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Summary

Background Cancer of unknown primary ranks in the top ten cancer presentations and has an extremely poor
prognosis. Identification of the primary tumour and development of a tailored site-specific therapy could improve the
survival of these patients. We examined the feasability of using DNA methylation profiles to determine the occult
original cancer in cases of cancer of unknown primary.

Methods We established a classifier of cancer type based on the microarray DNA methylation signatures (EPICUP) in
a training set of 2790 tumour samples of known origin representing 38 tumour types and including 85 metastases.
To validate the classifier, we used an independent set of 7691 known tumour samples from the same tumour types
that included 534 metastases. We applied the developed diagnostic test to predict the tumour type of
216 well-characterised cases of cancer of unknown primary. We validated the accuracy of the predictions from the
EPICUP assay using autopsy examination, follow-up for subsequent clinical detection of the primary sites months
after the initial presentation, light microscopy, and comprehensive immunohistochemistry profiling.

Findings The tumour type classifier based on the DNA methylation profiles showed a 99-6% specificity
(95% CI99-5-99-7), 97 -7% sensitivity (96-1-99-2), 88 - 6% positive predictive value (85-8-91-3), and 99-9% negative
predictive value (99-9-100-0) in the validation set of 7691 tumours. DNA methylation profiling predicted a primary
cancer of origin in 188 (87%) of 216 patients with cancer with unknown primary. Patients with EPICUP diagnoses
who received a tumour type-specific therapy showed improved overall survival compared with that in patients who
received empiric therapy (hazard ratio [HR] 3-24, p=0-0051[95% CI 1-42-7 - 38]; log-rank p=0-0029).

Interpretation We show that the development of a DNA methylation based assay can significantly improve diagnoses
of cancer of unknown primary and guide more precise therapies associated with better outcomes. Epigenetic profiling
could be a useful approach to unmask the original primary tumour site of cancer of unknown primary cases and a
step towards the improvement of the clinical management of these patients.

Funding European Research Council (ERC), Cellex Foundation, the Institute of Health Carlos III (ISCIII), Cancer
Australia, Victorian Cancer Agency, Samuel Waxman Cancer Research Foundation, the Health and Science
Departments of the Generalitat de Catalunya, and Ferrer.

Introduction

Cancer of unknown primary accounts for about 3-9%
of all cancer diagnoses,' and in the USA alone, more
than 80000 patients receive a diagnosis of cancer of
unknown primary every year? With a median age at
presentation of 60 years, cancers of unknown primary
are the fourth most common cause of cancer-related
deaths worldwide.’ Cancers of unknown primary are a
molecularly heterogeneous group of cancers, in which
there has not yet been elucidation of the biological
mechanisms that allow the primary site to remain
obscure after metastasis. No common molecular
signature has been identified that produces this
particular clinical phenotype, and cancers of unknown
primary present a wide variety of mutations and
genomic alterations.* From a clinical standpoint, the
prognosis for patients with cancer of unknown primary
is poor: patients attain a median survival of 9 months

(95% CI 8-3-10-0)° after diagnosis and only 25%
survive for 1 year or more.® For most patients with
cancer of unknown primary, recommended treatments
involve empirical chemotherapy—defined as the
chemotherapy that the oncologist think will work best
based on their experience treating other people with
similar characteristics—usually with a taxane plus
platinum, or gemcitabine plus a platinum regimen,”
which produce the described modest clinical benefit.
However, accurate identification of the primary tumour
type and subsequent treatment with site-specific
therapy could result in improved survival.**

If the initial assessment of a patient with a cancer of
unknown primary, which usually involves CT scanning
and specific signs or symptoms, is uninformative, the
first attempt to identify a tissue of origin relies on
pathological assessment, including an immunohisto-
chemical examination. Several immunohistochemical
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Research in context

Evidence before this study

This study was initiated based on our preclinical data showing
that DNA methylation patterns are tumour type specific, a
finding that could be helpful in the identification of the site of
origin of cancer of unknown primary. Additionaly, we
searched PubMed on April 8, 2016, unrestricted by language
or date limits, to identify scientific literature focused on the
diagnosis and therapies of cancer of unknown primary using
the search term “cancer of unknown primary”. We also
searched abstracts from the American Society of Clinical
Oncology and the European Society for Medical Oncology.

We found no studies that examined the use of epigenetic
profiling to improve the clinical management of cancer of
unknown primary.

Added value of this study

Our findings show that a classifier of cancer type based on
microarray DNA methylation signatures shows a high
specificity, sensitivity, positive predictive value, and negative

panels have been developed for the diagnoses of cancer
of unknown primary, but even after the full diagnostic
work-up, the primary site of a cancer of unknown
primary remains unknown in about 75% of patients.!
A post-mortem examination is done in only a few
patients with cancer of unknown primary, in which
a complete autopsy only reveals 55-85% of the
primaries.® Our increasing understanding of cancer
biology has prompted the search for molecular markers
that, being present in the cancer of unknown primary,
might retain the signature of the putative primary
origin. In this regard, the use of expression microarray-
based classifiers has achieved a prediction accuracy of
the primary site in about 75% of patients."*"” However,
the limitations in the numbers, types, and subtypes of
tumours included in these assays, in addition to
the required amount and state of preservation of the
studied biological material, and the cost of the
procedure, warrant further development of comple-
mentary diagnostic instruments for cancer of
unknown primary. In this regard, we examined DNA
methylation,™ a stable marker of DNA that has
already been clinically successful in the pharma-
cogenetic management of gliomas®® and has different
profiles among distinct tumour types.” Herein, we
attempt to diagnose the primary tumour site for all
cancers of unknown primary, and we have devised a
new strategy based on the DNA methylation profiles of
the metastasis sample.

Methods

Patients and samples

Between March 2, 2011, and Dec 2, 2015, samples for the
training (n=692) and validation (n=1948) sets were
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predictive value for the prediction of the original primary
tumour site. We validated the accuracy of the test using autopsy
examination, subsequent clinical detection of the primary site,
light microscopy, and comprehensive immunohistochemistry
profiling. Additionally, our results suggest that patients with
cancer of unknown primary who received a tumour type-specific
therapy showed improved overall survival compared with that
in patients who received empiric therapy. The test also
suggested the presence of actionable targets such as HER2 and
C-MET amplification and EGFR mutation.

Implications of all the available evidence

The results of this study could change the diagnosis of patients
with cancer of unknown primary where the approaches
routinely used to determine the tissue of origin provide
conclusive results in only 25% of cases. Our data support the
use of epigenetic profiling to significantly improve cancer of
unknown primary diagnoses and guide more precise therapies
associated with better outcomes.

obtained from the Cancer Epigenetics and Biology
Program (PEBC) of the Bellvitge Biomedical Research
Institute (IDIBELL; Barcelona, Catalonia, Spain). The
histopathology findings and the clinical data from
the PEBC samples were obtained from the authors’
institutions, according to the protocol approved by the
Bellvitge University Hospital Clinical Investigation
Ethics Committee (PR133/14). DNA methylation
microarray data from additional tumour samples of
known origin from The Cancer Genome Atlas (TCGA;
(National Cancer Institute and National Human Genome
Research Institute, Bethesda, MD, USA), corresponding
to the tumour types studied here, were also included in
the training (n=2098) set and validation (n=5743) set.
Cancers of unknown primary was defined following the
European Society of Medical Oncology guidelines as
metastatic tumours for which the standardised diagnostic
work-up failed to identify the site of origin at the time of
diagnosis.” Paraffin-embedded tumour tissue samples
from 216 patients with cancer of unknown primary were
retrospectively and prospectively collected from 11 health
centres from the USA, Spain, Germany, Italy, and
Australia (appendix p 4). Each health centre had their
own cancer of unknown primary institutional diagnostic
work-up. Molecular screening of alterations in the
main oncodrivers, and immunohistochemical stainings
routinely analysed in clinical care were done at each
participating centre, and clinical data associated with
disease outcome were collected when available.

The study protocol was approved by the appropriate
Ethics Committees (PR133/14). Patients gave their
signed, informed consent when required, and applicable
according to the institutional review board at each
institute.
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For The Cancer Genome Atlas
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See Online for appendix

Histopathological evaluation and molecular analysis

Histology-guided tumour-type classification of cancer of
unknown primary involved review by a pathologist
of the tumour’s morphological appearance under
light microscopy, as well as immunohistochemical
findings, including cytokeratin 7 (CK7), cytokeratin 20
(CK20), vimentin, epithelial membrane antigens,
and S-100 expression. Further detailed immuno-
histochemical classification was done as described in

Training sample Validation sample
PEBC TCGA Total PEBC TCGA  Total
Acute lymphoblastic leukaemia 50 0 50 30 0 30
Acute myeloid leukaemia 50 50 100 18 144 162
Adrenocortical carcinoma 0 50 50 0 30 30
Bladder urothelial carcinoma 20 80 100 11 179 190
Brain lower-grade glioma 20 80 100 28 482 510
Breast carcinoma 12 88 100 97 660 757
Cervical squamous carcinoma 0 100 100 5 111 116
Chronic lymphocytic leukaemia 32 0 32 10 0 10
Colon carcinoma 30 70 100 618 222 840
Cutaneous lymphoma 15 0 15 12 0 12
Endometrial carcinoma 20 80 100 30 359 389
Oesophageal carcinoma 14 86 100 2 40 42
Head and neck squamous cell carcinoma 13 87 100 5 430 435
Hepatocellular carcinoma 50 50 100 179 233 412
Lymphoid neoplasm diffuse large B-cell ymphoma 0 18 18 9 10 19
Meningioma 15 0 15 11 0 11
Mesothelioma 0 50 50 0 37 37
Multiple myeloma 50 0 50 24 0 24
Neuroendocrine carcinoma 50 0 50 18 0 18
Non-small-cell lung carcinoma 40 60 100 498 765 1263
Non-seminomatous germ cell tumors 2 48 50 10 29 39
Ovarian carcinoma 11 7 18 25 3 28
Pancreatic carcinoma 12 88 100 15 42 57
Pheochromocytoma 0 100 100 0 84 84
Prostate carcinoma 15 85 100 29 344 373
Rectal adenocarcinoma 0 75 75 0 21 21
Renal tumour chromophobe 10 40 50 5 26 31
Renal tumour clear cell 8 92 100 12 209 221
Renal tumour papillary 10 90 100 13 92 105
Retinoblastoma 20 0 20 10 0 10
Sarcoma 31 69 100 35 156 191
Seminoma 3 47 50 15 27 42
Skin cutaneous melanoma 20 80 100 98 296 394
Small-cell lung carcinoma 46 1 47 15 1 16
Stomach carcinoma 10 90 100 37 236 273
Thymoma 0 100 100 0 24 24
Thyroid carcinoma 95 100 17 413 430
Uveal melanoma 8 42 50 7 38 45
Total 692 2098 2790 1948 5743 7691
PEBC=Cancer Epigenetics and Biology Program (Barcelona, Catalonia, Spain). TCGA=The Cancer Genome Atlas.
Table 1: Training (n=2790) and validation (n=7691) sample distributions by tumour type
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the appendix (p 3). According to the predicted cancer
of unknown primary tumour type, we assessed the
possible presence of HER2or C-MET gene amplification,
ALK and ROSI translocations, and oncogenic point
mutations in EGFR.

DNA methylation microarray, data analysis, and
algorithm development

DNA from fresh-frozen samples was extracted with the
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany),
while four 10 pm sections of formalin-fixed, paraffin-
embedded (FFPE) blocks were processed using the
EZNA FFPE DNA kit (Omega Bio-tek, Norcross, GA,
USA). For the DNA methylation microarray study,
300 ng of FFPE DNA, or 600 ng of FF DNA were
randomly distributed on a 96-well plate, and processed
with the EZ-96 DNA Methylation kit (Zymo Research
Corp, Irvine, CA, USA). Bisulfite-converted DNA
(bs-DNA) from FFPE samples was processed as
detailed in the Infinium FFPE Restoration guide
(Mlumina, San Diego, CA, USA).? Microarray
hybridisation and scanning were done as previously
described.” Raw data (intensity data, intensity data
files) were normalised one at a time by normalising
each sample against a normalising set, consisting of a
previously defined subset of 100 of the training samples
chosen by PEBC. A three-step-based normalisation
procedure was done using the lumi package available
for bioconductor, within the R statistical environment,
consisting of colour bias adjustment, background level
adjustment, and quantile normalisation across arrays.
The methylation levels (B values) for each of the
485577 CpG sites were calculated as the ratio of
methylated signal to the sum of methylated and
unmethylated signals plus 100. After the normalisation
step, probes related to X and Y chromosomes were
removed, as were those probes whose 10 bases nearest
the interrogated site contained a SNP, as noted in the
product description file.

For each of the probes resulting from the
normalisation, an analysis of variance was done after
categorisation of each of the samples of the training set
into one of the 38 tumour types. Resulting p values
were corrected using the Bonferroni method, and
Tukey’s honest significant difference post-hoc test was
applied. CpGs that were specific for at least one tumour
type were selected (AB>0-2, p<0-01). The importance of
the variables for each of the resulting CpG sites was
estimated with the mean decrease in accuracy with a
random forest machine learning method available in
the R environment (n-tree=1000). The resulting CpG
sites were ranked according to their informativeness in
separating the groups of tumoural types. Nested models
(n-tree=1000) were constructed using the variables
ranked from the most to the least important, until the
predictive power of the model stagnated. Finally, CpGs
whose information was redundant were excluded, by
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adding important CpGs, one by one, and excluding
those that did not add predictive value to the model.
A random forest classifying algorithm was created
using the obtained CpGs.

Normalised samples of the validation set were used
to assess the robustness of the classifying algorithm.
Samples were passed blind by the classifier algorithm
and the results compared with the initial classification
of the sample into one of the 38 tumour types,
corresponding to the most common human cancers.
Out of the 38 similarity scores reported by the
algorithm for each sample, values above a threshold
(similarity score =0-12) were considered positive
results. If the higher positive result agreed with the
reported diagnosis of the sample a true positive result
was reported, whereas if values above the similarity
threshold did not match the reported diagnosis, they
were considered true negatives. False positive results
(positive algorithm results that did not match the
reported diagnosis) and false negative results (reported
diagnosis among the negative algorithm results) were
used accordingly. A confusion matrix was generated
for each tumoural type. 95% Cls for proportions were
calculated according to the efficient-score method.
The geometrical mean of the tumour type statistics
was computed from the overall measurements. Further
data analysis and algorithm development are described
in the appendix (p 2).

Statistical analysis

Survival analysis examined the association between
disease outcome of cancer of unknown primary and the
type of chemotherapy. The associations between
categorical variables were analysed by ¥2 tests or Fisher’s
exact test, as appropriate. Kaplan-Meier plots and the
log-rank test were used to estimate the effect of the
administration of a specific treatment in progression-
free survival and overall survival. The associations of
clinical parameters with overall survival (time from
diagnosis to death) were assessed with univariate and
multivariable Cox proportional hazards regression
models. All statistical tests were two-sided and values of
p<0-05 were considered statistically significant. Data
were analysed with IBM SPSS (version 20) software.

Role of the funding source

The funders had no role in the study’s conduct, design,
data collection and analysis, data interpretation, or
writing the report. The corresponding author had full
access to all of the data and the final responsibility to
submit for publication.

Results

To obtain the basal DNA methylation landscapes
associated with 38 tumour types, we analysed
10481 tumour samples of known origin: 2790 in the
training set and 7691 in the validation set (table 1).

www.thelancet.com/oncology Vol 17 October 2016

Each tumour type had at least 25 cases adding training
plus validation set. We studied 692 tumour samples
of known origin from the PEBC cohort to establish
a reference dataset of DNA methylation profiles
associated with 38 tumour types that included those
typically associated with cancer of unknown primary
(table 1). We obtained the DNA methylation signature
for all these cases by using a comprehensive microarray
that interrogated the methylation status of around half

Patients with cancer of
unknown primary site (n=216)
Sex
Male 120 (56%)
Female 96 (44%)
Age, years 63 (29-89)
Diagnostic method
Biopsy 109 (51%)
Surgery 30 (14%)
Imaging 23 (11%)
Not specified 54 (25%)
Biopsy site
Lymph nodes 63 (29%)
Liver 44 (20%)
Bone 19 (9%)
CNS 16 (7%)
Peritoneum 11 (5%)
Skin 10 (5%)
Soft tissues 8 (4%)
Abdomen 6 (3%)
Lung 6 (3%)
Pleura 5(2%)
Intestine 4 (2%)
Thorax 4 (2%)
Ovary 3(1%)
Breast 2 (1%)
Other 8 (4%)
Not specified 7 (3%)
Histological diagnosis
Adenocarcinoma/carcinoma 143 (66%)
Squamous carcinoma 39 (18%)
Undifferentiated neoplasia 26 (12%)
Sarcomatoid 1(1%)
Not specified 7 (3%)
Metastasis sites at diagnosis
Multiple 130 (60%)
Single 49 (23%)
Not specified 37 (17%)
Data are n (%) or median (range).
Table 2: Clinical characteristics of patients with cancer of unknown
primary site included in the study
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a million CpG sites in the human genome.” The same
epigenetic platform has been used in TCGA to analyse
the DNA methylomes of a large number of tumour
types, so we were able to add this publicly available
information to that from our training cohort. The
TCGA cases included 2098 tumour samples of known
origin (table 1) of the same 38 tumour types as in our
cohort. Thus, the tumour type classifier was trained
using a total of 2790 tumour samples of known origin.

To validate the classifier, we used an independent set
of 1948 tumour samples of known origin (table 1) from
the PEBC cohort that had the same distribution in the
same 38 tumour types as in the training set. We
obtained the DNA methylation profile of each case
using the same method, genomic platform and
analytical procedure as for the training cohort. We also
consulted the TCGA databases and incorporated in
our study 5743 tumour samples of known origin
representing the tumour types included in the training
set (table 1). Thus, our validation set to predict tumour
type consisted of 7691 known tumour samples (table 1).

The tumour type classifier based on the DNA
methylation profiles, hereafter referred to as EPICUP,
showed a 99-6% (95% CI 99-5-99-7) specificity
(true negative rate) and 97-7% (96-1-99-2) sensitivity
(true positive rate) for determining the tumour type of
the studied 7691 samples. EPICUP also showed a 88-6%
(95% CI 85-8-91-3) positive predictive value and 99-9%
(99-9-100) negative predictive value in the 7691 samples
in the validation set.

We used three types of experiments to evaluate assay
reproducibility and the reliability of the DNA
methylation classifier. First, 11 samples (randomly
selected with PEBC) of three known tumour types
(colorectal carcinoma, breast carcinoma, and cutaneous
melanoma) were hybridised to the DNA methylation
microarray in three batches at different times, giving
rise to the same predicted tumour type in all cases
(appendix p 11). Second, we examined in the validation
cohort whether the type of DNA material, extracted
from fresh frozen tissue (n=7146) or FFPE sections
(n=545), affected the EPICUP classifier (appendix p 12).

Samples  Comparison with EPICUP prediction Accuracy
tested (n) (%)
Compatible Non- Non-
compatible  informative
Necropsy 1 1 0 . 100%
Further appearance of primary 38 33 5 . 87%
tumour
Light microscopy evaluation 181 174 7 . 96%
IHC with tissue-specific markers 43 31 0 12 100%
Accuracy is calculated by comparing compatible and non-compatible cases. Non-informative cases are not considered
in the accuracy calculation. EPICUP=microarray DNA methylation signatures. IHC=immunohistochemistry.
Table 3: EPICUP prediction accuracy compared with other clinical diagnostic tests
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In all cases, the method of preservation of the DNA had
no effect on the tumour type predicted by the DNA
methylation classifier, confirming the reliability of the
described platform for the study of archive material.”?
Finally, we examined whether the metastasis from a
particular tumour type had a radically different DNA
methylation profile in relation to its primary site of
origin that could cause the sample to be misclassified.
This is particularly pertinent because it reflects the
clinical circumstances of cancer of unknown primary.
The validation cohort included 534 metastases where
the tumour type of the primary site was known,
representing 21 different origins (appendix p 13).
We found that EPICUP predicted the correct tumour
type for 501 (94%) of 534 metastases.

Table 2 shows the characteristics of the 216 patients
with cancer of unknown primary in whom the
diagnostic test was applied. These cases of cancer of
unknown primary were diagnosed at the participating
centres between Jan 1, 1998, and Oct 28, 2015. The
cohort shared the usual clinicopathological features
observed in reported cases of cancer of unknown
primary:*" a median age of 63 years (range 29-89); a
similar distribution in male and female cases; and a
predominance of adenocarcinomas and carcinomas
(table 2). For the 114 cases of cancer of unknown
primary for which clinical data associated with disease
outcome were available (appendix p 5), we observed a
median overall survival of 8-1 months (95% CI
0-1-143-4). These patients were not given site-specific
therapy based on the results of the EPICUP assay.
The immunohistochemical evaluation received by the
216 patients with cancer of unknown primary is shown
in the appendix (pp 6-10).

The DNA methylation profiling assay predicted the
tissue of origin in 188 (87%) of 216 patients with cancer
of unknown primary. 23 types of tissue of origin were
predicted (appendix p 14). The six most commonly
predicted tissues of origin were non-small-cell lung
carcinoma (NSCLC; 39 [21%] of 188), head and neck
squamous cell carcinoma (18 [10%]), breast carcinoma
(17 [9%]), colon carcinoma (16 [9%]), hepatocellular
carcinoma (14 [7%]), and pancreatic carcinoma
(14 [7%]). Overall, these sites accounted for 63% of
all patients. The epigenetic profile strategy can be
translated to newly developed microarrays that have an
expanded number of methylated sites interrogated
throughout the genome,” but maintain those used in
the EPICUP development. We found that for eight
studied cases of cancer of unknown primary, EPICUP
concluded the same tumour type with both epigenomic
platforms (450K and 850K EPIC microarray platforms;
appendix p 15), opening an avenue for further
technological development.

Verification of the results of the EPICUP assay can be
done in several ways. One option is to identify the
primary site in an autopsy, but this is rarely done in
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current clinical practice. We obtained an autopsy
confirmation of our EPICUP diagnosis for one case in
our cancer of unknown primary cohort (table 3). The
cancer of unknown primary was first diagnosed as an
undifferentiated neoplasm by a biopsy of lymph node of
the supraclavicular area. The DNA methylation profile
established that it corresponded to a sarcoma. Notably,
the autopsy found two additional metastases at the
meninges and humerus that were pathologically
diagnosed as sarcoma following detailed immuno-
histochemistry. This prompted us to reexamine the
original cancer of unknown primary case using
immunohistochemistry for vimentin, because it is
typically expressed by sarcomas. This led to a compatible
diagnosis of sarcoma once again.

Another scenario that offers a direct test to assess
the accuracy of EPICUP prediction is the evaluation of
patients with cancer of unknown primary who
subsequently develop clinically detectable primary sites
months after the initial presentation. We found that
among the cases in which a primary tumor was found
later in life, EPICUP predicted the same cancer type in
33 (87%) of 38 cases (table 3). The most commonly
identified cases of cancer of unknown primary found in
this manner were derived from the colon (n=11),
pancreas (n=5), and breast (n=5; appendix p 16).
An illustrative example includes a case of cancer of
unknown primary that debuted with several affected
lymph nodes, complementary negative imaging tests
and uninformative immunohistochemistry results, and
was treated with empirical chemotherapy. 28 months
later, CT images showed thickening of the head of the
pancreas and the biopsy sample provided a pancreatic
cancer diagnosis—the same as that predicted by the
EPICUP analyses of the original sample of the cancer of
unknown primary.

The EPICUP assay provided a correct histology
determination in 174 (96%) of 181 cases of cancer
of unknown primary diagnosed by pathological
examination under light microscope (table 3). The
detailed list of EPICUP versus light microscopy
diagnoses in these cases is shown in the appendix
(pp 17-20). The EPICUP results were compatible in all
31 cases of cancer of unknown primary in which the
comprehensive immunohistochemistry algorithm for
diagnosis described in the appendix (p 3) was applied,
with the primary site predicted by the battery of used
antibodies (table 3; appendix p 21). The tumour
type-specific antibodies covered NSCLC (TTF-1), breast
(mammoglobin, estogen receptor, and progesterone
receptor), liver (HepPar-1), colon (CDX2), bladder
(p63), kidney (CD10), and prostate (prostate-specific
antigen) tumours, in addition to mesothelioma
(calretinin), sarcoma (vimentin), and melanoma
(Melan A, S100). MHlustrative examples included an
interesting case of cancer of unknown primary in a
man deemed by EPICUP to have breast cancer;

www.thelancet.com/oncology Vol 17 October 2016

immunohistochemistry analyses revealed the tumour
to be positive for mammoglobin, thereby confirming

the epigenetic diagnosis.

A
100
Specific therapy
80+
£ 60
E
2
2 Empiric therapy
T
g
3 40+
20
0 T T T T 1
0 2 4 6 8 10
Time since diagnosis (months)
Number at risk
(censored)
Specific therapy 31 (0) 31(0 31(0) 29(1) 25(2) 24 (24)
Empiric therapy 61 (0) 59 (0 46(2) 38(8) 34(8) 30(30)
B
n Deaths (n) HR (95% CI) p value
Sex 92 38 JE T 1.09 (0-55-2:18) 0-80
Male 56 24
Female 36 14
Age 92 38 1 0-64 (032-1-28) 021
<60 years 35 19
>60 years 57 19
Diagnostic method 82 34 —_— 0-96 (0-69-1-33) 0-81
Biopsy or surgery 60 21
Imaging 22 13
Histology at diagnosis 92 38 — 115 (0-72-1-85) 0-55
Adeno/carcinoma 71 29
Others 21 9
Metastasis sites 92 38 —_ 2:03(0-84-4-92) 0-12
Multiple 69 32
Single 23 6
Biopsy site* 92 38 —H— 0-99 (0-87-1-10) 0-98
Predicted tumour type* 92 38 -+ 1-03 (0:97-1-10) 029
Therapy received 92 38 —_—t 3-14 (1.35-7-30) 0-0080
Empiric 61 31
Specific 31 7
r 1
01 1 10
HR
“+— —>
Benefit Risk

Figure: Outcome of patients with cancer of unknown primary who receive a site-specific treatment that

matches the EPICUP prediction

(A) Kaplan-Meier curve analysis of overall survival comparing patients who received site-specific treatment according
to tumour type prediction by epigenetic profiling versus empiric therapy. (B) Forest plot of the multivariable Cox
regression for overall survival. Parameters with associated values of p<0-05 were considered to be independent
prognostic factors. EPICUP=microarray DNA methylation signatures. HR=hazard ratio. *These comparisons were
assessed in more than two groups and then only the overall result is shown.
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Cases (n) Specific treatments

Breast carcinoma

Non-small-cell lung carcinoma
Hepatocellular carcinoma
Ovarian carcinoma
Endometrial carcinoma

Colon carcinoma
Mesothelioma

Pancreatic carcinoma
Sarcoma

Acute lymphoblastic leukaemia

Prostate carcinoma

Stomach carcinoma

6

RN NN NN WS~ OV

Cyclophosphamide plus doxorubicin plus paclitaxel;
capecitabine; denosumab; letrozole

Erlotinib; gefitinib; gemcitabine; pemetrexed; vinorelbine
Gemcitabine plus oxaliplatin; bleomycin; iodised oil; sorafenib
Carboplatin plus paclitaxel; doxorubicin

Carboplatin plus taxanes; pemetrexed

Fluorouracil plus oxaliplatin plus bevacizumab

Cisplatin plus gemcitabine; pemetrexed

Paclitaxel; erlotinib; gemcitabine

Gemcitabine plus docetaxel; ifosfamide; letrozole

Cyclophosphamide plus doxorubicin plus vincristine plus
prednisone

Sorafenib

EPICUP=microarray DNA methylation signatures.

1 Gemcitabine plus oxaliplatin; capecitabine

Table 4: Cases of cancer of unknown primary classified by tumour types predicted by EPICUP that
received specific therapy (n=31)
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Of 188 patients with cancer of unknown primary with
a diagnosis of primary site origin provided by DNA
methylation profiling, overall survival information was
available for 114 cases with a median overall survival of
8-1 months (95% CI 0-1-143-4; appendix p 5). The
therapy that these 114 patients received is shown in the
appendix (pp 22-26). Among these cases, the 92 patients
who received chemotherapy (n=84) or radiotherapy
(n=8) showed a median overall survival of 9-1 months
(95% CI 0-3-57-4). These results are in line with the
reported 9-month median overall survival among
patients with cancer of unknown primary receiving
empirical treatment without considering the tumour of
origin.® However, the chemotherapy drugs used in
these treatments can have a very different efficacy
among the tumour types that give rise to the cancer of
unknown primary clinical entity. Thus, we wondered
whether those patients with cancer of unknown
primary who received a site-specific treatment that
fitted the EPICUP prediction showed an improved
clinical outcome compared with those who received
empirical treatment. We noted that the use of a
clinically indicated therapy for the epigenetically
predicted tumour type was associated with significantly
longer overall survival (n=31) than in those cases who
received empirical therapies that did not match the
chemosensitive profile of the EPICUP-predicted cancer
primary (n=61; HR 3-24, p=0-0051[95% CI 1-42-7-38|;
log-rank p=0-0029; figure part A). The proportional
hazards assumption was not violated. The number of
deaths was seven (23%) of 31 in the site-specific
treatment group and 31 (51%) of 61 in the empiric
treatment group (Fisher’s test; p=0-013). Examples of
site-specific therapies included the use of letrozol,
sorafenib, caelyx, 5-fluorouracil, and abraxane in
EPICUP-predicted breast, liver, ovary, colon, and

pancreatic cancer, respectively (table 4). The Cox
multivariable  regression model showed that
site-dependent therapy was also an independent
prognostic factor of overall survival in patients with
cancer of unknown primary (figure part B) although
sex, age, diagnostic method, histology at diagnosis,
number of sites of metastasis, biopsy site, and predicted
tumour type were not. Overall, a specific therapy for the
DNA methylation-identified original sites conferred a
median overall survival of 13-6 months (95% CI
4.1-55-4) compared with 6 months (0-3-57-4) for
patients treated with non-specific empirical therapy
that did not match the treatment guidelines of the
predicted primary tumour (figure part A).

In those patients with cancer of unknown primary in
whom the primary tumour was identified as an NSCLC
by epigenetic profiling, we screened for EGFR (n=16),
ALK (n=7), ROS1 (n=6), and C-MET (n=7) genetic
alterations, which all have an associated clinically
approved targeted drug for this tumour type (appendix
p 27). In this setting, we detected one EGFR mutation,
and four C-MET gene amplifications. Interestingly, the
EPICUP-predicted NSCLC that carried the EGFR
mutation received treatment with erlotinib, and the
patient is alive 55-4 months after the diagnosis, which
is unexpected, in view of the usual outcome for patients
with cancer of unknown primary. For EPICUP-
diagnosed breast tumours (n=12 screened), we found
one case harbouring a HER2 gene amplification and,
thus, a cancer of unknown primary amenable to
treatment with HER2inhibitors. For EPICUP-diagnosed
stomach cancers (n=4 screened), none had a HER2
amplication (appendix p 27).

Discussion

Our study shows that the use of DNA methylation
profiling provides a consistent diagnosis of the
primary tumour site in cases of cancer of unknown
primary. Furthermore, our results support that the
determination of the original tumour type followed by
site-specific therapies improves the outcome of these
patients compared with those treated empirically, and,
in this regard, addresses an unmet need in this area,
because only 25% of cases of unknown primary cancer
receive a single putative primary tumour diagnosis
using light microscopy and immunohistochemical
testing.” In the remaining cases, the immuno-
histochemical diagnosis is non-specific due to
rare altered tissue antigenicity, interobserver and
intraobserver variability in interpretation, tissue
heterogeneity, the relative insensitivity of the most
lineage-specific markers (eg, TTF-1 is very specific, but
is only positive in 75-85% of lung adenocarcinomas)
and because very often there is no antibody specific
for a single tumour type. For example, in cancer
of unknown primary with positive staining for CK7
and CK20, immunohistochemistry cannot easily
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discriminate between pancreatic, gastric, biliary, and
ovarian carcinoma, which are tumours that, at an
advanced stage, differ subtantially in response to
therapy. For those cancers of unknown primary for
which a matched antibody exists, such as PSA in
prostate cancer and S100 in melanoma, this might
represent a clear benefit to the patient. A good example
is patients with cancer of unknown primary who are
positive for the colorectal marker CDX2; treatment
with regimens used for gastrointestinal cancers
survived for more than 30 months.”

The cancer of unknown primary classifier based on
DNA methylation profiles (EPICUP) that we have
developed predicted the tissue of origin in 87% of the
216 cases studied. The sample size in our study is
similar to that in other studies.*”** These patients can
now receive a less toxic and more site-directed and
type-directed therapy that might improve their clinical
outcome, as we have observed in our cases and as other
studies have reported.®* We must also consider that
the assay was designed to look for similarities between
cancers of unknown primary and known primary
tumours, not for differences. Consequently, it cannot
be excluded that a cancer of unknown primary
classified as cancer of a given type by the assay still
behaves differently from a typical metastatic cancer of
that given type. This can have implications for the
administration of primary-specific therapy that might
still fail to improve outcome. In this regard, the
principle of superiority of primary-specific therapy and
the clinical use of the assay should be proven in a
prospective cohort or randomised studies.

The test developed here could have implications for
the management of cancers of unknown primary,
particularly in this new age of medicine in which there
is a drive towards more personalised treatments.”
In the context of cancer of unknown primary, primary
site assignment by DNA methylation profile could help
to identify about 20% of patients with cancer of
unknown primary who have strong responses to
systemic or locoregional treatments and longer
survival.” Importantly, the correct determination of the
primary site of origin by EPICUP could guide the
screening of drug-actionable mutations. For example in
our study, the prediction of an NSCLC or breast primary
site can facilitate the development of new molecular
tests that reveal EGFR mutations or C-MET and HER2
gene amplifications. These patients can now receive a
specific targeted treatment and further improve their
overall survival. If we search for actionable mutations
without knowledge of the precise cellular contex, we
might find some unexpected alterations.” For example,
a K-RAS mutation in a patient EPICUP predicts to have
an NSCLC with hilar nodes plus brain metastasis might
have different clinical implications compared with an
EPICUP-diagnosed patient with colorectal cancer
with that KRAS mutation. Another example would be
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the discovery of a BRAF' mutation: if the DNA
methylation profile predicts melanoma or thyroid
carcinoma, the targeted therapy (BRAF inhibitor)
would be more appropriate than if the EPICUP system
indicated that the primary site was a colorectal tumour.
The observation that patients with cancer of unknown
primary who received a tumour type-oriented treatment
did better than those receiving non-specific therapy
might also be associated with an inherently different
prognosis, regardless of the received treatment. Our
findings that the tumour type predicted by EPICUP
did not significantly affect overall survival, and that
treatment type was the only independent prognostic
factor do not, however, support this concept; and they
instead provide additional reasons to develop tailored
therapies for patients with cancer of unknown primary.

The definition of the clinical entity of the cancer of
unknown primary is challenging, and as soon as the
primary cancer is identified the diagnosis will be changed
from cancer of unknown primary to one of the previously
occult primary sites. In this regard, the frequency of
cancer of unknown primary is probably underestimated.”
However, the DNA methylation profiler we developed
can be extended beyond cancers of unknown primary to
other similar clinical conundrums. For example, cases of
tumours of “uncertain primary”. These include those
patients with a previous cancer that subsequently present
with metastases that do not match the previous
neoplasm; cancers that are unclassifiable due to a poorly
differentiated or undifferentiated tumour; and the
metastatic cholangiocarcinoma in the presence of an
intrahepatic lesion, mimicking a cancer of unknown
primary.” If these cancers of uncertain primary are added
to the cancers of unknown primary studied here, the
number of cases that could be assessed approaches 15%
of all diagnosed cancers.”

One of the strengths of our study is that the diagnoses
provided by EPICUP are consistent with the best
available knowledge of the clinical, pathological, and
molecular features of each case. These include patients
in whom the primary tumour was discovered months
later, or the cases where the unknown primary was
identified by the use of additional antibodies suggested
by the EPICUP assay, such as mammoglobin in breast,
PSA in prostate, or CDX2 in colon cancer. A final
validation of the assay will require extensive and
prospective studies of necropsies for patients with
cancer of unknown primary; however, it is interesting
to note that several investigators believe that the
genuine biological entity of cancer of unknown primary
is a metastatic tumour for which no primary is
identified by any means, including post mortem, or by
immunohistochemistry, or imaging. Another advantage
of our approach is that it is based on DNA, a material
that is stable over time, irrespective of the method of
tissue fixation, and that it is not very reactive to change
due to minimal external factors, unlike RNA expression

1393



Articles

1394

levels. In this regard, the assay is likely to cost less than
gene expression profiling."*"” The assay’s fast output
also favours its further clinical development. Compared
with the lengthy diagnostic evaluation process of
patients with cancer of unknown primary, a test similar
to that described here could possibly provide a diagnosis
in 5 days.

In conclusion, our study shows that the use of DNA
methylation as a diagnostic instrument for cancers of
unknown primary provides an effective means to
predict the initially unidentified primary site. This test
can also incorporate additional genetic markers to
ascertain the best treatment and to avoid morbidity.
Although further prospective clinical studies are
needed to show its value to increase overall survival
of these patients, it is becoming clear that the days of
empirical chemotherapy treatment of cancers of
unknown primary are reaching their end, and that
molecular profiling, such as that described here, will be
crucial to the development of tumour type and patient
type-specific treatments.
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