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The majority of clinical cancer specimens are preserved as formalin-fixed paraffin-embedded (FFPE) samples. For clinical

molecular tests to havewide-reaching impact, theymust be applicable to FFPEmaterial. Accurate quantitativemeasurements

of RNA derived from FFPE specimens is challenging because of low yields and high amounts of degradation. Here, we pre-

sent FFPEcap-seq, a method specifically designed for sequencing capped 5′ ends of RNA derived from FFPE samples.

FFPEcap-seq combines enzymatic enrichment of 5′ capped RNAs with template switching to create sequencing libraries.

We find that FFPEcap-seq can faithfully capture mRNA expression levels in FFPE specimens while also detecting enhancer

RNAs that arise from distal regulatory regions. FFPEcap-seq is a fast and straightforward method for making high-quality

5′ end RNA-seq libraries from FFPE-derived RNA.

[Supplemental material is available for this article.]

Cancer cells can easily be distinguished from normal tissue based
on aberrant patterns of gene expression. Gene expression levels
are used clinically to distinguish subtypes of cancer (Alizadeh
et al. 2000; Perou et al. 2000), assess risk of recurrence (O’Connell
et al. 2010), and determine the best treatment options (Paik et al.
2004). Although there is a lot of potential clinical benefit to gene
expression profiling of tumor samples, technical hurdles remain
and chief among them is themost commonmethod of tumor sam-
ple storage, formalin-fixed paraffin-embedded (FFPE). It is estimat-
ed that more than 20 million FFPE specimens are collected each
year in the United States alone (Waldron et al. 2012). Most tumor
specimens are fixed in formalin and embedded in paraffin to pre-
serve the morphology of the sample for histological analysis. FFPE
samples are suitable for analyzing tumor histology and performing
immunohistochemistry to assess protein expression; however, nu-
cleic acids are harmed in the process with RNAs being the most la-
bile of nucleic acids (Yakovleva et al. 2017). Methods that can
overcome the lowquality of RNA that is derived fromFFPE samples
and tap into this vast resource of archived tissues could have
wide-reaching impact in both retrospective studies and clinical
testing of samples to determine diagnosis, prognosis, and optimal
treatments.

Standard RNA-seq approaches are not well designed for FFPE-
derived RNA. Poly(A) selection can produce high 3′ bias that
changes with the amount of degradation in the FFPE-derived
RNA. Ribosomal RNA (rRNA) depletion-based methods are more
appropriate, but suffer from higher rRNA contamination, lower
numbers of alignable reads, and lower reproducibility (correlation)
in gene expression (Adiconis et al. 2013; Zhao et al. 2014). There
are methods that are better suited for analyzing RNA derived
from FFPE samples. The nCounter technology from NanoString
Technologies is capable of counting RNA molecules even when

the RNA has been degraded (Veldman-Jones et al. 2015). Exome
capture of RNA-seq from FFPE samples is an approach that is
able to “rescue” the RNA-seq libraries by keeping most reads in ex-
ons (Cieslik et al. 2015). However, these methods do not allow for
discovery, because both techniques require knowing the RNAs that
you want to analyze when designing the experiment.

An alternative approach to quantifying transcription while
also enabling discovery is to focus on the 5′ ends of transcripts,
where a 5′ 7-methylguanylate cap is added to RNA polymerase II
transcripts (Shuman 1997). Sequencing of 5′ transcript ends can
significantly reduce the cost of RNA-seq while also providing pre-
cise information about transcription start sites. In addition, en-
hancer RNAs (eRNAs) that arise from distal regulatory elements
(De Santa et al. 2010; Kim et al. 2010; Li et al. 2013; Mousavi
et al. 2013; Hsieh et al. 2014) can also be identified by sequencing
5′ ends of capped RNAs (Andersson et al. 2014). There are several
approaches that focus on sequencing the 5′ end of transcripts,
and six of them were compared in a recent study (Adiconis et al.
2018). The protocols fall into three main categories: variations
on nuclear run-on experiments that interrogate nascent RNA
(e.g., GRO-seq and PRO-seq) (Core et al. 2008; Kwak et al. 2013);
enzymatic or chemical modification of the 5′ cap, for example,
CAGE (The FANTOM Consortium and RIKEN Genome Explora-
tion Research Group and Genome Science Group 2005) and TSS-
seq (Tsuchihara et al. 2009); and template switching, for example,
STRT-seq (Islam et al. 2011) and nanoCAGE (Salimullah et al.
2011). Nuclear run-on techniques rely on viable cells that are ac-
tively performing transcription and are not suitable for fixed sam-
ples. Methods that use enzymatic and chemical modification of
the 5′ cap have large input RNA requirements that may not be ob-
tained from FFPE samples. Template switching involves the addi-
tion of nontemplated nucleotides on the 3′ end of cDNA by
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reverse transcriptase; however, the addition of nucleotides is not
dependent on a 5′ cap, and fragmented RNA can lead to sequenc-
ing of internal regions of RNA. Therefore, there is not an ideal
method for sequencing 5′ ends of transcripts from FFPE-derived
RNA.

Here, we describe the development of FFPEcap-seq, a method
for sequencing 5′ ends of capped transcripts from FFPE-derived
RNA. FFPEcap-seq combines the sensitivity and low input require-
ments of template switching (Salimullah et al. 2011; Ramsköld
et al. 2012; Marinov et al. 2014), with a necessary enzymatic en-
richment for 5′ capped RNAs, that is used in START-seq (Nechaev
et al. 2010; Scruggs et al. 2015). We first aimed to make improve-
ments to the published nanoCAGE protocol (Salimullah et al.
2011), including the addition of a unique molecular identifier.
We then evaluated enzymatic enrichment of RNAs with 5′ caps,
in freshly collected RNA, matched FFPE-derived RNA, and RNA
from FFPE patient specimens. Correlation to RNA-seq data and
the ability to detect eRNAswas assessed aswell as the input require-
ments. Our results aim to establish FFPEcap-seq as a fast and inex-
pensive method for quantifying mRNAs and eRNAs in FFPE
samples.

Results

Improvements to the nanoCAGE protocol

Figure 1 shows an overview of the FFPEcap-seq approach. The ini-
tial steps of FFPEcap-seq involve enzymatic cleanup of uncapped
RNA fragments (Nechaev et al. 2010; Scruggs et al. 2015) and the
library construction follows the published nanoCAGE protocol
(Salimullah et al. 2011). Before combining the two approaches,

we started by making nanoCAGE libraries with freshly extracted
RNA from Ishikawa cells, an endometrial cancer cell line. The
onlymodification that we initiallymade to the published protocol
was the addition of a 6-bp sample-specific index to one of the final
PCR primers. The final libraries had the expected yield (>600 ng)
and size distribution (400–2000 bp); however, the sequencing re-
sults were poor. On a HiSeq 2500 lane, with an expected sequenc-
ing output of approximately 250 million reads, only 77 million
reads passed the quality filter. Of the 77 million reads, fewer
than 18million contained the expected AGGG on their 5′ end, in-
dicating that mostly unintended products were sequenced.

To sequence the initial libraries, a PhiX genome sequencing
library was added to the lane to base balance the reads that should
start with AGGG. Suspecting that the addition of the PhiX library
reduced the amount of reads from our nanoCAGE libraries, we ex-
plored ways of base balancing the sequencing runs without the ad-
dition of a PhiX library. To base balance the 5′ end of the
sequencing read and enable us to count molecules instead of as-
suming that sequencing depth is proportional to the initial RNA
molecules, we added a unique molecular identifier (UMI) to the
5′ end of the library by adding nine equally mixed random bases
adjacent to the AGGG on the 3′ end of the template switching
(TS) oligo. This inline UMI scheme shortens the amount of se-
quencing coming from the RNA, but increases the quantitative res-
olution of an inherently low complexity library caused by the
expected 5′ enrichment. Unfortunately, adding the UMI and elim-
inating PhiX library addition did not improve the sequencing re-
sults—18 million sequencing reads passed filter compared to an
expected 250 million reads.

A previous template switching study discovered the forma-
tion of TS oligo concatemers on the 3′ end of the cDNA

Figure 1. FFPEcap-seq overview. During enzymatic pretreatment, RNA is treated with T4 Polynucleotide Kinase (PNK) to phosphorylate 5′ hydroxyls and
Terminator Nuclease to degrade uncapped RNAs. Sequence tags are added to the 5′ end of the cDNA during the reverse transcription reaction using tem-
plate switching. cDNA is then amplified, and additional sequences are added during PCR amplification. (OH) Hydroxyl; (P) phosphate; (Gr) a guanine ri-
bonucleotide; (N) an equal mix of nucleotides.
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(Kapteyn et al. 2010). During the reverse transcription step, tem-
plate switching can continue to occur on the end of the TS oligo,
allowing for the formation of multiple concatemers of the reverse
complement of the TS oligo being added to the 3′ end of the cDNA
(Fig. 2A). This creates a single molecule with multiple sequenc-
ing primer binding sites followed by UMIs, which should lead to
mixed signals and poor sequencing quality on an Illumina
sequencer. To block the formation of concatemers, it is necessary
to prevent reverse transcriptase from reaching the 5′ end of the
TS oligo and causing terminal transferase activity. To test if conca-
temer formation was causing the sequencing issues, we replaced
the TS oligo with a version that contained two unnatural bases
at the 5′ end which are isomers of cytosine and guanine in which
the hydrogen donors and receivers on the bases have been
switched. Because these bases do not have cognate partners in
the reverse transcription reaction, reverse transcriptase stalls, pre-
venting terminal transferase activity. The use of this modified TS
oligo greatly improved the sequencing results. The HiSeq lane pro-
duced 270 million reads, of which >80% aligned to the genome.
The amount of detectable concatemers in the sequencing data de-
creased from 25% (SD=14%) of the sequenced reads to <1% (SD=
0.25%) (Fig. 2B). It should be noted that concatemers likely made
up a higher percentage of the previous libraries, but failed to pass
the sequence quality filter.

The addition of isomer bases to the 5′ end of the template
switching oligo was highly successful in blocking the formation
of TS oligo concatemers; however, the modified bases made the
oligo expensive and it suffered from low yields during synthesis.
We analyzed the ability of other modifications to the 5′ end of
the TS oligos to block the formation of TS concatemers and discov-
ered that placing an 18-carbon spacer between the 5′ most base
and the penultimate base of the TS oligo reduced TS oligo conca-
temers to 3% (SD=0.28%). Because this modification was signifi-
cantly more cost effective than the isomer containing oligo, we
chose to use the internal 18-carbon spacer containing oligo in fu-
ture experiments.

In addition to blocking the 5′ end of the TS oligo, we attempt-
ed to improve the template switching reaction by the addition of
manganese (Mn), which has been reported to significantly in-
crease the terminal transferase activity of reverse transcriptase
(Schmidt and Mueller 1999). After the addition of 1 mM Mn to
the template switching reaction, we discovered an increase in TS
oligo concatemers to 11% (SD=5.7%) when the carbon spacer
was included, and an increase in the percentage of reads that
map to ribosomal RNAs (rRNAs) from 21% (SD=6.5%) to 48%
(SD=17.67%) (Fig. 2B,C). Because of these negative effects of Mn
addition, we did not include it in any following experiments.
Our results with different iterations of the nanoCAGE protocol re-

sulted in significantly improved yield
and library quality, while also incorpo-
rating sample and molecular barcodes.

Effects of enzymatic treatment on fresh

and FFPE RNA

The first step of FFPEcap-seq, which pre-
cedes library preparation, is enzymatic
enrichment of 5′-capped RNAs. In FFPE-
derived RNA, 5′ ends can be found in
three major forms: methyl cap (RNA po-
lymerase II transcripts) (Shuman 1997),
hydroxyl (from internal hydrolysis dur-
ing degradation), and mono-, di-, or tri-
phosphates (RNA polymerase I and III
transcripts) (Kwan et al. 2000). With a
combinationof T4 polynucleotide kinase
to add phosphates to 5′ hydroxyls and
RNA 5′ polyphosphatase to convert tri-
phosphates to monophosphates, nearly
every RNA should either harbor a 5′ cap
or a 5′ monophosphate. Treating the
sample with a 5′ phosphate-dependent
exonuclease should then remove all un-
cappedRNAs, leavingonlyRNA that orig-
inally had 5′ caps. We compared two
5′ phosphate-dependent exonucleases:
terminator (Epicenter/Lucigen) and
XRN-1 (New England Biolabs). To prevent
losses associated with multiple cleanup
steps, we performed all enzymatic steps
simultaneously because the enzyme buff-
ers were compatible. Enzymatic treat-
ments, as well as mock treatment
controls, were applied to 400 ng total
RNA before constructing libraries with
the improved nanoCAGE protocol. We

B

A

C

Figure 2. Improvements to the nanoCAGE protocol. (A) Schematic shows how template switching
concatemers form during the template switching reaction and how they interfere with sequencing.
Concatemers are blocked by the addition of an 18-carbon spacer between the two 5′-most bases on
the template switching oligo. (B) Both 5′ isomer (Iso) bases and an internal 18-carbon spacer (I18CS)
were effective at reducing the percentage of reads that included concatemers. The addition of manga-
nese to the template switching reaction increased the percentage of reads that matched concatemers.
(C ) The addition of Mn to the template switching reaction significantly increased the number of contam-
inating rRNA reads in the final library. Lines on graph represent means.
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found thatXRN-1-treated RNAwasnot substantially different from
untreated RNA in terms of rRNA percentages (21%, SD=4% vs.
16%, SD=1.1%) and enrichment for the 10%most 5′ ends of tran-
scripts (30%, SD=1.5%vs. 35%, SD=0.6%) (Supplemental Fig. S1).
Terminator nucleasewas effective at reducing rRNA to 5.26% (SD=
0.6%) and increased 5′ enrichment to 44.8% (SD=0.3%). We also
tested the necessity of RNA 5′ polyphosphatase treatment and
did not find a significant effect from polyphosphatase treatment
(Supplemental Fig. S1). Based on these results, we included only
T4 polynucleotide kinase and terminator nuclease in our pretreat-
ment protocol.

We next sought to test the enzymatic treatments on FFPE
samples and created four matched sets of fresh derived RNA and
FFPE-derived RNA from Ishikawa cells. We observed the expected
degradation with RNA integrity numbers (Bioanalyzer) going
from9.6 when freshly derived to 3.4 when FFPE-derived.We creat-
ed libraries with andwithout enzymatic treatment before applying
the improved nanoCAGE protocol starting with 400 ng total RNA
in all cases (Fig. 3A–C). Without enzymatic pretreatment, FFPE-
derived RNA performed poorly when compared to freshly derived
RNA, including significantly higher rRNA contamination (12.9%,
SD=3.1% fresh vs. 37%, SD=7.1% FFPE) and lower 5′ end enrich-
ment (55.4%, SD=7% fresh vs. 22.8%, SD=5.8%FFPE). Enzymatic
treatment significantly improved the libraries from both freshly
derived and FFPE-derived RNA samples (Fig. 3A–C). In the fresh
RNA samples, enzymatic pretreatment decreased rRNA contami-
nation (2.4%, SD=1.1% treated vs. 12.2%, SD=3.4% untreated)
and increased 5′ enrichment (70.3%, SD=11% treated vs. 55.4%,

SD=7% untreated). A similar improvement was observed with
FFPE-derived RNA, with changes in rRNA levels (13%, SD=7.1%
treated vs. 37%, SD=7.1% untreated) and 5′ enrichment (56.2%,
SD=7.7% treated vs. 22.8%, SD=5.8% untreated) (Fig. 3D;
Supplemental Fig. S2). Overall, the enzymatic treatment improves
the FFPE-derived RNA libraries so that the quality metrics are sim-
ilar to libraries created from freshly derived RNAwithout enzymat-
ic treatment, whereas freshly derived RNA libraries are improved
further by enzymatic treatment.

Enzymatic treatment did lead to a drop in the number of reads
which aligned to the genome for both freshly derived and FFPE-
derived RNA. We found that nearly all of these unaligned reads
represented two different types of primer artifacts: TS oligo conca-
temers and primer artifact that was formed when the six random
bases on 3′ end of the reverse transcription primer hybridized to
the 9 base UMI on the 3′ end of the TS oligo (Supplemental Fig.
S3). The increase in primer artifacts is likely the result of a decrease
in RNA input into the nanoCAGE protocol because the enzymatic
treatment should remove most of the total RNA. Despite making
up between 15% and 35% of the total sequencing reads, when
UMIs were considered these unaligned reads only made up 2%–

5% (Supplemental Fig. S4) of total unique molecules sequenced,
indicating that they are preferentially amplified during the PCR
steps of the protocol or sequenced at a higher rate.

To benchmark our quality metrics to similar libraries, we an-
alyzed CAGE data from The ENCODE Project Consortium (The
ENCODE Project Consortium 2012) and nanoCAGE from The
FANTOM Consortium (Andersson et al. 2014). We found that 5′

A

D

B C

Figure 3. Enzymatic pretreatment improves library quality. Qualitymetrics, including percentage of readsmapping to the 10%most 5′ end of transcripts
(A), percentage of readsmapping to rRNAs (B), and the percentage of unique reads from a random sampling of 1million reads (C), are comparable to CAGE
and nanoCAGE libraries and show improvement following enzymatic treatments for libraries made with either freshly derived or FFPE-derived RNA. Lines in
graph represent means. (D) The cumulative percentage of reads within a certain percentage of mRNA length, starting at the 5′ end, is shown.
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enrichment, rRNA levels, and unique number of molecules, were
similar between FFPEcap-seq, CAGE, and nanoCAGE. Enrichment
of reads mapping to the 5′ end of transcripts was similar between
CAGE libraries (59.1%) andFFPEcap-seq libraries (70% in enzymat-
ically treated libraries from fresh RNA), but nanoCAGE libraries
showed less 5′ enrichment (13.2%) (Fig. 3A). CAGE libraries har-
bored very few readsmapping to rRNAs (0.05%) followed by nano-
CAGE (6%),whichwas between FFPEcap-seq enzymatically treated
freshly derived RNA (2.4%) and FFPE-derived RNA (12.9%) (Fig.
3B). The percentage of unique molecules
in a random sampling of 1 million reads
was higher for nanoCAGE (44.1%) and
FFPEcap-seq applied to freshly derived
RNA (33.8–56.2%) compared to CAGE
(20.9%) (Fig. 3C).When the totalnumber
of unique molecules was quantified, we
did not observe a significant difference
between FFPEcap-seq (1.43 million, SD=
148,027), CAGE (1.59 million, SD=
408,340), and nanoCAGE (1.15 million,
SD=372,425). Because the CAGE and
nanoCAGE libraries did not include
UMIs, unique molecules were estimated
based on mapped genomic locations.
Overall, these results indicate that FFPE-
cap-seq produces libraries of comparable
quality to CAGE and nanoCAGE.

The initial success of the FFPEcap-
seq protocol on RNA derived from FFPE
blocks that were <1 yr old, led us to ex-
plore the applicability to patient samples
stored as FFPE blocks for longer periods of
time. We performed FFPEcap-seq using
RNA derived from two grade II endome-
trial adenocarcinoma FFPE blocks that
were 10 yr old (collected in 2009) and
14 yr old (collected in 2005). The quality
metrics were comparable to RNA from
the 1-yr-old cell line FFPE samples (Sup-
plemental Fig. S5A). The 5′ enrichment
was 45% and 64.1%, rRNA levels were
1.1% and 0.8%, and the percentage of
unique molecules from a random sam-
pling of 1 million reads was 27.6% and
64.2%, for the 2005 and 2009 samples,
respectively. We also observed an en-
richment of reads mapping to transcrip-
tion start sites and distal regulatory
elements that showed RNA polymerase
II (RNAPII) binding in Ishikawa cells
based on ChIP-seq (Supplemental Fig.
S5B,C; Carleton et al. 2017). These results
indicate that FFPEcap-seq can be applied
to FFPE specimens that have been stored
for several years.

FFPEcap-seq data correlate with

RNA-seq and uncover enhancer RNAs

The FFPEcap-seq libraries showed favor-
able quality metrics, and we next sought
to determine if FFPEcap-seq produces re-

liable gene expression measurements. Reproducibility was exam-
ined by comparing replicate FFPEcap-seq libraries, and high
concordance was observed with an average Spearman’s rank corre-
lation of 0.84 (Fig. 4A). We next compared FFPEcap-seq gene ex-
pression measurements to standard RNA-seq data from Ishikawa
cells grown under the same conditions (Vahrenkamp et al. 2018)
and found an average Spearman’s rank correlation of 0.78 (Fig.
4A). RNA-seq from the patient samples described above was per-
formed using the RNA Exome approach developed by Illumina.

A

B C

Figure 4. FFPEcap-seq results are correlated with RNA-seq results and uncover eRNAs. (A) Clustered
Spearman’s correlation matrix shows the correlation of read counts across genes between multiple
FFPEcap-seq, all undergoing enzymatic treatment, and RNA-seq libraries. (B) Heatmap shows read depth
at transcription start sites. Transcription start sites are split based on their overlap with RNA Polymerase II
(RNAPII) ChIP-seq sites. (C) Heatmap of FFPEcap-seq read depth at DNase I hypersensitivity sites. Sites
were split based on RNAPII overlap as measured by ChIP-seq.
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For the patient samples, a Spearman’s rank correlation of 0.57
(2005 sample) and 0.68 (2009 sample) was observed between the
FFPEcap-seq measurements and RNA Exome results.

Considering the different type of information provided by
FFPEcap-seq and RNA-seq, we consider this correlation to be
high, but wanted to analyze the FFPEcap-seq in an orthogonal
manner by analyzing RNAPII ChIP-seq from the same cells grown
in the same conditions (Carleton et al. 2017). When we separated
promoter regions based on the presence of RNAPII, we find that a
majority of RNAPII-bound regions show FFPEcap-seq signal, but
those promoters unoccupied by RNAPII show very little FFPEcap-
seq signal (Odds ratios [Fresh untreated, FFPE untreated, Fresh
treated, FFPE treated] = 81.58, 105,08, 132.05, 170.73; all P-values
< 2.2 ×10−16, Fisher’s exact test). This pattern was especially clear
in the enzymatically treated libraries compared to untreated librar-
ies (Fig. 4B). Taken together, these results show that FFPEcap-seq
expression measurements are reproducible and correlate well
with standard RNA-seq and RNAPII genome binding.

FFPEcap-seq also has the potential to identify eRNAs, because
RNAs that derive from enhancers are RNAPII-produced transcripts
that harbor 5′ caps. eRNA production correlates with enhancer ac-
tivity; however, their levels are much lower than mRNAs (Ander-
sson et al. 2014). To focus on potential regulatory regions, we
examined DNase I hypersensitivity sites in Ishikawa cells (Gertz
et al. 2013) thatwere distal frompromoter regions (>2 kbp froman-
notated transcription start sites). In samples that did not undergo
enzymatic treatment to enrich for capped 5′ ends, there was mini-
mal signal at these candidate regulatory regions; however, we sawa
marked increase in signal at these sites when enzymatic treatment
was performed in either freshly derived or FFPE-derived RNA (Fig.
4C).Whenwesplit theDNase Ihypersensitivity sites basedonover-
lap with RNAPII binding, we find significant enrichment of signal
at RNAPII-bound regions for both FFPE-derived RNA (P-value<2.2
×10−16, odds ratio = 6.47, Fisher’s exact test) and freshly derived
RNA (P-value <2.2 ×10−16, odds ratio = 5.76, Fisher’s exact test).
These data suggest that we are able to detect eRNAs when FFPE-
cap-seq is applied to either freshly derived or FFPE-derived RNA.

To look at eRNAdetection inmore depth,we used an estrogen
response, which has been shown to induce eRNA production at
thousands of enhancers (Hah et al. 2013; Li et al. 2013). We used
FFPEcap-seq to analyze RNA from Ishikawa cells, an estrogen re-
sponsive cell line (Carleton et al. 2017; Vahrenkamp et al. 2018;
Rodriguez et al. 2019), that were treated with 17β-estradiol (E2) or
vehicle (DMSO) for 1 h (Supplemental Fig. S6). By focusing on pre-
viously published ESR1-bound sites discovered with ChIP-seq
(Gertz et al. 2013), we found that an average of 1386 loci (16% of
ESR1-bound sites) showed FFPEcap-seq signal in theDMSO-treated
samples and an average of 2876 loci (30.3%) had FFPEcap-seq sig-
nal in the E2-treated samples. After separating ESR1-bound sites
based on RNAPII binding, we found a 2.4-fold enrichment in the
percentage of loci with FFPEcap-seq signal at RNAPII-bound sites
(51.3%) compared to sites not bound by RNAPII (21%). When sig-
nal at ESR1-bound sites was partitioned bymapping strand, we ob-
served a shift (Supplemental Fig. S6) characteristic of bidirectional
transcription at enhancers (Hah et al. 2013). These results reinforce
the conclusion that eRNAs can be discovered by FFPEcap-seq.

Low input performance

After establishing that FFPEcap-seq can consistently measure gene
expression and identify eRNAs, we wanted to determine the limi-
tations of the approach in terms of RNA input requirements. We

created FFPEcap-seq libraries with decreasing amounts of either
freshly derived or FFPE-derived RNA, going from 400 ng to 6.25
ng of total RNA with twofold dilutions in between. Based on li-
brary yield, we sequenced all the fresh RNA libraries and down
to the 12.5 ng input library for the FFPE RNA. The number of
unique molecules decreased in a mostly linear fashion from 400
ng down to 100 ng for FFPE RNA and from 400 ng down to 25
ng for fresh RNA (Fig. 5A). Approximately fourfold more FFPE-de-
rived total RNA is required to recover the same number of mole-
cules as freshly derived RNA. We also observed an increase in
primer artifacts with decreasing input. The number of unaligned
reads, mostly primer artifacts, represents the majority of reads in
low input libraries from 25 ng or less, but as we observed previous-
ly, the primer artifacts make upmuch smaller fractions of the total
molecules (Fig. 5B). The increase in unaligned reads with decreas-
ing input amounts affects the fresh samples differently than the
FFPE samples. In the FFPE samples, transcription start site mole-
cules remain a steady proportion of the total molecules, whereas
reads aligning outside of exons and to rRNA decreased with de-
creasing input amounts. For fresh RNA, the group that decreased
themostwith lower input RNAwas transcription start sitemapped
reads, whereas the unaligned reads increased. Based on the results
from these RNA input experiments, we recommend using at least
25ng of freshly derived RNAor 100 ng of FFPE-derived RNA,which
should yield roughly 250,000 unique molecules.

Discussion

There are numerous opportunities for the clinical use of gene ex-
pression; however, accurately quantifying RNA from FFPE samples
is a unique challenge owing to the high levels of degradation. In
this study, we developed FFPEcap-seq, a method designed for se-
quencing capped 5′ RNA ends from FFPE-derived RNA. To develop
the method, we needed to make several improvements to the pre-
viously published nanoCAGE protocol (Salimullah et al. 2011).
The original protocol was relatively easy to implement and did en-
rich for the 5′ ends of known genes, but the sequencing results
were very poor as a result of concatemers of the TS oligo introduc-
ing multiple sequencing primer binding sites. Our issues sequenc-
ing the libraries are consistent with Adiconis et al. (2018) reporting
low sequencing yieldswith nanoCAGE. Bymodifying the TS oligo,
we were able to block these concatemers, which resulted in a large
increase in sequence yield and quality.We also added a UMI in the
TS oligo to enable counting of molecules as opposed to sequence
reads. The UMI allowed us to uncover that primer artifacts are pref-
erentially amplified and sequenced, likely owing to their shorter
overall length.

Even with these protocol modifications, nanoCAGE is not
suitable for FFPE-derived RNA because template switching does
not discriminate between capped 5′ ends and hydroxyl 5′ ends
that are the result of degradation. This limitation of template
switching was corroborated by our results in which 5′ enrichment
was significantly reduced in FFPE-derived RNA that lacked enzy-
matic pretreatment. To overcome this limitation and create high-
quality libraries from FFPE-derived RNA, we used enzymatic en-
richment of 5′ transcript ends as described byKarenAdelman’s lab-
oratory (Nechaev et al. 2010; Scruggs et al. 2015). Enzymatic
treatment of RNA before nanoCAGE greatly improved the quality
of the libraries and resulted in 5′ enrichment and rRNA levels sim-
ilar to those observed in libraries from untreated freshly derived
RNA. Unexpectedly, libraries from freshly derived RNA were also
improved by the enzymatic treatments, which could be
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attributable to a cleanup of low-level degradation and/or a reduc-
tion in rRNA amounts added to the nanoCAGE library construc-
tion. The one disadvantage to the enzymatic pretreatment is an
increase in primer artifacts that we believe stems from less total
RNA going into the nanoCAGE reaction, because the enzymatic
treatment removes upward of 90% of total RNA owing to rRNA
removal.

ThemRNAgene expressionmeasurementsderived fromFFPE-
cap-seq were reproducible and were well correlated with standard
RNA-seq results. In addition, we were able to detect RNAs that
were generated from promoter distal regulatory regions, likely rep-
resenting eRNAs. The production of both mRNAs and eRNAs as
measured by FFPEcap-seq was supported by RNAPII binding, pro-
viding evidence that FFPEcap-seq is discovering the 5′ ends of
RNAPII transcribed RNAs. In testing the input limits of FFPEcap-
seq we found that amounts as low as 100 ng for FFPE-derived
RNA and 25 ng for freshly derived RNA are adequate for FFPEcap-
seq library production and the identification of a quarter million
molecules. Additional improvements, in terms of input require-
ments,might be achievable by combining FFPEcap-seqwith recent
adaptations of 5′ end detectionmethods. For example, SLIC-CAGE
uses degradable carrier RNAs to enable library construction from
<5ng total RNA (Cvetesic et al. 2018), andNanoPAREuses a unique
transposition approach to construct high-quality libraries from
5 ng of total RNA (Schon et al. 2018). Overall, our results establish
FFPEcap-seq as a new method for accurately quantifying trans-
cripts from FFPE-derived RNA. Because FFPEcap-seq can be per-
formed in less than a day with standard laboratory equipment
and costs less than $15 to construct, we believe it is an attractive
method for interrogating gene expression in FFPE samples.

Methods

Cell culture

Ishikawa cells (Sigma-Aldrich) were maintained at 37°C with 5%
CO2 in RPMI-1640 media containing 10% fetal bovine serum,
50 units/mL penicillin, and 50 mg/mL streptomycin. Cells were
transferred to hormone-depleted media 5 d before RNA harvest
to match previously performed RNA-seq experiments. Hormone-
depletedmedia consisted of phenol red-free RPMI-1640, 10% char-
coal-dextran treated fetal bovine serum (Sigma-Aldrich), 50 units/

mL penicillin, and 50 mg/mL streptomycin. For E2 inductions,
cells were treated with 10 nM E2 or 0.02% DMSO as a vehicle con-
trol for 1 h before harvest. Cells were processed into FFPE samples
or RNAwas immediately extracted. For immediate extraction, cells
were lysed in RLT Plus buffer (QIAGEN) with 1% beta-mercaptoe-
thanol. RNA was extracted with the Quick-RNA Miniprep kit
(Zymo Research).

Patient samples

Deidentified patient specimen FFPE blocks were obtained from the
Huntsman Cancer Institute’s Biorepository and Molecular
Pathology Shared Resource. Slides stained with hematoxylin and
eosin were used to identify regions of tumor. Two cores that
were 2 mm in diameter were extracted from each FFPE block in
the tumor-identified regions. RNAwas extracted from the cores us-
ing the RNeasy FFPE kit (QIAGEN).

FFPE preparation

Cells were scraped from a 15 cm dish in phosphate buffered saline
and centrifuged at 2000g for 6 min at 4°C. Cells for the FFPE treat-
ment were placed in 10%neutral buffered formalin (NBF) and cen-
trifuged in a 1.5mL tube at 200g for 6min at 4°C. The 1.5-mL tubes
were submerged in 15-mL tubes flooded with 10% NBF for 24 h at
room temperature. After 24 h, the NBF was rinsed with 70% etha-
nol, and cell pellets were dislodged from the 1.5-mL tube and
placed in a tissue cassette with histology paper and submerged in
70% ethanol. The cassettes were embedded in paraffin by the
Biorepository and Molecular Pathology Shared Resource at the
Huntsman Cancer Institute. Four 20 µm scrolls were collected
from these samples, and RNA was extracted using the RNeasy
FFPE kit (QIAGEN).

FFPEcap-seq library preparation

A detailed FFPEcap-seq protocol can be found in the Supplemental
Protocol. RNA concentration was measured using a Qubit 2.0 with
the RNA high sensitivity or RNA broad range assay (Thermo Fisher
Scientific), depending on the concentration. Enzyme pretreat-
ment was performed using 1 μL (1 unit) Terminator Nuclease
(Lucigen), 2 μL (20 units) T4 Polynucleotide Kinase (New
England Biolabs), 2 μL 10×Terminator Buffer A, 2 μL 10 mM
ATP, 1 μL SUPERase In (Thermo Fisher Scientific), input RNA,
and water in a 20 μL reaction. Samples were incubated for 45

A B

Figure 5. Evaluation of FFPEcap-seq input requirements. (A) The number of unique molecules sequenced is shown for different input amounts of freshly
derived or FFPE-derived RNA. (B) The distribution of molecules across mapping categories changes with differing input amounts. (TSS) Transcription start
sites.
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min at 30°C before being cleaned up with the RNA Clean and
Concentration kit (Zymo Research). RNAwas eluted using 6 μLwa-
ter, with 5 μL being collected after centrifugation. One microliter
of eluted RNA was used for quantification with the Qubit 2.0
RNA high sensitivity kit (Thermo Fisher Scientific). For enzymatic
treatment controls, the preceding procedure was followed except
Terminator and T4 Polynucleotide Kinase were replaced with wa-
ter. When polyphosphatase was tested, 1 μL (20 units) RNA 5′

polyphosphatase (Lucigen) was included in the reaction.
To begin the modified nanoCAGE library preparation, treha-

lose-sorbitol solution was made by adding 5 mL of a saturated tre-
halose solution (Sigma-Aldrich) to 10 mL 1.28 g/mL sorbitol
solution (Sigma-Aldrich). One gram celex 100 (Sigma-Aldrich)
was added to the solution and vortexed vigorously and allowed
to sit for 3 h at room temperature. The tube was then centrifuged
for 10 min at 600g and the supernatant was aliquoted and stored
at −30°C. Oligo master mix was made by combining 8 μL
Trehalose-Sorbitol solution with 1 μL 1 mM Template switching
oligo, and 1 μL 100 μM reverse transcriptase oligo (for all oligo se-
quences, see Supplemental Table S1). All oligonucleotides were or-
dered from Integrated DNA Technologies. One microliter of the
oligo master mix was combined with the remaining 4 μL RNA
and incubated at 65°C for 10 min, then immediately moved to
ice for 2 min. The template switching reaction contained 1 μL
Prime Script Reverse Transcriptase (Takara), 2 μL 5× Prime Script
buffer, 1.5 μL 5M Betaine, 0.5 μL 200 mM DTT, and 0.625 μL
10 mM dNTP mixture. The template switching reaction mixture
was combined with the RNA oligo mixture and heated for
10 min to 22°C, for 30 min at 40°C, and then for 15 min at
75°C. The sample was then cleaned up using Ampure XP beads
(Beckman Coulter) with a ratio of 1.5:1 of bead volume to sample
volume. The cDNA was eluted in 40 μL water. For second strand
synthesis, 7.5 μL purified cDNA was added to 25 μL Phusion HF
master mix (New England Biolabs), with 2.5 μL 10 μM second
strand forward primer, 2.5 μL 10 μM second strand reverse primer,
and 12.5 μL of water. The reaction was heated for 1 min at 95°C,
followed by 24 cycles for 15 sec at 95°C, for 10 sec at 65°C, and
for 2 min 68°C. This reaction was purified using Ampure XP beads
(BeckmanCoulter) with a 0.8:1 ratio of bead volume to sample vol-
ume and eluted in 30 μL water. The final library was created by tak-
ing 40 ng purified double-stranded cDNA andmixing it with 25 μL
2× Phusion HF master mix (New England Biolabs), 1.25 μL 10 μM
library forward primer, 1.25 μL 10 μM library reverse primer (con-
taining a sample index), and water to a total volume of 50 μL.
Samples were heated for 1 min at 95°C, followed by two cycles
of 15 sec at 95°C, 10 sec at 55°C, and 2 min at 68°C, then followed
by eight cycles of 15 sec at 95°C, 10 sec at 65°C, and 2min at 68°C.
This reaction was purified using Ampure XP beads (Beckman
Coulter) with a 0.8:1 ratio of bead volume to sample volume and
eluted in 30 μL water. Samples were then measured by Qubit
2.0 DNA high sensitivity (Thermo Fisher Scientific) before sample
pooling of equal weights. Libraries were sequenced on an Illumina
HiSeq 2500 as single end 50-bp reads using a custom read one se-
quencing primer (Supplemental Table S1) and standard index
primer.

FFPEcap-seq analysis

The sequencing reads were first processed by removing the first 13
bases (N9AGGG) and storing the 9 base UMI. We also removed up
to two additional Gs from the 5′ end of the trimmed sequence to
account for additional Cs added during the template switching re-
action. The trimmed reads were then scanned for sequences that
match the template switching oligo or the reverse transcription
oligo. If a perfect match of at least eight bases of either oligo was

found in the read, the read was considered to be a primer artifact
and removed from downstream analysis. The remaining reads
were aligned to the hg19 build of the human genome using
Bowtie (Langmead et al. 2009) with the following parameters:
Bowtie -S ‐‐chunkmbs 512 -m 1 -t ‐‐best -q -l 32 -e 80 -n 2. The
hg19 build of the human genome was used for all genomic analy-
ses. We do not believe that realigning reads to the current genome
build (GRCh38)would substantially change results, becausewe are
restricting our analyses to uniquely alignable regions of the ge-
nome. The reads were also aligned to the RefSeq reference for
hg19 using Bowtie with the following parameters: Bowtie -S -n 2
-a -m 10 -S ‐‐chunkmbs 512. Reads that had the same UMI and
aligned to the same place were considered to originate from a sin-
gle molecule of RNA and were counted as a single molecule in
downstream analysis.

CAGE librarieswere obtained fromGeneExpressionOmnibus
accessionnumberGSM849364.NanoCAGE librarieswereobtained
from The FANTOM5 Consortium (http://fantom.gsc.riken.jp/5/
datafiles/latest/basic/). MCF-7 CAGE samples were used. For
nanoCAGE data sets (referred to as CAGEscan by The FANTOM
Consortium),weused two cervical cancer replicates and a renal car-
cinoma. Only the forward read was used for comparisons, and the
reads were analyzed as described for FFPEcap-seq libraries with the
exception that no read trimming was performed owing to a lack of
UMIs. Postalignment analysis was performed using AWK and R
(RCoreTeam2017). RibosomalRNAswere identifiedby their align-
ment to the rRNA genes in the RefSeq alignment. 5′ enrichment
was calculated as the percentage of reads that align to the 5′-most
10% of RefSeq mRNAs in the RefSeq alignments. We calculated
the percentage of unique molecules per million reads by taking a
random sampling of one million reads and determining the num-
ber of unique reads, based on theUMI sequence and genomicmap-
ping location. To perform gene expression comparisons, reads
mapping to hg19 UCSC knownGene gene models (Kent et al.
2002) were counted using featureCounts from the SubRead pack-
age (Liao et al. 2014). Correlation between FFPEcap-seq libraries
and RNA-seq libraries (GSE109892) were calculated using normal-
ized counts generated usingDESeq2 (Love et al. 2014). All statistics
were calculated usingR.Heatmaps of FFPEcap-seq signal at RNAPII-
and ESR1-bound sites were centered on ChIP-seq peak summits
from RNAPII (GSE99905) and ESR1 (GSE32465) ChIP-seq data.

RNA sequencing from patient samples

To perform RNA-seq from patient samples, we used Illumina’s
TruSeq RNA Exome kit, which combines RNA-seq library construc-
tion with exome capture. Libraries were constructed from 100 ng
total RNA and sequenced on the NovaSeq as paired end 50-bp
reads. For comparison with FFPEcap-seq samples, only the forward
reads were aligned and analyzed. Reads were aligned and analyzed
using the same programs as the FFPEcap-seq samples, with the ex-
ception of the removal of UMIs and their associated analysis. Gene
expression analysis was performed in the same manner as the
aforementioned RNA-seq analysis.

Data access

All raw andprocessed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE126346. FFPEcap-seq analysis software is available at GitHub
(https://github.com/jeffpkamp/FFPEcap-seq) and as Supplemental
Code.
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