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We provide evidence that human SLFN5, an interferon (IFN)-inducible member of the Schlafen (SLFN) family of proteins, ex-
hibits key roles in controlling motility and invasiveness of renal cell carcinoma (RCC) cells. Our studies define the mechanism by
which this occurs, demonstrating that SLFN5 negatively controls expression of the matrix metalloproteinase 1 gene (MMP-1),
MMP-13, and several other genes involved in the control of malignant cell motility. Importantly, our data establish that SLFN5
expression correlates with a better overall survival in a large cohort of patients with RCC. The inverse relationship between
SLFN5 expression and RCC aggressiveness raises the possibility of developing unique therapeutic approaches in the treatment of
RCC, by modulating SLFN5 expression.

Interferons (IFNs) are cytokines with important antineoplastic
activities and therefore are frequently utilized in the treatment

of cancer (1–4). A malignancy that exhibits sensitivity to inter-
feron treatment is renal cell carcinoma (RCC) (5). RCC is the
most common type of kidney tumor in humans and is associated
with high morbidity and mortality (6, 7). In general, patients with
recurrent or advanced disease have limited treatment options and
a very poor overall prognosis (7). The Schlafen (SLFN) family of
genes includes several members that share structural homology
and play regulatory roles in the control of cell cycle progression
and cell growth arrest (8–12). There are several human and mouse
genes that are members of the SLFN family (9, 11). Prior evidence
has implicated members of the Schlafen family in the regulation of
tumorigenesis (13–18). Notably, expression of various members
of this family is upregulated following treatment with type I IFNs
(17–19), cytokines known to promote induction of antineoplas-
tic, antiviral, and immunoregulatory effects (1–4). Despite the
induction of human and mouse SLFN genes by IFNs, the precise
mechanisms by which SLFNs mediate antineoplastic responses in
different types of malignant human cells remain to be determined.

In the present study, we provide evidence that the expression of
human SLFN5 is inducible by type I IFN receptor. SLFN5, like
other long SLFNs, is characterized by a large C-terminal exten-
sion, a DNA/RNA helicase domain, and a nuclear localization
sequence (NLS) (9, 20). Although SLFN5 is induced in melanoma
cells following IFN treatment (18), the role of SLFN5 in tumor
progression is largely unknown.

In efforts to define the functional implications of SLFN5 ex-
pression in malignant RCC cells, we found that SLFN5 repressed
the motility and invasiveness of malignant renal cell carcinoma
cells, by negatively controlling the expression of matrix metallo-
proteinase (MMP) genes, such as MMP-1 and MMP-13. Impor-
tantly, analysis of SLFN5 mRNA expression in a large number of
samples from a cohort of RCC patients demonstrated that SLFN5
expression correlates with better overall survival of RCC patients.
Altogether, our studies for the first time establish a mechanism by

which a member of the SLFN family mediates antineoplastic re-
sponses in a distinct malignancy and suggest that a unique future
therapeutic approach may involve identification of pharmacolog-
ical agents that selectively upregulate SLFN5.

MATERIALS AND METHODS
Cell lines and reagents. The 786-0 human RCC cell line was purchased
from the American Type Culture Collection (ATCC) and was grown in
RPMI 1640 supplemented with 10% fetal bovine serum (FBS), sodium
pyruvate, and antibiotics. The ACHN human RCC cell line was also
purchased from ATCC and grown in minimum essential medium
(MEM), supplemented with 10% FBS, antibiotics, sodium pyruvate,
nonessential amino acids, L-glutamine, and sodium bicarbonate. Re-
nal proximal tubule epithelial cells (RPTEC) were purchased from
Lonza and maintained in the Clonetics REGM Bullet kit containing the
following growth supplements: human epidermal growth factor
(hEGF), hydrocortisone, epinephrine, insulin, triiodothyronine,
transferrin, GA-1000, and FBS.

Generation of lentiviral SLFN5-Myc-Flag tag construct. The third-
generation lentivirus-based tetracycline-inducible transgene expression sys-
tem was purchased from Clontech Laboratories. The Myc-Flag-tagged cod-
ing sequence of human SLFN5 was purchased from OriGene. Full-length
coding sequences of SLFN5 and Myc-Flag tags were subcloned into the pLVx-
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Tet-One-Puro vector, downstream of the TRE3GS promoter, in between
BamHI and BstZ17I restriction enzyme recognition sites. The resultant con-
struct was confirmed by diagnostic restriction enzyme digestion and conven-
tional PCR using primers that amplify SLFN5 coding sequence and then

introduced into the Stbl3 chemically competent Escherichia coli strain (Life
Technologies) by chemically based transformation. The resultant lentivi-
ral vector is pLVX/tetONE-puro-SLFN5-Myc-Flag-tag. The pLVX/
tetONE-puro-luciferase vector was used as a negative control.

FIG 1 IFN-�-induced expression of SLFN genes in human renal cell carcinoma cells. (A) 786-0 cells were treated with IFN-� for the indicated time. Total mRNA was
isolated, and expression of SLFN5, SLFN11, SLFN12, and SLFN13 was measured by real-time RT-PCR, using GAPDH as a housekeeping gene. Data are expressed as the
fold increase over control untreated samples and represent means � standard errors of results from four independent experiments. Paired two-tailed t test analysis
showed a two-tailed P value of 0.0108 for SLFN5 at 6 h compared to control. (B) 786-0 cells were treated with IFN-� as indicated, and after cell lysis, total proteins were
resolved by SDS-PAGE and immunoblotted with an anti-SLFN5 antibody or an anti-GAPDH antibody. (C) ACHN cells were treated with IFN-� for the indicated times.
Total RNA was isolated, and expression of SLFN5, SLFN11, SLFN12, SLFN13, and SLFN14 was measured by real-time RT-PCR using GAPDH as a housekeeping gene.
Data are expressed as the fold increase over control of untreated samples and represent means � standard errors of results from three independent experiments. Paired
two-tailed t test analysis showed a two-tailed P value of 0.0188 for SLFN5 at 6 h compared to control. (D) ACHN cells were treated with IFN-� as indicated, and after cell
lysis, proteins were resolved by SDS-PAGE and immunoblotted with an anti-SLFN5 antibody or an anti-� tubulin antibody.

FIG 2 Expression of SLFN5 in normal human renal proximal tubule epithelial cells (RPTEC). (A) RPTEC and 786-0 cells were lysed, and proteins were resolved
by SDS-PAGE and immunoblotted with antibodies against SLFN5 or GAPDH, as indicated. (B) RPTEC were treated with IFN-� for the indicated time. Total
mRNA was isolated, and expression of SLFN5 was measured by real-time RT-PCR, using GAPDH as a housekeeping gene. Data are expressed as the fold increase
over control untreated (UT) samples and represent means � standard errors of results from two independent experiments.
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FIG 3 Effects of SLFN5 knockdown on RCC morphology. (A) 786-0 cells were transiently transfected with control siRNA or SLFN5 siRNA, and after cell lysis,
total lysates were resolved by SDS-PAGE and immunoblotted with an anti-SLFN5 antibody or an anti-GAPDH antibody, as indicated. (B) 786-0 cells stably
expressing control shRNA-GFP� or SLFN5 shRNA-GFP� were lysed, and total cell lysates were resolved by SDS-PAGE and immunoblotted with anti-SLFN5 or
anti-GAPDH antibodies, as indicated. (C) 786-0 cells were transiently transfected with control (CTRL) siRNA or SLFN5 siRNA. Forty-eight hours later, cells were
imaged by phase-contrast microscopy at low (left panels) and high (right panels) magnifications. (D) 786-0 cells seeded onto glass coverslips were transiently
transfected with control siRNA or SLFN5 siRNA with Lipofectamine RNAiMAX; at 48 h after transfection, the cells were fixed, permeabilized, and stained.
Confocal fluorescence microscopy of focal adhesion and actin cytoskeleton was performed with triple labeling, using tetramethyl rhodamine-isothiocyanate
(TRITC)-conjugated phalloidin (lower right panels), antivinculin monoclonal antibody (lower left panels), and 4=,6-diamidino-2-phenylindole (DAPI) (upper
right panels). Overlay of fluorescent signals is shown in upper left panels. Images are representative areas of the entire coverslip analyzed. Bars, 50 �m. (E) 786-0
cells stably expressing control shRNA-GFP or SLFN5 shRNA-GFP were seeded for 24 h onto glass coverslips. Cells were then fixed, permeabilized, and stained
with Alexa Fluor 568-labeled phalloidin to detect cytoskeletal F-actin by confocal fluorescence microscopy. Representative areas showing the F-actin structure are
shown. (F) Diameter distributions of 786-0 control shRNA-GFP� and SLFN5 shRNA-GFP� cells were measured using the Scepter 2.0 cell counter. Differences
in cell diameter are plotted on a bar graph and represent means � standard errors from three independent counts.
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Establishment of stable cell line expressing doxycycline-inducible
SLFN5-Myc-Flag tag. 786-0 cells were transduced by lentiviruses pLVX/
tetONE-puro-SLFN5-Myc-Flag-tag and pLVX/tetONE-puro-luciferase
(negative control). Transduced 786-0 cells were then grown in 2 �g/ml
puromycin and split 1:5 once cell density reached 80 to 90% confluence.
Cells were grown over 2 successive passages with the selection medium.
Clones that survived were selected and expanded. Overexpression of
SLFN5 protein was confirmed after 72 h of doxycycline treatment (0.25
�g/ml) by immunoblotting using an SLFN5 antibody (Sigma-Aldrich).

Cell lysis and immunoblotting. Cells were lysed in phosphorylation
lysis buffer (PLB), as previously described (21, 22). An antibody against
SLFN5 was purchased from Sigma-Aldrich. An antibody against glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was obtained from
Millipore, and anti-�-tubulin antibody was obtained from Santa Cruz
Biotechnology. Immunoprecipitations and immunoblotting using an en-

hanced chemiluminescence method were performed as in previous stud-
ies (23, 24).

RNA interference (RNAi) knockdown of SLFN5. Transient knock-
down of SLFN5, MMP-1, and MMP-13 was performed using a pool of
three target-specific small interfering RNAs (siRNAs) as well as nontar-
geting control pool siRNA, purchased from Santa Cruz Biotechnology,
using Lipofectamine RNAiMAX (Invitrogen) per the manufacturer’s in-
structions. After transfection, cells were kept in culture for 48 h and then
either harvested for PCR or immunoblotting analysis or plated for further
experiments. The generation of stable SLFN5 knockdown cells was per-
formed using third-generation lentiviral particles that contained a pool of
three target-specific constructs that encode short hairpin RNA (shRNA)
and green fluorescent protein (GFP) (Santa Cruz Biotechnology). The
lentiviral particles were delivered to the cells per the manufacturer’s in-
structions. GFP-positive cell lines were sorted by flow cytometry.

FIG 4 Knockdown of SLFN11, SLFN12, or SLFN13 does not result in loss of stress fibers and reduction in cell size. (A to E) 786-0 cells seeded for 24 h onto glass
coverslips were transiently transfected with control siRNA (A), SLFN5 siRNA (B), SLFN11 siRNA (C), SLFN12 siRNA (D), or SLFN13 siRNA (E) using
Lipofectamine RNAiMAX; at 48 h after transfection, the cells were fixed, permeabilized and incubated with 4=,6-diamidino-2-phenylindole and Alexa Fluor
568-labeled phalloidin. Overlays of representative fluorescence signals are shown. (F) 786-0 cells were transiently transfected, respectively, with SLFN5, SLFN11,
SLFN12, or SLFN13 siRNA or control siRNA, and mRNA expression for different SLFNs was measured by real-time RT-PCR, using a GAPDH primer as a
control. Data are expressed as the fold change over controls and represent means � standard errors of results from three independent experiments.
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Secreted MMP immunoblotting. 786-0 cells were transfected with
control siRNA or siRNA specifically targeting SLFN5. After 24 h of serum
starvation, the conditioned media were collected and concentrated 10 times
using a Centriprep Ultracel YM-10 concentrator (Millipore). Equal amounts
of proteins from the concentrated medium were subjected to SDS-PAGE
electrophoresis. Immunoblotting using the enhanced chemiluminescence
(ECL) method was performed as in our previous studies (23, 24). Anti-
MMP-1 and anti-MMP-13 antibodies were obtained from Millipore. Anti-
MMP-2 and anti-MMP-9 antibodies were purchased from Cell Signaling.

Quantitative reverse transcription-PCR (RT-PCR). RNA was iso-
lated using the RNeasy kit from Qiagen. Total cellular RNA was reverse
transcribed into cDNA with oligo(dT) primers (Invitrogen) using the
Omniscript reverse transcription kit from Qiagen. PCR was performed on
an Applied Biosystems 7500 real-time PCR system using TaqMan Gene
Expression master mix according to the manufacturer’s instructions and
the following TaqMan primers: SLFN5, SLFN11, SLFN12, and SLFN13
genes and MMP-1, MMP-2, MMP-3, MMP-9, MMP-13, MMP-14, and
MMP-15 (Applied Biosystems). Data were analyzed for expression rela-
tive to GAPDH using the comparative threshold cycle (CT) method (25).
Relative quantitation of mRNA levels was plotted as the fold change com-
pared with untreated samples.

RNA-seq analysis. Quality and quantity of total RNA were deter-
mined using the Agilent 2100 Bioanalyzer and a NanoDrop spectropho-
tometer. One microgram of total RNA was used to prepare the transcrip-
tome sequencing (RNA-seq) library [poly(A) selection based] using
Illumina TruSeq technology (Illumina, San Diego, CA). The generated
libraries were sequenced on an Illumina Hi-Seq 2000 sequencer (100-bp-
long single-end reads). The sequences were aligned with the human ge-
nome (hg19; UCSC genome browser). Alignment with the human refer-
ence genome 19 was performed using the Genomic Short-read Nucleotide
Alignment Program (GSNAP) (26). GSNAP detects novel splice events
and known splice junctions based on ENSEMBL GTF annotations for the
reference genome. Assignment of reads to genes was performed by htseq-
count (http://www-huber.embl.de/users/anders/HTSeq/doc
/count.html), a component of the HTSeq Python library (http://www
-huber.embl.de/users/anders/HTSeq/doc/overview.html). Assignments
were made using known transcripts in the organism’s ENSEMBL GTF
annotation file using the union strategy, and alignments with a quality
score lower than 20 were excluded. Differential expression analysis be-
tween tumor and normal samples was performed by edgeR, a bioconduc-
tor package specifically for the analysis of replicated count-based expres-
sion data (27). Gene counts were normalized by the trimmed mean of M
component method. Gene expression was corrected using a moderated
binomial dispersion correction, and then an exact test was used to assess
differential expression. The resultant P values were adjusted for false dis-
covery rate (FDR) by using Benjamini and Hochberg’s approach, and only
adjusted P values of �0.05 were considered statistically significant.

TCGA data analysis. Data for RNA-seq for RCC samples were ob-
tained from The Cancer Genome Atlas (TCGA) Data Portal. These in-
cluded 470 RCC samples and 68 nontumor kidney controls. Kaplan-
Meier curves were used for survival analysis as in previous studies (28).

3D collagen contraction assay. Contraction in three-dimensional
(3D) collagen was analyzed as described previously (18, 29). Briefly, 1 �
105 stable transfected cells were suspended in 2.2% (wt/vol) collagen type
1, purchased from BD Biosciences, and allowed to form a cylinder-shaped
plug. The plug was then inserted in an additional layer of collagen to allow
formation of a core with a clean border between cells and the surrounding
collagen. Wells were overlaid with medium and supplemented with the
MMP inhibitor GM6001 (Millipore) in the indicated experiments, and
collagen contraction was detected after 4 days. Gel contraction was re-
corded by scanning the plate, and the surface area of the inner gel plug was
quantified using ImageJ. The relative changes in the surface area were
recorded as the percentage of the original surface area.

Cell proliferation/viability assays. For WST-1 assays, cells were
plated in 96-well plates and viable cells were quantified using WST-1

reagent (Roche) according to the manufacturer’s protocol. For cell-
counting assays, cells were trypsinized, centrifuged, and resuspended in
culture medium, and then cells were counted with a Scepter 2.0 cell coun-
ter equipped with a 60-�m sensor tip (Millipore). Cell counts and cell size
distributions were analyzed with the Scepter 2.0 Software Pro computer
software. To determine cell viability, cells were plated at a density of 2.5 �
105 cells/plate in 150-mm culture plates and cultured for 3 to 4 days. After
trypsinization, centrifugation, and resuspension in culture medium, via-
ble cells were counted using the trypan blue dye exclusion test.

Immunofluorescence. Cells grown on glass coverslips were quickly
washed with phosphate-buffered saline (PBS) three times, fixed in 3.7%
formaldehyde in PBS for 5 min at room temperature, and then permeab-
ilized with 0.2% Triton X-100 in PBS for 5 min. After three washes with
PBS, fixed cells were blocked with 1% normal goat serum in PBS contain-
ing 1% bovine serum albumin (BSA) and incubated at 37°C for 15 min.
Primary and secondary antibody incubations were performed at 37°C for
30 min interspaced with three washes with PBS, the first of which con-
tained 0.05% Tween 20. Coverslips were mounted with antifade mount-
ing medium (p-phenylenediamine in 80% glycerol, 50 mM Trizma base,
pH 8.5). Stained cells were imaged using a laser scanning confocal micro-
scope, Nikon A1R, using 40� (numerical aperture [NA], 1.3) or 60�
(NA, 1.4) Plan Apo VC oil objectives. The four lasers used to image are
405, 488, 561, and 640. The actin cytoskeleton/focal adhesion staining kit
(FAK100) from Millipore was used for focal adhesion staining. For con-

FIG 5 SLFN5 knockdown does not affect cell proliferation. (A) Equal num-
bers of 786-0 control siRNA- and SLFN5 siRNA-transfected cells were cul-
tured for the indicated times. After 1, 2, 4, 5, and 6 days of incubation, cell
proliferation was assessed by WST assays. Data are expressed as means �
standard errors of results from three independent experiments. (B) Control
shRNA-GFP� and SLFN5 shRNA-GFP� 786-0 cells were seeded in culture
dishes and harvested after 3 or 4 days. Cell counts were obtained using the
trypan blue dye exclusion test. Data are expressed as means � standard errors
of results from three independent experiments.
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focal fluorescence microscopy detecting only F-actin, Alexa Fluor 568-
labeled phalloidin (Invitrogen) was used.

Live-cell imaging. To perform live-cell imaging, 1.5 � 104 cells were
plated in glass-bottom microwell dishes (MatTek Corporation) and
transfected with control (Ctrl) siRNA and SLFN5 siRNA. At 48 h after
transfection, live-cell imaging to track migratory behavior was performed
on a Nikon Biostation IM-Q Cell-S2 incubator wide-field microscope
(Nikon Instruments). The cells were incubated at 37°C with 5% CO2

throughout the duration of image acquisition. Images were taken at 10-
min intervals for 8 or 12 h using a 40� lens (NA, 0.8). Subsequently, cells
were stained with CellTracer carboxyfluorescein succinimidyl ester
(CFSE) green from Invitrogen, according to the manufacturer’s protocol.
Migratory events were analyzed by simple image segmentation using the
intensity threshold in Nikon Elements software. A migratory event is de-
fined by a cell track that can be continuously traced within the field of
view. If a cell crawls out of the field of view, the track is terminated. If a cell
moves into the field, a new track is established.

Migration and invasion assays. Migratory activity was analyzed using
a BD BioCoat control 8.0-�m polyethylene terephthalate (PET) mem-
brane (30). After 48 h from transient transfection, 1 � 105 cells were
added in 500 �l of serum-free medium to 24-well cell culture upper cham-

ber inserts. Cells were left to migrate for 3 h toward 750 �l of medium
containing serum, present in the lower chamber. Invasive activity was
analyzed using Corning BioCoat growth factor-reduced (GFR) Matrigel
invasion chambers. At 48 h after transient transfection, 1 � 105 cells were
added in 500 �l of serum-free medium to 24-well cell culture upper cham-
ber inserts. Cells were left to migrate for 6 h toward 750 �l of medium
containing serum, present in the lower chamber. Cells that did not mi-
grate or invade through the pores were removed from the upper chamber
by a cotton swab. Migrating and invading cells adhering to the bottom of
the membranes were fixed and stained using 0.5% crystal violet in 20%
methanol solution. The membranes were then photographed, and the
numbers of migrating and invading cells were manually counted using
ImageJ software.

Microarray data accession number. The RNA-seq data sets are avail-
able for download on the GEO database under accession number
GSE64399.

RESULTS

In initial studies, we examined the induction of mRNA expression
of different human SLFN genes in human RCC cells in response to

FIG 6 Effect of SLFN5 overexpression on cell morphology. (A) 786-0 pLVX/tetONE-puro-SLFN5-Myc-Flag tag-transduced cells were treated with doxycycline
(Dox) as indicated, and after cell lysis, proteins were resolved by SDS-PAGE and immunoblotted with an anti-SLFN5 antibody and an antitubulin antibody. (B)
The same cells as used in panel A were treated with doxycycline for 72 h and then seeded onto 0.2% gelatin-coated glass coverslips. Cells were then fixed,
permeabilized, and stained with Alexa Fluor 568-labeled phalloidin and 4=,6-diamidino-2-phenylindole (DAPI) to detect cytoskeletal F-actin and nuclei by
confocal fluorescence microscopy. Representative areas showing the F-actin structure and nuclei are shown. Bars, 100 �m. UT, untreated.
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FIG 7 RNA-seq analysis of SLFN5 knockdown (KD). (A) Differential gene expression in 786-0 cells in which SLFN5 was knocked down compared to controls,
based on RNA-seq analysis. Genes labeled in red are significantly differentially expressed (	log2 difference with a P value of �0.05). (B) KEGG pathway analysis
of differentially expressed genes is shown. (C) Heat map of top differentially expressed genes is shown. MMP-1 and MMP-13 are indicated by arrows.
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treatment with type I IFNs. Alpha IFN (IFN-�) treatment resulted
in strong expression of SLFN5 mRNA and protein in 786-0 cells
(Fig. 1A and B). The expression of other human SLFN genes was
minimally inducible or not inducible at all (Fig. 1A). Similar re-
sults were obtained when the ACHN RCC line was used (Fig. 1C
and D), raising the possibility that the antitumor effects of type I
IFNs in renal cell carcinoma are mediated by SLFN5 protein ex-
pression. SLFN5 was also expressed in normal renal proximal tu-
bule epithelial cells (RPTEC) (Fig. 2A), and IFN treatment also
upregulated SLFN5 mRNA expression in these normal cells
(Fig. 2B).

To examine the functional relevance of SLFN5 expression in
RCC cells, SLFN5 protein levels were transiently knocked down by
SLFN5-specific siRNA or stably downregulated by shRNA-medi-
ated targeting (Fig. 3A and B). Transfection with SLFN5 siRNA
resulted in a dramatic morphological change in 786-0 cells (Fig.
3C). As expected, control cells exhibited an epithelial cell-like phe-
notype (Fig. 3C, top panels), but cells in which SLFN5 was

knocked down exhibited a more spindle-shaped morphology (Fig.
3C, bottom panels). To better define the morphological changes,
cells were stained with antibodies against F-actin or against vin-
culin, a key component of the focal adhesion complex. There was
a robust decrease in the focal adhesion assembly, with loss of stress
fibers, and a reduction in cell size following transient knockdown
of SLFN5 (Fig. 3D). Similarly, stable knockdown of SLFN5 re-
sulted in loss of stress fibers and reduction in cell size (Fig. 3E and
F). In contrast, knockdown of SLFN11, SLFN12, or SLFN13 did
not result in any significant change (Fig. 4). Importantly, there was
no significant change in cell viability or proliferation observed
when SLFN5 was knocked down (Fig. 5). In other studies, when
SLFN5 was exogenously overexpressed, there were no significant
effects on cell morphology (Fig. 6), suggesting that endogenous
baseline levels are important for regulation of cell morphology.

Since these findings suggest that SLFN5 controls pathways in-
volved in cytoskeletal rearrangement, we performed RNA-seq
analysis to examine the global effects of SLFN5 knockdown on

TABLE 1 Top functional pathways altered by SLFN5 knockdown

Pathway
no. Top diseases and functions Molecules in network

1 Cell morphology, cellular assembly and organization,
cellular function and maintenance

ACTBL2, ALKBH8, ATG16L2, ATR, BBS10, CCDC9, CCT2, CCT8, CEP164,
CNN3, DAW1, DNAJC12, DNAJC27, DR1, DYRK2, FBXO25, HSPA9,
ING3, KRT2, LRRFIP2, MAGOH, MPP3, MYO18A, NCL, NDRG1,
NOLC1, PAN2, RPS2, SERBP1, SMN1/SMN2, TPM4, TTC8

2 Cell morphology, infectious disease, hereditary
disorder

ALOX5AP, ANKRD1, ANO3, ARHGAP28, ARRDC3, AZI1, BMPER, CBR3,
CLEC11A, DMD, EPCAM, FBXO32, IL12A, KDM2A, MIB1, MYPN,
NEBL, PAK1IP1, PNMA1, SENP2, SERPINB7, SNTB1, SNTB2,
TNFRSF19, TNIP3, TNNT1, UHMK1, UNC5CL, VOPP1, WWP2,
ZNF385A

3 Dermatological diseases and conditions, tissue
morphology, cancer

ARHGAP21, C1orf106, CALB2, CCNA1, CDC42BPG, CREB3L1, CREB3L4,
CTNNBIP1, ECM1, GANAB, GOLGA2, GORASP2, HABP2, HOXD3,
JUP, KLHDC9, LTBP1, P24, PACS2, PCDHB14, PERP, QPCT, SCEL,
SERPINA1, SERPINE1, SFN, SMARCE1, TGFA, TMEFF1, WDYHV1

4 Developmental disorder, hematological disease,
hereditary disorder

ACAP1, ADAMTSL4, C17orf103, CARD11, CATSPER1, CFI, CNTN1,
CUBN, DDIT4, FKHR, GDF15, GNE, NTN4, PBXIP1, PID1, PPP2R1B,
PRODH, PSAT1, PTPRB, RRP1B, SEMA6A, SH2B1, SIKE1, SORBS2,
SPRR3, SULF2, SYNM, TINAG, TRIB3, UCN2

5 Carbohydrate metabolism, cardiovascular disease,
cellular development

ADAMTS1, ATP9A, BRIX1, CDK14, CDK16, Cg, CGB7, CREBL2, DDX21,
DHRS3, ECE1, FRAT1, FRAT2, FSH, GATA6, GPIIB-IIIA, GRN, GSTZ1,
HEXIM1, LYAR, MAF, MARCH3, NES, PHLDA1, POLR3G, RGS5, SACS,
SLC16A6, STEAP1, TNPO1, UAP1

6 Cellular assembly and organization, behavior,
nervous system development and function

ANP32E, BCAS3, BRINP1, CLOCK, ING4, KIAA0020, MTUS1, NIP7,
NPIPA1 (includes others), NR1D1, OPHN1, ORAI3, PAGR1, PATZ1,
PER1, PNO1, PPARA, PPARGC1B, RFX3, SLFN5, SOX2, STK33,
ZDHHC11, ZKSCAN1, ZNF76, ZNF33A

7 Connective tissue disorders, dermatological diseases
and conditions, hereditary disorder

ANK2, COL12A1, COL17A1, COL4A1, COL6A1, COL6A2, COL6A3,
COL6A5, CTGF, DOCK4, F11R, FBN1, FUT4, IL17RD, MMP13,
PCOLCE2, RAB26, RABL6, RRBP1, RYR3, SEC23A, TGFB2, THBS1,
TRPM2

8 Cellular assembly and organization, nervous system
development and function, cellular function and
maintenance

AMPH, ATP8A2, DENR, DNM3, DUSP7, FXYD2, GBA, HTRA1, NGEF,
PODXL, PP1/PP2A, PPP1CB, PPP1R14B, PPP1R16A, PPP1R9B,
RABGEF1, SH2D4A, SIK1, SNAP25, SPTBN2, STX3, STX11, STX12, TNC,
UNC13B

9 Lipid metabolism, molecular transport, small-
molecule biochemistry

ABCC3, ACTR1B, AFP, CD163L1, CENPF, CORO2B, CP, CXADR, GLS,
HPGD, interleukin-6 (IL-6), LONP1, MBL2, MIA2, MOK, MYO1D, PPL,
RRP15, SPINT1, TBC1D9, TSC22D1, VEPH1, ZW10

10 Hematological disease, metabolic disease, lipid
metabolism

AKR1C3, ANGPTL4, B4GALT1, CCNG2, CYP27B1, ERLIN1, ERLIN2,
ESRRG, FASN, FOXO4, GADD45A, GADD45B, GBP2, NFE2L1, NFKBIB,
NR1H4, PNRC1, POLR3F, PPARGC1A, RNF139, RXRB, T3-TR-RXR,
TK2, TSPAN1, ZNRD1
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cellular pathways and to identify putative effector elements. RNA-
seq analysis showed that 956 genes were upregulated and 570
genes were downregulated following SLFN5 knockdown (Fig.
7A). We determined that cancer-related pathways were the high-
est-ranked pathways affected by SLFN5 knockdown (Fig. 7B). Ad-
ditionally, pathways involved in focal adhesion and cell junctions
were also regulated by SLFN5 (Fig. 7B). Overall, elements of path-
ways involved in the regulation of cell morphology were found to
be the most affected in another independent pathway analysis
(Table 1). Significantly, the matrix metalloproteinase 1 gene
(MMP-1) and MMP-13 were among the top dysregulated genes by
SLFN5 knockdown in the RNA-seq data (Fig. 7C).

To validate the RNA-seq data demonstrating that MMP-1 and
MMP-13 are increased by SLFN5 knockdown, 786-0 cells were
transiently transfected with Ctrl siRNA or SLFN5 siRNA and
mRNA expression for MMP-1, MMP-2, MMP-3, MMP-9, MMP-
13, MMP-14, and MMP-15 was assessed by reverse transcription-
PCR (RT-PCR) (Fig. 8A). MMP-1 and MMP-13 were robustly
upregulated by SLFN5 transient knockdown (Fig. 8A), while there
were no significant changes in the other MMPs examined (Fig.
8A). In addition, SLFN5 knockdown increased the protein levels
of both MMP-1 and MMP-13 in the conditioned medium with-
out affecting the expression of MMP-2 and MMP-9 (Fig. 8B). We
also confirmed the effects of SLFN5 on several other genes in-
volved in cell adhesion, cytoskeletal organization, and motility,
including PCDHGB2, PCDHB11, PPL, JUP, KIF1C, and TPM4
(Fig. 9).

Since SLFN5 knockdown causes pronounced cytoskeletal
changes, we examined the extent to which SLFN5 knockdown
modifies the extracellular matrix (ECM) using the collagen con-
traction assay. SLFN5 knockdown resulted in a dramatic increase
of collagen contraction that was blocked by adding the MMP in-
hibitor GM6001 (Fig. 10A and B). As GM6001 is a broad-spec-
trum MMP inhibitor, we used specific siRNAs to selectively target
MMP-1 or MMP-13 and determine whether this modulates the
effects of SLFN5 knockdown. Knockdown of either MMP-1 or
MMP-13 reversed the effects of SLFN5 knockdown (Fig. 10C to
E), indicating that the functions of both of these MMPs are re-
quired for the increased contractility seen when SLFN5 is targeted.

Since MMPs also mediate cell migration and invasion, we next
examined the effects of SLFN5 knockdown on cell motility by
live-cell imaging. Cells transfected with SLFN5 siRNA demon-
strated increased cell motility (Fig. 11A; see also Movies S1 and S2
in the supplemental material). SLFN5 knockdown also increased
migration in a transwell migration assay (Fig. 11B and C). In ad-
dition, SLFN5 knockdown increased invasion of 786-0 cells
through Matrigel-coated transwell membranes (Fig. 11D and E).
Taken together, these results provide strong evidence for a key
negative regulatory role for SLFN5 in RCC tumor progression.

Since our results using renal cell carcinoma cell lines provided
evidence for a potential important functional role for SLFN5 in
RCC progression, we next sought to determine the expression of
SLFN5 in RCC samples and whether its expression was linked to
overall survival. We analyzed a recently obtained RNA-seq data set
of 470 RCC samples and compared the data to 68 nontumor con-
trol kidney samples (28, 31). Although SLFN5 was significantly
overexpressed in RCC samples (t test, P value 
 2 � 10�6) (Fig.
12A), higher expression of SLFN5 was significantly associated
with a better overall survival in RCC samples (log rank, P value 

0.003) (Fig. 12B). In addition, when the prognostic effects of

MMP-1 or MMP-13 in RCC were evaluated, we found that high
MMP-13 expression correlated significantly with adverse overall
survival (Fig. 12C), while MMP-1 independently did not show any
significant correlation with survival (Fig. 12D).

DISCUSSION

Although the precise biochemical functions and mechanisms of
action of members of the Schlafen family of proteins remain to be
established, there has been emerging evidence implicating human
SLFNs in the control of various cellular functions and in the
pathophysiology of some diseases. Human SLFN11 has been
shown to inhibit viral protein synthesis in HIV-infected cells (32)
and to sensitize malignant cells to DNA-damaging agents and
other chemotherapeutic cells (15). Human SLFN5 has been im-
plicated in the control of anchorage-independent growth of ma-
lignant melanoma cells (18), while human SLFN12 has been im-

FIG 8 SLFN5 knockdown increases expression and secretion of MMP-1 and
MMP-13. (A) 786-0 cells were transiently transfected with control siRNA or
SLFN5 siRNA, and gene expression for MMP-1, MMP-2, MMP-3, MMP-9,
MMP-13, MMP-14, and MMP-15 was analyzed 48 h after transfection by real-
time RT-PCR using specific primers and GAPDH as an internal control. Data
are expressed as the fold increase over the respective control and represent
means � standard errors of results from three experiments. Paired two-tailed
t test analysis showed a two-tailed P value of 0.0363 for MMP-1 versus the
respective control (*) and a P value of 0.0219 for MMP-13 versus the respective
control (**). (B) 786-0 cells were transiently transfected with control siRNA or
SLFN5 siRNA, and at 48 h after transfection, cells were resuspended in serum-
free medium and cultured for an additional 24 h. The conditioned media were
collected and concentrated, and equal amounts of proteins were resolved in
parallel by SDS-PAGE and immunoblotted with antibodies against MMP-1
and MMP-13. The MMP-1 blot was also probed with anti-MMP-9 and anti-
MMP-2 antibodies.
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plicated in the control of differentiation of prostate epithelial cells
(13).

In the present study, we provide evidence implicating SLFN5
in RCC progression and invasiveness and, for the first time, iden-
tify a specific mechanism by which this occurs. Our studies estab-
lish that SLFN5 knockdown in renal cell carcinoma cells results in
a distinct cellular phenotype characterized by a dramatic loss of
stress fibers, a decrease in cell size, and enhanced cell motility.

Using RNA-seq analysis, we identified groups of genes involved in
cell morphology, as well as cellular assembly and organization,
whose expression is increased upon SLFN5 knockdown in kidney
cancer cells. Among these genes were MMP genes, whose protein
products are involved in remodeling of the extracellular matrix
(ECM) and play a role in RCC invasion (33, 34). Significantly, RNA
interference (RNAi)-mediated targeting of MMP-1 and MMP-13 re-
verses the SLFN5 knockdown-induced invasion of RCC cells.

FIG 9 Expression of genes associated with cell adhesion, cytoskeleton organization, and cell motility. 786-0 cells were transiently transfected with SLFN5 siRNA
or control siRNA, and expression of PCDHGB2, PCDHB11, PPL, JUP, KIF1C, and TPM4 was measured by real-time RT-PCR, using a GAPDH primer as a
control. Data are expressed as the fold change over control cells and represent means � standard errors of results from two independent experiments for TPM4
and three independent experiments for all other genes.
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FIG 10 Effects of SLFN5 knockdown on collagen contraction. (A) Control shRNA-GFP� (upper panels) and SLFN5 shRNA-GFP� (lower panels) cells (1 � 105)
were plated in a 3D collagen contraction assay. The GM6001 (GM) inhibitor was added to the medium at a 10 �M final concentration, as indicated (right panels).
Collagen contraction was assessed after 4 days of culture. The figure shows three independent experiments (I, II, and III). (B) The surface area of the inner gel
plugs from panel A was quantified using ImageJ. The relative changes in the surface area were recorded as the percentage of the original surface area. Shown here
is the percentage of collagen contraction � standard errors of results from three independent experiments. (C) 786-0 control shRNA-GFP� cells were transiently
transfected with control siRNA, MMP-1 siRNA, or MMP-13 siRNA. At 48 h after transfection, gene expression of MMP-1 and MMP-13 was analyzed by
real-time RT-PCR using specific primers and GAPDH as an internal control. Data are expressed as fold changes over the control and represent the mean �
standard error of results from three experiments. (D) Control shRNA-GFP� (upper panels) and SLFN5 shRNA-GFP� (lower panels) cells were transiently
transfected with control siRNA, MMP-1 siRNA, or MMP-13 siRNA. At 48 h after transfection, the cells were plated in a 3D collagen contraction assay. Collagen
contraction was assessed after 4 days of culture. The figure is representative of three independent experiments. (E) The surface area of the inner gel plugs from
panel D was quantified using ImageJ. The relative changes in the surface area were recorded as the percentage of the original surface area. Shown here is the
percentage of collagen contraction � the standard error of results from three independent experiments.

2694 mcb.asm.org August 2015 Volume 35 Number 15Molecular and Cellular Biology

http://mcb.asm.org


Although the precise cellular mechanism by which SLFN5 sup-
presses expression of MMP-1 and MMP-13 remains to be identi-
fied, given the nuclear localization of SLFN5 and its putative
DNA/RNA helicase activity (9, 19, 20), it is tempting to speculate
that SLFN5 may function as a transcriptional repressor, but this
remains to be established in future studies. Another possibility is
that SLFN5 can regulate the stability of adenylate/uridylate-rich ele-
ments (AREs) containing mRNAs. Previous studies have shown that
MMP-1 mRNA that contains AREs in the 3= untranslated region
(UTR) is destabilized by the RNA binding protein tristetraprolin

(TTP) (35). Other studies have shown a similar regulatory effect of
HuR on cyclooxygenase 2 (COX-2) mRNA in RCC (36). It is possible
that SLFN5 could modulate the translation of MMP-1 and MMP-13
proteins via similar posttranscriptional mechanisms, but this remains
to be directly examined in future studies.

A recent study using mass spectroscopy to determine novel
binding partners for NOTCH identified SLFN5 and SLFN11 as
binding NOTCH in the nucleus (37). In addition, other studies
have shown a role for Notch signaling in the metastatic potential
of RCC (38, 39). Notably, one of the studies showed a cooperation

FIG 11 SLFN5 inhibits malignant cell migration. (A) 786-0 cells were transiently transfected with control siRNA or SLFN5 siRNA, as indicated; at 48 h after
transfection, cells were transferred to a Nikon Biostation incubator wide-field microscope and time-lapse images were acquired at 10-min intervals for 12 h. Data
were analyzed using the Nikon Elements software. Data represent the means � standard errors of results from 27 migratory events detected by the Nikon
Elements software. (B) 786-0 cells were transiently transfected with control siRNA or SLFN5 siRNA, as indicated. At 48 h after transfection cells, were plated in
BD BioCoat cell culture inserts for 3 h and then cells were stained. Representative images of migrating cells (�5) after 3 h of incubation are shown. (C) The
migrated cells were counted, and relative migration is expressed as the fold increase over control � standard error of results from three independent experiments.
Paired two-tailed t test analysis showed a P value of 0.0198 (*). (D) 786-0 cells were transiently transfected with control siRNA or SLFN5 siRNA. At 48 h after
transfection, the cells were plated in a Corning BioCoat Matrigel invasion chamber, and invasion of the cells was assessed in 6 h. Representative images of invading
cells (�5) after 6 h of incubation are shown. (E) The invading cells were counted, and relative invasion is expressed as the fold increase over controls � standard
errors of results from four independent experiments. Paired two-tailed t test analysis showed a P value of 0.02933 (*).
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of Notch and transforming growth factor � (TGF-�) signaling
pathways in the process (39). As both MMP-1 and MMP-13 ex-
pression levels are known to be regulated by TGF-�-induced sig-
nals (40) and Notch signaling has been shown to affect MMP-13
expression (41, 42), it is possible that SLFN5 controls MMP-1 and
MMP-13 expression, as well as cell motility and invasion through
its effects on NOTCH/TGF-� signaling. Expression of MMPs can
also be modulated by additional pathways (43). For example,
MMP-1 and MMP-13 expression is dependent on p38 mitogen-
activated protein kinase (MAPK) activity in oral squamous cell
carcinoma (OSCC) (44), while in chondrocytes MMP-13 expres-
sion requires p38 and c-Jun N-terminal kinase (45). Thus, another
potential regulatory mechanism may involve SLFN5-dependent
control of MAPK pathways, and this should be examined in future
studies.

A key finding of our work is that higher levels of SLFN5 expres-
sion correlated with an overall better survival in RCC patients.
This indicates that SLFN5 has tumor suppressor activity. Recent
evidence has shown that higher SLFN11 expression also correlated

with an increase in overall survival in ovarian cancer patients
treated with cisplatin (16), indicating an overall role for the SLFN
proteins as potential tumor suppressors. However, SLFN11 ap-
pears to be involved in a DNA damage response pathway (16),
compared to SLFN5, which seems to play more of a role in motility
and invasion. SLFN proteins, thus, likely function as transcrip-
tional regulators that affect different pathways depending on the
specific SLFN isoform. Altogether, our studies raise the possibility
that development of pharmacological agents that upregulate
SLFN5 expression in malignant cells would provide a unique ther-
apeutic approach for the treatment of malignancies, and further
efforts in that direction are warranted.
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