. Disease recur-
rence was classified as “local” when it occurred in or adjacent
to the pancreatic remnant or in the retroperitoneum. Disease
recurrence outside these sites was classified as “distant.” Fol-
low-up continued through June 28, 2016, for the Dana-Farber/
Brigham and Women’s Cancer Center; March 17, 2016, for the
University of Rochester Medical Center; and March 11, 2016,
for the Stanford Cancer Institute. A flow diagram of the study
population is presented in eFigure 3 in the Supplement.

Statistical Analysis

We evaluated the associations of driver gene alterations with
DFS and OS using multivariable-adjusted Cox proportional haz-
ards regression (eAppendix in the Supplement), calculating
hazard ratios (HRs) and 95% CIs. We generated Kaplan-Meier
curves, from which we calculated median survival, 2-year sur-
vival, and 5-year survival. In addition, we analyzed the asso-
ciation of gene alterations with pattern of first recurrence using
multivariable-adjusted logistic regression, calculating odds ra-
tios and 95% ClIs. All hypothesis tests were 2-sided, and a
2-sided P < .05 indicated statistical significance.

.|
Results

Baseline characteristics of the study population by institu-
tion are shown in eTable 1in the Supplement and by the 4 main
driver genes are presented in eTable 2 in the Supplement. Of
the 356 patients studied, 191 (53.7%) were men and 165 (46.3%)
were women, with a median (interquartile range [IQR]) age of
67 (59.0-73.5) years. The median (IQR) DFS was 13.1 (7.0-27.8)
months and OS was 21.0 (11.4-39.6) months, which are com-
parable to those in randomized trials.>*®

Activating KRAS mutations were observed in 328 pa-
tients (92.1%) (eTable 3 in the Supplement); KRAS mutations
affecting 2 separate codons were found in 11 tumors (3.4%).
Patients who had KRAS mutant tumors had worse DFS (me-
dian [IQR], 12.3 [6.7-27.2] months) and OS (20.3 [11.3-38.3]
months) compared with patients who had KRAS wild-type tu-
mors (DFS, 16.2[8.9-30.5] months; OS, 38.6 [16.6-63.1] months)
(Table1). Five-year OS rates were 13.0% for patients whose tu-
mors were KRAS mutant and 30.2% for those with KRAS wild-
type tumors. In addition, patients with KRAS G12D-mutant tu-
mors had particularly poor outcomes, with worse DFS (median
[IQR], 9.5 [4.7-17.6] months) and OS (15.3 [9.8-32.7] months)
compared with patients with KRAS G12D wild-type tumors
(DFS, 14.8[7.9-32.8]; 0S, 24.8 [15.0-46.2]) (Figure and Table 2;
eFigure 4 in the Supplement).

jamaoncology.com
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Figure. Kaplan-Meier Survival Curves for Overall Survival (OS)

E KRAS mutation status® — — — KRAS wild-type

Other mutation

1.0 - G12D mutation
0.8+
2
R 061
<}
o
2 04+
<
=]
wv
0.2+
0 T T T T 1
0 12 24 36 48 60
Survival Time, mo
No. at risk
G12D mutation 123 72 35 18 8 6
Other mutation 177 132 78 44 22 10
KRAS wild-type 27 23 15 10 6 5
No. of altered driver genes 0-2 Genes
——— 3 Genes
1.0 4 Genes
0.8
)
2 0.6
o
e
o
=
= 0.4+
z
=]
wv
0.2
0 T T T T 1
0 12 24 36 48 60
Survival Time, mo
No. at risk
0-2 Genes 127 97 63 34 17 11
3 Genes 136 90 46 28 16
4 Genes 75 48 26 13 6 2

Overall survival was analyzed based on KRAS mutation status (A) and number of
altered driver genes (KRAS, CDKN2A, SMAD4, and TP53) (B). The median
(interquartile range [IQR]) OS for patients with KRAS G12D-mutant tumors was
15.3 (9.8-32.7) months, was 24.6 [15.0-45.4] months for patients with other
KRAS mutations (hazard ratio [HR], 0.68; 95% Cl, 0.52-0.91; P = .008), and was
38.6 [16.6-63.1] months for patients with KRAS wild-type tumors (HR, 0.49;
95% Cl, 0.29-0.82; P = .006). Patients with O to 2 gene alterations had a
median (IQR) OS of 26.7 (13.1-42.5) months. Those with 3 gene alterations had a
median (IQR) OS of 19.1 (11.3-37.8) months (HR, 1.22; 95% Cl, 0.91-1.64; P = 18),
whereas those with 4 gene alterations had a median (IQR) OS of 17.8 (10.7-35.8)
months (HR, 1.38; 95% Cl, 0.98-1.94; P = .06). The Cox proportional hazards
regression model was adjusted for age, sex, pathologic N stage, tumor grade,
lymphovascular invasion, receipt of perioperative treatment, resection margin
status, and institution.

2 Excludes 11 patients with 2 distinct KRAS codon mutations within the same
tumor.

By IHC, CDKN2A protein expression was lost in 240 pa-
tients (67.4%). Patients who had CDKN2A expression loss by
IHC had worse DFS (median [IQR], 11.5[6.2-24.5] months) and
0S (19.7 [10.9-37.1] months) compared with patients with in-
tact CDKN2A (DFS, 14.8 [8.2-30.5] months; OS, 24.6 [14.1-
44.6] months) (Table 1). In sensitivity analyses, we classified
CDKN2A status using IHC and sequencing data (eTable 4 in the
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Table 2. Disease-Free Survival and Overall Survival by KRAS Codon Mutation and Combined KRAS, CDKN2A, SMAD4, and TP53 Gene Alterations

Disease-Free Survival (n = 335)

Overall Survival (n = 338)

Patients, Patients,
Driver Gene Alteration No. (%) HR (95% CI)? P Value® No. (%) HR (95% CI)? P Value®
KRAS mutation®
G12D 122 (36.4) 1 [Reference] 123 (36.4) 1 [Reference]
Gl2v 104 (31.0) 0.57 (0.41-0.79) <.001 105 (31.1) 0.63 (0.46-0.87) .005
G12R 44 (13.1) 0.67 (0.43-1.05) .08 45 (13.3) 0.82 (0.54-1.25) .35
Other codon 25 (7.5) 0.63 (0.37-1.10) .10 25 (7.4) 0.83 (0.50-1.39) 48
2 Codon mutations 11 (3.3) 0.27 (0.11-0.69) .006 11 (3.3) 0.55 (0.26-1.15) 11
Wild-type 27 (8.1) 0.38 (0.22-0.65) <.001 27 (8.0) 0.50 (0.30-0.83) .008
No. of altered genes
0-2 Genes 126 (37.6) 1 [Reference] 127 (37.6) 1 [Reference]
3 Genes 135 (40.3) 1.37 (1.01-1.86) .05 136 (40.2) 1.22 (0.91-1.64) .18
4 Genes 74 (22.1) 1.79 (1.24-2.59) .002 75 (22.2) 1.38 (0.98-1.94) .06
Gene combinations®
0-2 Genes 126 (37.6) 1 [Reference] 127 (37.6) 1 [Reference]
3 Genes
KRAS, SMAD4, TP53 35 (10.4) 1.16 (0.74-1.82) .53 35 (10.4) 1.08 (0.69-1.69) .75
KRAS, CDKN2A, TP53 64 (19.1) 1.51 (1.04-2.20) .03 64 (18.9) 1.38 (0.96-1.98) .08
KRAS, CDKN2A, SMAD4 34 (10.1) 1.27 (0.79-2.05) .32 35(10.4) 1.28 (0.80-2.06) .30

Abbreviation: HR, hazard ratio.

2 Cox proportional hazards regression model adjusted for age, sex, pathologic N
stage, tumor grade, lymphovascular invasion, receipt of perioperative
treatment, resection margin status, and institution.

b pvalue for multivariable-adjusted Cox proportional hazards regression.

 Data not reported for patients with KRAS G12C mutations due to the small
sample size (n = 2).

d Data not reported for patients with combination of CDKN2A, SMAD4, and TP53
alterations due to the small sample size (n = 2). Percentages do not add up to
100% in KRAS mutation analysis because we do not present data for 2
patients with G12C mutations.

Supplement). Loss of CDKN2A expression by IHC was associ-
ated with worse DFS and OS regardless of CDKN2A molecular
status (eTable 5 in the Supplement), which likely reflects the
inability of NGS to detect the silencing of CDKN2A expres-
sion due to promoter methylation and reduced sensitivity for
copy number loss in low-cellularity tumors.

By IHC, SMAD4 protein expression was lost in 175 pa-
tients (49.2%). Loss of SMAD4 expression was not signifi-
cantly associated with DFS or OS in our patient population
(Table 1). We used our sequencing data to predict whether
SMAD4 expression would be present or lost (eTable 4 in the
Supplement). The molecular status of SMAD4 was not asso-
ciated with DFS or OS when SMAD4 expression was lost by IHC
(eTable 5 in the Supplement).

For TP53, we used IHC and molecular data to generate an
integrated call of TP53 as wild-type or altered (eTable 4 in the
Supplement). By this approach, TP53 was altered in 231 pa-
tients (64.9%). Altered TP53 was associated with shorter DFS
(HR, 1.33; 95% CI, 1.02-1.75; P = .04) but was not associated with
OS (HR, 1.18; 95% CI, 0.91-1.53; P = .23) (Table 1).

Twenty-four patients (6.7%) received preoperative therapy,
which was not associated with the pattern of driver gene al-
terations (eTable 6 in the Supplement). In sensitivity analy-
ses excluding these 24 patients, associations between driver
gene alterations and patient outcomes were largely un-
changed (eTable 7 in the Supplement).

We analyzed the association of combinatorial gene altera-
tions with DFS and OS (eTable 8 in the Supplement). Com-

JAMA Oncology March2018 Volume 4, Number 3

pared with patients with O to 2 gene alterations, patients with
3 or 4 gene alterations had worse DFS (3 alterations HR, 1.37
[95% CI,1.01-1.86; P = .05]; 4 alterations HR, 1.79 [95% CI, 1.24-
2.59; P =.002]) and OS (3 alterations HR, 1.22 [95% CI, 0.91-
1.64; P = .18]; 4 alterations HR, 1.38 [95% CI, 0.98-1.94; P = .06])
(Table 2 and Figure; eFigure 4 in the Supplement). The worst
outcomes were identified in patients with both KRAS mutant
tumors and CDKN2A expression loss. Five-year OS rates were
18.4% for patients with O to 2 gene alterations, 14.1% for pa-
tients with 3 gene alterations, and 8.2% for patients with 4 gene
alterations. In our patient population, alterations in the 4 driver
genes were not significantly associated with local recurrence
as the first site of disease recurrence (eTable 9 in the Supple-
ment).

|
Discussion

In a large, multi-institutional population of patients with re-
sected pancreatic adenocarcinoma, patient outcomes were as-
sociated with alterations of the 4 main driver genes. Previous
studies have assessed these genes and patient outcomes in-
dividually using a variety of methods and patient popula-
tions and revealing inconsistent results.”’° One study as-
sessed all 4 driver genes among 79 patients who underwent
rapid autopsy after death from pancreatic adenocarcinoma.
Tumors were sequenced by polymerase chain reaction for
KRAS, CDKN2A, and TP53, and IHC was performed for
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CDKN2A, SMAD4, and TP53. Although the sample size was
small and included all stages of disease, patients whose tu-
mors had 3 or 4 altered genes had worse DFS and OS than did
patients whose tumors had 1 or 2 altered genes in unadjusted
analysis. The primary results of the current study are confir-
matory in a large, multi-institutional patient population, but
multiple-hypothesis testing should be acknowledged when in-
terpreting data across several biomarkers.

Previous studies have suggested that loss of SMAD4 pro-
tein expression by IHC was associated with extensive meta-
static spread, generating interest in SMAD4 staining as an in-
formative biomarker to guide the use of radiotherapy.!?
However, a subsequent study of 127 patients with resected pan-
creatic cancer did not replicate these findings.'® In our study
population, SMAD4 staining was not associated with pattern
of disease recurrence after surgical resection.

Adjuvant treatment following surgical resection of pan-
creatic cancer improves patient survival, but outcomes re-
main suboptimal.® With the intent of improving cure rates,

Brief Report Research

novel and more aggressive multiagent treatment programs are
currently being devised and evaluated in the adjuvant setting.®
Furthermore, increasing numbers of patients are receiving che-
motherapy and radiation before surgical resection to rapidly
initiate therapy against micrometastatic disease and select out
those patients with early disease progression unlikely to ben-
efit from surgery.'* In the future, molecular assessment of pan-
creatic cancer may help guide the use and components of peri-
operative treatment programs.’®

. |
Conclusions

This study demonstrates that alterations in the 4 main driver
genes are associated with patient outcomes in a large, multi-
institutional population of patients with resected pancreatic ad-
enocarcinoma. Understanding the molecular events that deter-
mine patient outcomes has the potential to improve treatment
approaches for patients with this aggressive malignancy.
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