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ABSTRACT
Patients and Methods: Patients with metastatic solid tumors who had progressed 

on at least one line of standard of care therapy were referred to the Indiana 
University Health Precision Genomics Program. Tumor samples were submitted 
for DNA & RNA next-generation sequencing, fluorescence in situ hybridization, and 
immunohistochemistry for actionable targets. A multi-disciplinary tumor board 
reviewed all results. For each patient, the ratio of progression-free survival (PFS) 
of the genomically guided line of therapy divided by the PFS of their prior line was 
calculated. Patients whose PFS ratio was ≥ 1.3 were deemed to have a meaningful 
improvement in PFS. 

Results: From April 2014–October 2015, 168 patients were evaluated and 101 
patients achieved adequate clinical follow-up for analysis. 19 of 44 (43.2%) patients 
treated with genomically guided therapy attained a PFS ratio ≥ 1.3 vs. 3 of 57 (5.3%) 
treated with non-genomically guided therapy (p < 0.0001). Similarly, overall PFS 
ratios (irrespective of cutoff) were higher for patients with genomically guided 
therapy vs non-genomically guided therapy (p = 0.05). Further, patients treated with 
genomically guided therapy had a superior median PFS compared to those treated 
with non-genomically guided therapy (86 days vs. 49 days, p = 0.005, H.R. = 0.55, 
95% C.I.:0.37-0.84). 

Conclusion: Patients with refractory metastatic cancer who receive genomically 
guided therapy have improved PFS ratios and longer median PFS compared to patients 
who do not receive genomically guided therapy.

INTRODUCTION

Precision medicine approaches that seek to match 
genomic aberrations to potential treatment avenues are 
rapidly reshaping treatment for cancer patients [1-3]. 
Advances in genomic technology have enabled clinical 
application of these approaches, where large scale DNA 
& RNA profiling of cancer genes from small amounts 
of archival tissue is now possible [4-6]. In patients with 
advanced cancer where treatment options are limited, 

genomic sequencing is frequently being used to identify 
targets which are potentially clinically actionable with 
FDA approved drugs or clinical trials. In many cases 
these targets would have been overlooked under standard 
clinical practice due to the rarity or novelty of the target, 
or its presence in a cancer lineage not normally associated 
with the target (e.g. HER-2 amplification in colon 
cancer). These observations and the evolution of targeted 
therapeutics have spurred a paradigm-shift that recognizes 
molecular drivers as increasingly powerful additions to 
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the traditionally dominated organ and histology-centric 
therapeutic standard. 

While several publications to date have determined 
that many cancers have targetable pathways that may 
benefit from a precision medicine approach [7], formal 
assessment of clinical benefit of these approaches has 
been lacking. Published case reports demonstrating 
exceptional responses to targeted therapy explained by 
key genomic mutations have brought promise to the field 
[8-10], but analyses of larger cohorts and randomized 
controlled clinical trials are still needed to help solidify 
the utility of cancer genomics in clinical practice. 
Survival analyses of cohorts with mixed cancer lineages 
(and mixed genomic aberrations) have been fraught 
with bias secondary to the widely varying nature of 
expected survival outcomes for different cancer types. 
In 2010, Von Hoff et al. [11], reported early experience 
with identifying molecular targets in patients’ tumors to 
direct treatment and also performed a formal analysis 
of clinical benefit by calculating the ratio of the PFS of 
the patients’ genomically-guided therapy divided by the 
PFS of their prior line of therapy. This approach took into 
account both the natural history of the patient’s individual 
cancer, as well as the fact that subsequent lines of therapy 
nearly always lead to declining PFS times. In their 
analysis, each patient was able to serve as his or her own 
control. Therefore, a PFS ratio in excess of 1.0 (or more 
conservatively, in excess of 1.3 to minimize false-positive 
fluctuations) provided a reference point of activity relative 
to the last line of therapy.

In April 2014, the Indiana University Health 
Precision Genomics Program was initiated to offer 
next-generation sequencing for patients with metastatic 
refractory or rare solid tumors in order to provide 
genomically guided treatment recommendations. 
Decisions regarding therapy were derived from a multi-
disciplinary advisory board with consideration given to 
strength of genomic association, co-morbidities, prior drug 
exposure, and inherited genetic variants that would predict 
increased risk from a drug. Patient demographics, tumor 
characteristics, information on duration of prior therapies, 
genomic information, and clinical follow-up were 
prospectively collected for all patients since the inception 
of the program. Herein, we report our first formal efficacy 
analysis to determine the clinical benefit of a precision 
medicine approach in patients treated with genomically-
guided therapy vs. non-genomically guided therapy.

RESULTS

Patient characteristics

Figure 1 details the Consolidated Standards of 
Reporting Trials (CONSORT) diagram demonstrating 

the disposition of the 168 patients who were referred to 
the Indiana University Simon Cancer Center (IUSCC) 
Precision Genomics Clinic. Of these, 67 were excluded 
from the final analysis: the commonest reasons being not 
receiving any therapy post genomic profiling or lost to 
follow-up (n = 40). Table 1 lists the characteristics of the 
101 patients who were referred to the Precision Genomics 
clinic and are part of the analyzed cohort. Patient 
demographics were well balanced between groups. The 
majority of patients had a diagnosis of soft tissue sarcoma, 
breast cancer, pancreatic cancer or colorectal cancer. The 
median number of previous therapeutic regimens was 4 
for both groups, and 96% of both groups had an ECOG 
Performance Status (PS) of 0 or 1. 

Molecular characteristics

DNA mutation, copy number variation, 
Immunohistochemistry (IHC), and mRNA overexpression 
findings that were considered by the Precision Genomics 
Tumor Board in determining potential therapies are 
depicted in Figure 2. The most notable observations that 
led to clinical interventions included: DNA mutations in 
IDH1 and EGFR; copy number variation in fibroblast 
growth factor and Human Epidermal Growth Factor 
Receptor-2 (HER2); IHC positivity for PD-L1 and MET; 
and mRNA overexpression for amphiregulin (AREG), 
epiregulin (EREG), E-Cadherin (CDH1), hENT1, 
Topoisomerase IIa (TOPOIIa), and Vascular Endothelial 
Growth Factor-A (VEGFA).

Progression free survival (PFS) analyses

43.2% (19 of 44) of patients treated according to 
genomic recommendations were found to have a PFS 
ratio of > 1.3 compared to 5.3% (3 of 57) of patients 
who did not receive treatment guided by genomic 
recommendations (p < 0.0001) (Figure 3A). Patients 
who did not receive treatment guided by genomic 
recommendation included the following: a lack of 
actionable genomic target, inaccessibility to treatment 
recommendation, or physician choice not to pursue 
genomic based treatment. A secondary endpoint analysis 
of PFS ratio >1 (equal to at least the previous regimen) 
occurred in 50% (22 of 44) and 19.3% (11 of 57) of 
patients who received genomically directed vs. non-
genomically directed therapy, respectively (p = 0.0011). 
Similarly, a PFS ratio >1.5 occurred in 29.5% (13 of 44) 
of patients with genomic directed therapy versus 5.3% (3 
of 57) without (p = 0.0017). When statistically comparing 
all PFS ratios, patients who received genomically directed 
therapy had higher PFS ratios compared to non-genomic 
guided therapy (mean PFS ratio: 1.34 vs 0.8, p = 0.05). 
Lastly, Kaplan-Meier PFS analysis demonstrated a median 
PFS of 86 days in the genomic therapy group vs. 49 days 



Oncotarget56493www.impactjournals.com/oncotarget

Table 1: Patient demographics and clinical characteristics

Characteristics Genomic directed group 
(n = 44), no. (%)

Non-genomic directed 
group (n = 57), no. (%) p-value

Male Sex 47.7% 45.6% 0.83

Female Sex 52.3% 54.4%
Mean (+/- SD) Age, years 55.5 (12.5) 58.4 (11) 0.22
ECOG PS  
     0  12 (27.3) 16 (28.1) 0.93
     1  31 (70.5) 39 (68.4)  
     2  1 (2.3) 2 (3.5)  
Mean (+/- SD) time until progression on previous 
regimen, days 122 (103) 130 (97) 0.75

No. of Prior Regimens  
     1 to 2 15 25 0.32 
     3 to 4 21 24  
     5 or greater 8 8  
     Median (range) number of  regimens 4 (2-6) 4 (2-6)
Tumor type  
     Soft tissue sarcoma 10 (22.7) 11 (19.3) 0.67
     Breast 8 (18.2) 8 (14.0) 0.57
     Pancreas 1 (2.3) 7 (12.3) 0.13
     Colorectal 7 (15.9) 5 (8.8) 0.36 
     Bladder/Urothelial  2 (4.5) 4 (7.0)  
     Prostate 0 1 (1.8)
     Renal cell 1 (2.3) 0
     Cervical 1 (2.3) 0  
     Cholangiocarcinoma 1 (2.3) 1 (1.8)  
     Esophageal 2 (4.5) 0  
     Head and Neck 1 (2.3) 1 (1.8)  
     Hepatocellular 0 1(1.8)  
     Melanoma 0 3 (5.3)  
     Neuroendocrine 1 (2.3) 2 (3.5)  
     Non-small cell lung cancer, adeno     0 4 (7)  
     Non-small cell lung cancer, squamous cell 0  2 (3.5)  
     Small cell lung cancer 1 (2.3) 1 (1.8)
     Squamous cell carcinoma, NOS  0 1 (1.8)  
     Unknown Primary 1 (2.3) 0  
     Thyroid, anaplastic 1 (2.3) 0
     Adrenal Cortical Carcinoma 0 1 (1.8)  
     Small Bowel 1 (2.3) 0
     Ampulla of Vater 0 1 (1.8)
     Chondrosarcoma 1 (2.3) 0  
     Endometrial 1 (2.3) 0  
     Ewing 1 (2.3) 0  
     Glioblastoma multiforme 0 1(1.8)  
     Ovarian 1 (2.3) 2 (3.5)
     Myoepithelial 1 (2.3) 0
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in the non-genomic therapy group (p = 0.005, H.R. = 0.55, 
95% C.I.:0.37-0.84) (Figure 3B). 

Details of responders

The PFS durations and therapies of those who 
achieved a PFS ratio ≥ 1.3 (n = 19) are detailed in Figure 
4. A number of patients with significant benefit had a 
diagnosis of sarcoma (6 cases with soft tissue sarcoma, 
1 case with chondrosarcoma, and 1 case with Ewing’s 
sarcoma). Of interest, five of our patients were continuing 
a positive response at the time of analysis. Details of the 
three patients who achieved a PFS ratio of ≥ 1.3 who did 
not receive genomically-directed therapy are as follows: 
one patient was diagnosed with NSCLC and received 
previous therapy with vinorelbine followed by therapy 
with nivolumab on a clinical trial, the second patient 
was diagnosed with squamous cancer NOS and received 
previous therapy with cetuximab followed by therapy 
with nivolumab on a clinical trial. Of note, both of these 
patients were seen in our program prior to incorporation of 
PD-L1 IHC testing as part of our panel. The third patient 
was diagnosed with metastatic colorectal cancer and was 
previously treated with regorafenib followed by the non-
genomically directed therapy of BBI503 as part of a Phase 
I clinical trial. 

DISCUSSION

Solid tumors have historically been treated based on 
the organ site of the cancer’s origin. More recently, it has 
been appreciated that some disease types have important 
molecular biomarkers that allow for therapies to be tested 
and used only in a subset of that histological disease 
subtype [12, 13]. These have been called “actionable 
targets”. For some disease types, actionable targets are 
common; for others, they are rare. In the heavily pretreated 
metastatic setting, conventional cytotoxic therapies have 
limited success [14, 15]. Many patients in this setting 
are guided to early phase trials, where novel compounds 
are being tested with the hope that a unique mechanism 
of action might provide benefit. The reality of non-
molecularly guided early phase trials is that the average 
response rate and progression free survival is limited 
[16]. Targeted therapy, conversely, has yielded some 
examples of substantial benefit when a driver target is 
appropriately disrupted. Further, these therapeutic targets 
have occasionally been found to be successful in some 
tumor types (HER2+ for both breast and gastric cancer) 
[12, 13, 17] but not others (HER2 in lung cancer) [18]. 
The incomplete dominance of a therapeutic target implies 
a complex interaction between the target itself and the 
disease type, perhaps due to convergent phenotypes or 
because of the degree of driver dependence and is a major 
hurdle that must be considered [19]. 

Figure 1: CONSORT diagram of evaluable population.
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Figure 2: Oncoprint analysis detailing the genomic findings considered by the molecular tumor board for the study 
population (n = 101). Each column represents a single patient, and each row a gene that harbors a mutation, copy number gain, IHC 
(immunohistochemistry) positivity, or mRNA overexpression. 
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Affordable and fast high-throughput genomic 
testing has made it possible to evaluate hundreds or 
even thousands of driver aberrancies simultaneously. 
This approach allows for the exploitation of a cadre of 
drugs including both FDA approved drugs and targeted 
agents in development in clinical trials. Several trials 
have been conducted and multiple others are underway to 
more formally explore the relative success for matching 

drugs with high throughput genomic biomarkers [20-22]. 
Although these trials will represent critical steps toward 
answering the question of the relative efficacy of this 
approach, to date, these trials have been difficult to execute 
for a variety of reasons. First, the panel of potential 
markers and drugs is ever changing and expanding. By 
the time a trial is complete, the biomarkers and targeted 
drugs are often outdated. In fact, none to date will have 

Figure 3: Progression free survival (PFS) analysis of patient population. A. Bar graph comparing the percentage of patients 
who achieved a PFS ratio equal to or greater than 1.3. 43.2% (19 of 44) of patients on genomically directed therapy achieved a PFS ratio 
of 1.3 compared to only 5.3% (3 of 57) who received non-genomically directed therapy (p < 0.0001). B. Kaplan-Meier plot of the PFS of 
the genomic-directed group (blue line) vs. non-genomic directed group (yellow line). Patients treated with genomic guided therapy had 
a superior median PFS compared to those treated with non-genomic guided therapy (86 days vs. 49 days, p = 0.005, H.R. = 0.55, 95% 
C.I.:0.37-0.84).
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comprehensively included all FDA-approved drugs and 
all drugs in development. Second, many of these trials 
have conventional exclusion criteria that don’t mirror 
the real world scenario where mild organ dysfunction 
and declining performance status are commonplace in 
advanced cancer patients. There has also been the creation 
of clinical programs, similar to that described here, with 
the goal of maximizing informed decisions. These clinical 
programs often represent a more generalizable population 
and may have access to broader selection of therapeutic 
options.

Despite the advantages highlighted in this type 
of clinical program, there are several limitations to our 
study. First, as this was not a randomized-controlled 
trial, therapeutic selections were recommended (not 
mandated) and rigorous follow-up with predefined time-
points of evaluation were not uniform. Second, targeted 
genomic sequencing might serve as a prognostic marker 
rather than a predictive marker. It may be that patients 
who don’t have actionable targets have more biologically 
aggressive or resistant disease. Alternatively, those who 
didn’t receive directed therapy may have also been those 
patients who were unable to travel to a clinical trial or 
tolerate therapy because of declining performance status. 
Lastly, a proportion of those patients not included in 
the analysis were due to the inability to completely 
quantify the duration of prior response. This is a unique 
challenge that traditional clinical trials don’t encounter 
as the primary measures of response happens during 
(ORR, PFS) or after enrollment (OS) as opposed to the 
need to accurately quantify prior duration of response 
retrospectively. Strengths of this study include the use of a 
multidisciplinary tumor board to optimize consistency of 
drug-target selection as well as having a body of experts 

to routinely review the biomarker literature and evolve as 
biomarker data and drugs/trials become available in real 
time. Another strength is the meticulously curated data 
from the previous treatment experience for each patient 
and the ability to prospectively follow outcomes. 

In our cohort of patients, we found a significant 
improvement in PFS ratio regardless of cut-point and an 
improvement in median PFS for the genomically directed 
group. These findings are congruent with those reported 
to date and support the evolving body of literature that 
demonstrates superior outcomes for patients who receive 
genomically guided therapy [23-25]. Moving forward, 
programs like ASCO’s Targeted Agent and Profiling 
Utilization Registry (TAPUR) study (http://www.tapur.
org) will likely facilitate the speed with which the cancer 
genomics community is able to determine those target/drug 
combinations with the most utility and simultaneously 
those that will be futile. Further, the complex interaction 
between successful target/drug combination and site of 
disease can be further elucidated with combined data from 
multiple collaborating groups. Given the emerging body 
of consistent data demonstrating similar relative benefits 
to those patients who have access to targeted sequencing, 
this should be discussed with appropriate patients as a 
therapeutic avenue. 

MATERIALS AND METHODS

Study objectives

The primary objective for the study was to compare 
the frequency of a PFS ratio ≥ 1.3 between patients who 

Figure 4: Details of responders. Horizontal bar chart showing the PFS duration (days) for those patients in the genomically guided 
therapy group who achieved a PFS ratio ≥ 1.3 (n = 19). In addition, listed is the diagnosis, prior therapy (Treatment A), the genomically 
directed therapy (Treatment B), and genomic target. 



Oncotarget56498www.impactjournals.com/oncotarget

received the precision genomics recommended treatment 
and those who did not. Utilizing the most recent therapy 
selected by molecular profiling (MP) or clinicians choice 
of a patient’s tumor (Period B) with the PFS for the most 
recent therapy on which the patient had just experienced 
progression (Period A). If the (PFS of period B/PFS of 
period A) ratio was ≥ 1.3, then the tumor board MP-
selected therapy was defined as beneficial for the patient. 
Secondary objectives included mean PFS ratio, PFS ratio 
≥ 1, PFS ratio ≥ 1.5, and median PFS between groups.

Study design

The hypothesis for this study was that using a 
multidisciplinary tumor board to provide treatment 
recommendations based on each patient’s tumor MP 
data would favorably change the clinical course for an 
individual patient. This single institution, prospective, 
cohort study was conducted in patients with refractory 
metastatic cancer to compare the PFS of patients receiving 
a genomic-guided therapy to a cohort receiving a non-
genomic guided therapy. The PFS ratio was determined 
by dividing the PFS of the new therapy (either the 
genomically guided or the non-genomically guided) by 
the PFS for the patient during their most recent regimen 
on which the patient had experienced progression. Patients 
were evaluated by the Indiana University Health Precision 
Genomics Program on a referral basis. The study was 
conducted in accordance with the Declaration of Helsinki 
and was approved by the Indiana University Institutional 
Review Board.

Patient eligibility

Eligibility criteria included the following: any 
histologic type of metastatic cancer; progression by 
RECIST criteria on at least one prior regimen for advanced 
disease; ability to undergo a biopsy or surgical procedure 
to obtain tumor or having recent tissue available; age > 18 
years; referred to the IUSCC Precision Genomics clinic 
between April 2014-October 2015; Eastern Cooperative 
Oncology Group performance status of 0 to 2; measurable 
or evaluable disease; resistance to last line of therapy 
(documented disease progression under last treatment; 
discontinued last treatment for progression); and received 
treatment following Precision Genomic assessment. 
Patients were excluded if the immediate previous therapy 
was received on a Phase I or II clinical trial as this could 
positively bias the PFS ratios if the experimental agent 
was not active. All patients who did not go on to receive 
additional therapy (i.e. died or were referred for hospice 
with best supportive care) were removed from the analysis 
as to not bias against the non-genomically guided arm and 
to be able to calculate PFS ratios that can be compared 
to the genomically guided arm. Minimum follow-up was 

defined as either disease progression, or the minimum 
amount of time for a patient to achieve a PFS ratio of 1.3. 

Molecular profiling of patient samples

Formalin-Fixed Paraffin Embedded (FFPE) 
blocks from tumor biopsies or surgical resections were 
sent to Paradigm Diagnostics (Ann Arbor, MI) for the 
PCDx assay. PCDx is a comprehensive next-generation 
sequencing test that has been designed to analyze most 
known clinically actionable genomic variations in cancer, 
including: mutations, gene-fusions/rearrangements, copy 
number variations, mRNA expression as well as protein 
expression by IHC. Differences in RNA expression 
were measured by comparison of tumor gene expression 
compared to a panel of lineage-matched normal tissues. 
Next-generation sequencing was performed on an Ion 
Torrent Personal Genome Machine, with an average 
coverage > 5,000X. All analyses were performed in a 
CLIA-certified laboratory. Of note, one patient in our 
study received testing using the FoundationOne test, 
whose methods are described elsewhere [26]. 

Deliberation of genomic results

A multidisciplinary tumor board of medical 
oncologists, genomic and pharmacogenomic scientists, 
oncology clinical pharmacists, an oncologist-ethicist, 
pathologists, and nurses reviewed the results of the genome 
analyses. The results were considered in the context of the 
patient’s prior treatment history, concomitant medications, 
comorbidities, and germline variants that might predict 
increased toxicity to a given therapy. Identified targets 
were chosen based on: first priority, DNA mutation or 
copy number variation or DNA fusions; second priority, 
IHC or FISH; and last priority, mRNA overexpression 
alone. Board recommendations were provided to the 
referring clinician and the patient was treated according 
to the treating physician’s standard-of-care usage of that 
agent or referred to an available clinical trial.

Statistical considerations and methods

Using estimates from prior published data [11], 
a sample size of 74 patients was required to test the 
hypothesis that the PFS ratio > 1.3 in 28% of patients 
receiving recommended MP treatment, with an α risk of 
5% and a power of 80%, compared to the assumption that 
the rate of obtaining a PFS of >1.3 without MP guided 
treatment was 5%. Time-to-event data were summarized 
using the Kaplan-Meier method and compared using 
the log-rank test; continuous data were compared using 
student’s t-test; categorical data were compared using the 
chi-squared or Fisher’s exact test, as appropriate.
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