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Abstract

DNA-damaging agents include first-line drugs such as platinum (cisplatin, carboplatin), topoisomerase inhibitors (etoposide,
doxorubicin), and replication inhibitors (cytarabine, gemcitabine). Despite their wide and long usage, there is no clinically
available biomarker to predict responses to these drugs. Schlafen 11 (SLFN11), a putative DNA/RNA helicase, recently emerged
as a dominant determinant of sensitivity to these drugs by enforcing the replication block in response to DNA damage. Since the
clinical importance of SLEN11 is implicated, a comprehensive analysis of SLFN11 expression across human organs will provide
a practical resource to develop the utility of SLEN11 in the clinic. In this study, we established a scoring system of SLFN11
expression by immunohistochemistry (IHC) and assessed SLFN11 expression in ~ 700 malignant as well as the adjacent non-
tumor tissues across 16 major human adult organs. We found that the SLFN11 expression is tissue specific and varies during
tumorigenesis. Although The Cancer Genome Atlas (TCGA) is a prevailing tool to assess gene expression in various malignant
and normal tissues, our IHC data exhibited obvious discrepancy from the TCGA data in several organs. Importantly, SLFN11-
negative tumors, potentially non-responders to DNA-damaging agents, were largely overrated in TCGA because TCGA samples
are a mixture of infiltrating immune cells, including T cells, B cells, and macrophages, which have strong SLFN11 expression.
Thus, our study reveals the significance of immunohistochemical procedures for evaluating expression of SLFNI11 in patient
samples and provides a robust resource of SLEN11 expression across adult human organs.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00428-020-02840-6) contains supplementary . . .
material, which is available to authorized users. Possibly the oldest unmet need in cancer therapy is that there

are still no clinically available predictive biomarkers for wide-
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ly used DNA-damaging anti-cancer agents including platinum
derivatives since the 1960s, topoisomerase inhibitors since the
1990s, and replication inhibitors since the 1960s. However,
the recent development of DNA-sequencing and omics anal-
yses of cancer cell line data and human tissue data has led to
the discovery of unappreciated but important genes for cancer
therapy. The discovery of Schlafen 11 (SLFN11) as a causal
and most dominant genomic determinant of response to DNA-
damaging agents is a representative success of the recent ap-
plication of bioinformatics to the omic data of cancer cell lines
[3, 23]. The correlation and causality of SLFN11 have been
consolidated by cumulative reports from independent institu-
tions with various models [1,4,5, 7,9, 11, 13-15, 17, 20, 21].
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SLFNI11, a nuclear protein belonging to the Schlafen
family of mammalian proteins, has a putative helicase
motif and RPA binding site at the C-terminus [13, 15].
We recently reported that SLFN11 augments the toxicity
of DNA-damaging agents by inducing lethal replication
blocks, which have been linked to the putative helicase
activity of SLFN11 [16].

According to human cancer cell line databases and a hu-
man tissue database, SLFN11 exhibits a broad range of ex-
pression across various cancer types, which suggests the use-
fulness of SLFEN11 expression as a common predictive bio-
marker of DNA-damaging agents [18]. Indeed, high SLFN11
expression has been implicated as a predictor of response to
platinum-based chemotherapy in ovarian cancer, small cell
and non-small cell lung cancers, colorectal cancer, and
Ewing sarcoma [4, 5, 22, 23]. Extending the clinical useful-
ness of SLFN11 requires the establishment of a handy and
robust method or detecting SLFN11 reliably from patient
samples. Furthermore, a comprehensive analysis of SLFN11
expression across human organs will be required as a practical
resource to fully develop the clinical utility of SLFN11.

Although a couple of public databases are currently avail-
able from which information on SLFN11 expression in human
organs can be obtained, it should be kept in mind that RNA-
seq data from non-microdissected tissue samples are contam-
inated with inflammatory cells [6, 12] rich in SLFN11 expres-
sion and that optimal antibodies should be used for IHC anal-
ysis. In this study, we report an optimal IHC method and
establish a resource of SLFN11 expression with ~ 700 malig-
nant and adjacent normal tissues across 16 human organs.
These comprehensive data on SLFNI11 expression can pro-
vide beneficial information to treat patients with DNA-
damaging agents for cancer therapy.

Materials and methods

Cell lines and generation of SLFN11-deleted cells.

All cell lines were maintained as described previously [19].
SLFN11-deleted cells in the MKN45 cell line were generated
by CRISPR/Cas9 methods, with details as described previous-

ly [15].

Tissue samples

Formalin-fixed paraffin-embedded blocks were obtained from
the archives of the National Hospital Organization Kure
Medical Center and Chugoku Cancer Center. All samples
were obtained with patient consent, and this study was ap-
proved by the Ethics Committee of Kure Medical Center
and Chugoku Cancer Center (Kure, Japan, no. 2019-36) and
conformed to the ethical guidelines of the Declaration of

@ Springer

Helsinki. The non-tumor area was evaluated adjacent to the
tumor area. The details of the cases are described in Table 1.

Antibodies

Details of the information concerning antibodies (clone, lot
no., company, dilution) are summarized in Supplementary
Table 1.

Immunohistochemistry

Our step-by-step IHC protocol for SLFN11 is presented in
Supplementary Table 2. Negative controls were created by
omitting the addition of the primary antibody.

Scoring of SLFN11 expression for IHC samples

SLFNI11 expression in the nucleus of the main component of
each non-neoplastic tissue (epithelium, fatty cell, brain) or
tumor cells was evaluated either as positive or negative.
Three surgical pathologists (N.S., D.T., and K.K.) indepen-
dently determined the positive ratio of SLFN11 IHC without
knowledge of the clinical and pathological parameters or pa-
tient outcome. The pathologists specified 10 high power fields
with the highest SLEN11 positive ration in each IHC section,
and the average values of ratio of positivity were calculated.
According to the average values of ratio of positivity, SLFN11
IHC scores were considered 1+ (1-10%), 2+ (11-50%), or 3+
(51-100%). Inter-observer differences were resolved by con-
sensus review at a double-headed microscope after indepen-
dent reviews.

Western blot analyses

For Western blot analyses, cells were lysed as described pre-
viously [19]. Immunocomplexes were visualized with an ECL
Plus Western Blot Detection System (Amersham Biosciences,
Piscataway, NJ, USA). [3-Actin (Sigma-Aldrich) was detected
as a loading control.

Analysis of TCGA data

Batch effects-normalized RNA-Seq mRNA expression data
from TCGA Pan-Cancer Atlas were downloaded from the
UCSC Xena Functional Genomics Explorer (https://
xenabrowser.net/). Expression levels for tumor and normal
tissues are log2(x + 1)-transformed batch effects-normalized
values. The normalization methodology is described at
https://www.synapse.org/#!Synapse:syn4976363.
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Table 1 Summary of Schlafen 11 (SLFN11) expression in non-tumors and tumors

Organ and diagnosis Number 1+ 2+ 3+ SLEN11 (+) n (%)
Brain

Normal 15 7 8 0 15 (100)

Meningioma 20 0 3 17 20 (100)

Schwannoma 6 0 0 6 6 (100)

Glioblastoma 30 2 8 10 20 (67)
Lung

Alveolar epithelium 31 8 12 11 31 (100)

Glandular epithelium 31 8 9 24 (77)

Squamous cell carcinoma 31 5 4 12 (42)

Adenocarcinoma 30 4 11 18 (40)
Breast

Normal 32 1 1(3)

Invasive ductal carcinoma 35 4 17 (49)

Invasive lobular carcinoma 16 4 (25)
Esophagus

Normal 34 21 10 0 31 91)

Squamous cell carcinoma 34 10 10 8 28 (82)
Stomach

Normal 40 8 6 4 18 (45)

Adenocarcinoma 40 4 11 11 26 (65)
Colon

Normal 39 0 0 0 0(0)

Adenocarcinoma 39 0 0 0 0(0)
Liver

Normal 31 15 9 0 24 (77)

Hepatocellular carcinoma 31 9 9 4 22 (71)
Bile duct

Normal 20 6 2 8 (40)

Adenocarcinoma 20 8 1 9 (45)
Pancreas

Normal 34 0 0 0 0(0)

Adenocarcinoma 34 3 4 1 8 (24)
Kidney

Normal 44 44 0 0 44 (100)

Clear cell renal cell carcinoma 41 13 20 37 (98)

Papillary renal cell carcinoma 9 2(22)

Chromophobe renal cell carcinoma 6 0(0)
Urinary bladder

Normal 30 0 0 0(0)

Invasive urothelial carcinoma 34 13 3 23 (68)
Prostate

Normal 32 0 0 0(0)

Adenocarcinoma 32 1 0 1(3)
Uterine cervix

Squamous epithelium 16 5 7 2 14 (89)

Glandular epithelium 13 5 2 4 11 (69)

Squamous cell carcinoma 20 1 4 10 15 (75)

Adenocarcinoma 13 1 3 5 9 (75)
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Table 1 (continued)

Organ and diagnosis Number 1+ 2+ 3+ SLEN11 (+) n (%)

Uterine corpus
Normal 30 13 1 0 14 (85)
Endometrioid carcinoma 26 6 8 18 (69)
Serous carcinoma 4 2 1 3(75)

Ovary
Fallopian tube 15 9 5 1 15 (100)
Serous carcinoma 18 1 5 6 12 (67)
Clear cell carcinoma 7 1 2 3 6 (86)
Endometrioid carcinoma 3 0 0 2 2(67)
Mucinous carcinoma 9 1 2 0 3(33)
Bone and soft tissue 31 3 7 13 23 (74)
Osteosarcoma 6 0 0 4 4
Chondrosarcoma 1 0 0 0 0
Leiomyosarcoma 5 1 2 1 4
Liposarcoma 9 0 3 4 7
Myxofibrosarcoma 4 0 1 3 4
Spindle cell sarcoma 2 1 0 0 1
Pleomorphic sarcoma 1 0 0 1 1
Synovial sarcomas 2 0 1 0 1
Clear cell sarcoma 1 1 0 0 1

Results
Validation of anti-SLFN11 antibodies for IHC

Two recent IHC studies have been conducted on SLFN11
expression using different antibodies [2, 11]. However, the
staining patterns of SLFN11 seemed different depending on
the antibodies used. Because SLFN11 exclusively localizes in
the nucleus in cultured cells, staining of cytoplasmic regions is
likely to be non-specific, which, for example, is observed with
melanoma samples in The Human Protein Atlas (https://www.
proteinatlas.org/ENSG00000172716-SLFN1 1/pathology)
with rabbit anti-SLFN11 antibody (Sigma-Aldrich,
HPA023030). We compared sensitivity and specificity for
SLFNI11 of three commercially available anti-SLFN11 anti-
bodies by Western blotting and IHC. We used the human
prostate cancer DU145 cell line having high SLFN11 expres-
sion [23] and the human gastric cancer MKN45 cell line hav-
ing SLFN11 expression comparable to that of DU145 (Fig.
1a). To evaluate the non-specificity of the antibodies, we gen-
erated and used SLFNI11-deleted cells in MKN45 (MKN45
SLFN11-K.0.) (Fig. 1a). All three antibodies successfully de-
tected SLFN11 by Western blotting without an obvious non-
specific band at ~ 100 kDa. The intensity was strongest with
mouse D-2 SC (Fig. 1a). For the IHC, rabbit SA did not draw
out any nuclear staining whereas mouse D-2 SC provided the
strongest nuclear staining in MKN45. Mouse E-4 SC provid-
ed nuclear staining in MKN45 but weaker than that with
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mouse D-2 SC (Fig. 1b). In MKN45 SLFN11-K.O., none of
the antibodies provided positivity (Fig. 1b). From these re-
sults, we decided to use the mouse D-2 SC antibody (hereafter
named D-2 antibody) for further studies.

Diversity of SLFN11 expression among organs and
dynamic change of SLFN11 expression during
tumorigenesis

To establish the resource of SLFN11 expression profiles
across human tissues, we performed IHC for ~ 700 malignant
and adjacent non-tumor tissues across 16 major human adult
organs and scored them as 0/1+/2+/3+ according to the ratio
(%) of SLFNI11-positive cells in the main components.
Representative expression patterns of SLFN11 in non-tumor
and tumor tissues of major organs are shown in Fig. 2 with
their respective scores. The representative images of tumor
tissues with different scores are shown in Supplementary
Fig. S1. SLFN11 was predominantly detected in the nucleus
in all positive samples, confirming our established IHC pro-
tocol with the mouse D-2 antibody. The scores for all samples
are provided in Table 1 and plotted in Fig. 3. Notably, the
positivity of SLFN11 in non-tumor tissues exhibited broad
diversity with scores ranging from ~0 to ~100% across the
organs (Fig. 3a).

The expression of SLFN11 is mostly regulated epigeneti-
cally [5, 17, 21], and SLFN1 I-inactivation by genetic muta-
tion has rarely been found until now [13]. Hence, the
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expression of SLFN11 can be dynamic and affected by vari-
ous environmental factors during tumor development. The
comparison between non-tumor vs tumor tissues shown in
Fig. 3b reveals that colon and prostate tissues are consistently
SLFN11-negative in non-tumor and tumor tissues. The ratio
of SLFN11 scores was most consistent in the bile duct. In
other organs, there was a tendency for the population with
3+ positivity to be higher in tumor tissues compared to non-
tumor tissues, suggesting that SLFN11 expression can be
highly activated during tumorigenesis, consistent with its high
expression in Ewing’s sarcoma [1, 12]. By contrast, SLFN11
expression was inactivated in tumors compared to non-tumors
for glioblastoma, lung tissues, papillary renal cell carcinoma,
and chromophobe renal cell carcinoma. These results show
that SLFN11 expression is highly dynamic and very different
between non-tumor and tumor tissues in some organs. These
comprehensive SLFN11 expression analyses provide clinical-
ly important information about which organs to focus on when
using SLFNI11 as a predictive biomarker for DNA-damaging
agents.

Discrepancy in SLFN11 expression between our IHC
and the TCGA database

TCGA consortium provides a Pan-Cancer Atlas dataset in-
cluding gene expression for ~ 11,000 tumors from 33 of the
most prevalent forms of cancer (https://portal.gdc.cancer.

gov/). Although there is no question about the usefulness of
the TCGA database, the staining pattern of SLFN11 by IHC
raised some concerns about the tumor specificity of SLFN11
evaluation by TCGA. In addition to the main component of
each tissue, inflammatory or stromal cells surrounding the
main compartments sometimes exhibit robust nuclear
staining of SLFN11, with examples indicated by the black
arrows in Fig. 2 and Supplementary Fig. S1. Because RNA-
seq samples of TCGA include a mixture of tumor cells and
surrounding cells, SLFN11 expression levels could be influ-
enced by contamination from the sub-component cells.
Hence, we plotted the expression levels of SLFN11 in
TCGA and the scores of SLFN11 IHC in parallel to visualize
the difference in their ranges (Fig. 4). Although there is no
direct way to compare RNA-seq data and IHC scores, we can
reasonably compare attributes of their distributions. In the
brain and liver, for instance, the TCGA and IHC distributions
similarly span a wide range of values for tumor tissues, where-
as matched normal tissues largely have mean values compa-
rable to the tumor ones. However, in other tissues such as
breast and pancreas tissues, there is a huge discrepancy be-
tween TCGA and IHC distributions for both normal and tu-
mor tissues. The narrow, near-baseline distribution with IHC
relative to the broader and more substantial expression in
TCGA is especially apparent in the colon and prostate tissues.
These results are clinically important because SLFN11-
negative tumors by IHC are potentially non-responsive to
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<« Fig. 2 Representative images of immunohistochemistry (IHC) for non-
tumor and tumor regions in the indicated organs. The pairs of non-tumor
and tumor samples of each organ are not always from identical patients.
IHC scores are annotated at the top right of each panel. The black arrows
indicate inflammatory cells surrounding the main components

DNA-damaging agents, yet they could be overrated by tissue
RNA-seq.

Expression of SLFN11 in inflammatory cells

To assess the possibility of tumor contamination due to
SLFNI11 expression from inflammatory cells in tissue RNA-

seq samples, we analyzed the correlation between the expres-
sion of SLFN11 and CD8A, CD79A, and CD68, which are
representative cell surface markers of T cells, B cells, and
macrophages, respectively. We found significant correlations
between the expression of SLFN11 and all three markers in
the Pan-Cancer Atlas dataset (Fig. 5a), indicating that the
SLFN11 expression in tissue RNA-seq is influenced by in-
flammatory cells regardless of the origin of the tissues. To
further validate the precise distribution of expression of
SLFNI11, we examined the expression of SLFN11 and
CD8A, CD79A, and CD68 cell surface markers by IHC using
two sequential tissue sections. We found that some of the
SLFNI11-positive inflammatory cells showed robust
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<« Fig. 4 Parallel comparison of immunohistochemistry (IHC) scores and
TCGA data of SLFNI11 expression across 16 organs. IHC scores (0/1+/
2+/3+) from Table 1 (left) and SLFNI11 expression levels from TCGA
Pan-Cancer Atlas data (right) are plotted in parallel for the indicated
organs and tissues. mRNA expression levels are log2(x + 1)-transformed
batch effects-normalized values. Each point represents a patient sample,
and circular points represent normal tissue whereas triangular points rep-
resent tumor tissues. Averages are shown with black bars

expression of the cell surface markers of either CD8, CD79a,
or CD68 (Fig. 5b and Supplementary Fig. S2). Overall, our
study emphasizes the significance of evaluation by IHC with
mouse D-2 antibody, rather than by tissue RNA-seq, to pre-
cisely determine the expression of SLFN11.

Discussion

Although there is a pressing need to evaluate the expression of
SLFN11 precisely in patient samples, prior to our study, there
have been no reports examining tissue specificity or diversity
of the expression of SLFN11 in a wide variety of tissue sec-
tions. In the present study, we set up the methods of IHC for
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and IHC that inflammatory cells have robust expression of
SLFN11, which raises the importance of using IHC rather
than tissue RNA-seq to evaluate SLFN11 expression in pa-
tient samples. One of the crucial findings of this study is that
the expression pattern of SLFN11 revealed by IHC spans a
broad range and exhibits tissue specificity. Some organs in-
cluding colon and prostate showed almost no expression of
SLFN11, in either non-tumor or tumor tissues, whereas other
organs such as brain and lung showed varying levels of ex-
pression of SLFN11 in both tissue types. These findings high-
light that tumors in such tissues with a wide range of SLFN11
expression are likely to be the most suitable for examining
SLFN11 expression because such evaluation could be tested
to select appropriate drug regimens for patients.

The present study suggests the plasticity of SLEN11 ex-
pression during tumourigenesis. In breast, pancreas, and uri-
nary bladder tissues, expression of SLFN11 was low in the
normal tissues whereas its expression was found in 20-70% of
the tumor tissues. In contrast, SLFN11 expression was largely
suppressed in lung squamous cell carcinoma compared to
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Scale bars are 50 pm in the enlarged images
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normal alveolar epithelium. Additionally, the population with
3+ positivity was overall higher in tumor tissues compared to
non-tumor tissues. As SLFN11 expression is mostly regulated
epigenetically [5, 17, 18, 21], SLFN11 expression will be
convertible in both directions. Indeed, erasing of promoter
DNA or histone methylation by 5-azacitidine, by inhibitors
of EZH2, or with HDAC inhibitors can reactivate SLFN11
expression, leading to re-sensitization to DNA-damaging
agents in cultured cells and mouse xenograft models [5, 17,
21]. This information implies that tumors have or easily de-
velop heterogeneity of SLFN11 expression, although the
mechanisms of regulation are mostly unknown except for
the finding of FLII and ETS transcription factors as direct
transcriptional activators of SLFN11 [20]. Because the regu-
lation of SLFN11 expression is druggable by epigenetic mod-
ulators [5, 17, 21], clinical trials may be warranted to reacti-
vate SLFN11 and sensitize tumors to DNA-damaging agents.

Previous studies have suggested the functional role of
SLFNI1 in immune pathways and the expression of
SLFN11 in inflammatory or stroma cells, which can be sup-
ported by the fact that the expression of SLFN11 was induced
by cytokines including IFN-3 and IFN-y [8, 10, 14]. One
report examined the correlation between the expression levels
of representative markers of T cells and SLFN11 in breast
cancer [8]. However, the detailed regulation of SLFN11 ex-
pression in inflammatory or stroma cells has not been clari-
fied. Indeed, not all of the inflammatory or stromal cells are
positive for SLFN11, examples of which are seen in Fig. 2 in
non-tumor and tumor tissues of the stomach and uterine cor-
pus. Contrastingly, colon tissues with highly SLFN11-
positive inflammatory or stroma cells in non-tumor and tumor
tissues are shown in Fig. 2. These cells highly expressing
SLFN11 in their subcomponents can confound the interpreta-
tion of expression levels by bulk tissue RNA-seq. The signif-
icance of SLFN11 expression in the stroma of some tumors is
notable, and further studies are warranted to establish its po-
tential significance, namely, in the context of immune check-
point modulators.

In summary, we developed a new resource establishing the
staining property of SLFN11 in a wide variety of sections of
normal and tumor tissues from organs of adult humans. We
anticipate that more retrospective or prospective studies from
independent facilities and research groups will be conducted
to verify the usefulness of SLFN11 expression as a predictive
biomarker for DNA-damaging agents in cancer patients. For
that purpose, the present resource provides numerous items of
practical importance, such as the rigid IHC protocol, and it
raises noteworthy issues relating to sources of SLFN11 ex-
pression. Furthermore, our study provides important insights
into the issues of drug resistance and disease recurrence and
suggests a strategy to overcome drug resistance through reac-
tivation of SLFN11 expression.
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