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Kaisa Huhtinen3, Anna Vähärautio1, Olli Carpén1,2,3, Johanna Hynninen4,
Sakari Hietanen4, Rainer Lehtonen1 and Sampsa Hautaniemi1,*
1Research Programs Unit, Research Program in Systems Oncology, Research Programs Unit, Faculty of Medicine, University of
Helsinki, FI-00014 Helsinki, Finland, 2Department of Pathology, University of Helsinki and HUSLAB, Helsinki University Hospital, FI-
00014 Helsinki, Finland, 3Research Center for Cancer, Infections and Immunity, Institute of Biomedicine, University of Turku, FI-20014
Turku, Finland and 4Department of Obstetrics and Gynecology, University of Turku and Turku University Hospital, FI-20521 Turku,
Finland

*To whom correspondence should be addressed.
Associate Editor: Jan Gorodkin

Received on December 7, 2020; revised on February 11, 2021; editorial decision on March 10, 2021; accepted on March 11, 2021

Abstract
Motivation: A major challenge in analyzing cancer patient transcriptomes is that the tumors are inherently heteroge-
neous and evolving. We analyzed 214 bulk RNA samples of a longitudinal, prospective ovarian cancer cohort and
found that the sample composition changes systematically due to chemotherapy and between the anatomical sites,
preventing direct comparison of treatment-naive and treated samples.
Results: To overcome this, we developed PRISM, a latent statistical framework to simultaneously extract the sample
composition and cell-type-specific whole-transcriptome profiles adapted to each individual sample. Our results indi-
cate that the PRISM-derived composition-free transcriptomic profiles and signatures derived from them predict the
patient response better than the composite raw bulk data. We validated our findings in independent ovarian cancer
and melanoma cohorts, and verified that PRISM accurately estimates the composition and cell-type-specific expres-
sion through whole-genome sequencing and RNA in situ hybridization experiments.
Availabilityand implementation: https://bitbucket.org/anthakki/prism.
Contact: antti.e.hakkinen@helsinki.fi or sampsa.hautaniemi@helsinki.fi
Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Precision oncology aims to identify targetable alterations based on
molecular profiling of tumors (Schwartzberg et al., 2017). As can-
cers are heterogeneous diseases that evolve during treatment and fol-
low-up (Aparicio and Caldas, 2013; Hanahan and Weinberg, 2011),
an essential part is the use of transcriptomic data from samples col-
lected before, during and after therapy (Karczewski and Snyder,
2018; Lin and Yang, 2019). However, a major unresolved challenge
in analyzing longitudinal data is that the sample composition, i.e.
the fraction of cancer, stromal and immune cells, in the patient-
derived samples varies significantly, which severely hinders subse-
quent analyses (Aran et al., 2015).

Alleviating the sample composition issue by discarding low
tumor content samples (The Cancer Genome Atlas Research

Network, 2011, 2015) can bias the sampling to contain only cancer
cell rich tumors and exclude samples from good-responding patients
during therapy, which is detrimental in longitudinal cohorts.
Current computational correction approaches are not ideally suited
for precision oncology needs as they focus on either immune or stro-
mal signatures and employ preset expression profiles (Schelker
et al., 2018; Sun et al., 2019; Yoshihara et al., 2013), derive the sam-
ple composition without estimating the transcriptomic profiles
(Newman et al., 2015; Wang et al., 2019), operate at a population
level (Newman et al., 2019) or lack ability to adapt to patients lack-
ing a matched single-cell data (Frishberg et al., 2019; Newman
et al., 2019).

To counter this, we present PRISM (Poisson RNA-profile
Identification in Scaled Mixtures), which is a statistical latent vari-
able framework for RNA-seq data. Compared with the existing
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methods, PRISM is unique in that it estimates both the composition
and the constituent expression profiles simultaneously in individual
bulk samples, a combination which was previously unmet. This is
achieved by exploiting a single-cell reference, which is subject to the
statistical model rather than being treated as ground truth, which
allows PRISM to form adaptive profiles even for unmatched data.
These estimates provide personalized expression profiles that are un-
biased to changes in the sample composition, enabling tracking the
tumor progression in individual patients.

We applied PRISM on 214 bulk RNA-seq samples that were lon-
gitudinally collected from homogeneously treated high-grade serous
ovarian cancer (HGSOC) patients. HGSOC is the most common
subtype of epithelial ovarian cancer (EOC) with only 43% five-year
survival rate (Torre et al., 2018). It is one of the most genomically
heterogeneous cancers, characterized by high number of structural
changes (Ciriello et al., 2013), highlighting the importance of tran-
scriptomic analysis and challenges in sample comparison. Our
results show that the PRISM-estimated cell-type-specific expression
profiles and cancer subtypes derived from them better predict dis-
ease progression than those of the composite raw bulk data. After
validating the accuracy of the compositional estimates using whole-
genome sequencing (WGS) and the cell-type specificity of expression
levels using RNA in situ hybridization (RNA-ish) experiments, we
confirmed the improved survival prediction in other cohorts and
cancer types by using The Cancer Genome Atlas (TCGA) data.

2 Materials and methods
2.1 Patient and sample characteristics
The patient cohort consists of patients treated for ovarian or pri-
mary peritoneal HGSOC at Turku University Hospital between
September 2010 and October 2018. All patients participating in the
study gave written informed consent. The study and the use of all
clinical material have been approved by The Ethics Committee of
the Hospital District of Southwest Finland (ETMK) under decision
number EMTK: 145/1801/2015.

We acquired 214 bulk RNA sequencing samples from 61 of the
patients. Of these, 120 are primary (before chemotherapy), 60 inter-
val (after chemotherapy) and 20 relapsed tumors (after being diag-
nosed as recurring). The samples are from primary ovarian tumors
and various sites of intra-abdominal solid metastases and ascites
fluid, as detailed in the analysis. Figure 1a shows an overview of the
sampling. Patient response is classified as complete response, partial
response, stable disease or progressive disease according to the
RECIST criteria (version 1.1) (Eisenhauer et al., 2009). The sample
collection and analysis is part of the HERCULES project (http://
www.project-hercules.eu/).

2.2 Single-cell RNA-seq sample preparation
Immediately after surgery, the HGSOC tumor specimens from our
cohort were incubated overnight in a mixture of collagenase and
hyaluronidase (Department of Pathology, University of Turku) to
obtain single cell suspensions. Specimens were processed with a
modified Fluidigm C1 protocol (Islam et al., 2014) or the standard
Chromium Single Cell 30 Reagent Kit v. 2.0 (10� Genomics) proto-
col for single-cell RNA sequencing with Illumina (HiSeq2000 for
Fluidigm C1, HiSeq4000 or NextSeq for Chromium specimens)
(Jussi Taipale Lab, Karolinska Institute or Functional Genomics
Unit, University of Helsinki).

We acquired 6312 single cell profiles from 8 samples (from 7
patients and from various tissues) using the Chromium platform,
and 347 cells from 8 samples (8 patients) using the Fluidigm single-
cell sequencing platform. The latter were used for comparison pur-
poses only. The single-cell samples were all matched to the bulk
RNA samples but most bulk RNA samples remain unmatched. The
single-cell reference need not to be matched to the bulk samples, but
it needs to span sufficient expression state-space for PRISM to be
able to adapt to unmatched profiles in the bulk samples.

Fig. 1. Overview of the sample collection, data analysis and the PRISM model. (a) Samples are collected from high-grade serous ovarian cancer (HGSOC) patients before neo-
adjuvant chemotherapy (120 samples), after three rounds of chemotherapy in the interval debulking surgery (60) and from relapsed cancers (20). For reference, we used single-
cell RNA-seq data from eight matched samples (6312 cells). Anatomical locations of the samples are indicated as follows: Asc (ascites), LN (lymph node), Ome (omentum),
Ova (ovary), Per (peritoneum), Tub (fallopian tube), Ute (uterus). (b) PRISM allows decomposing each bulk sample using a panel of single-cell samples, revealing the bulk
compositions and expression profiles for each constituent cell type. Afterwards, differential expression or the compositional differences can be associated with patient response
and survival independently. (c) Plate graph for the PRISM framework described by the physical constants, i.e. number of cells (N), sampling efficiency (g), expression variabil-
ity (t�1) and expression mean (k) generating the latent RNA count ~Z and readout Z for each gene and cell type in a sample. As the physical parameters are not identifiable, we
parametrize the problem using mean expression (X), readout precision (T), sample scaling factor (G) and relative sample composition (W ). These parameters can be estimated
from a set of mixture readouts (Y), which need not to be unimodal, by assuming the cell-type-specific readouts (Z) are scaled Poisson distributed
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