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Oncogenic transformation in Ewing sarcoma is caused by EWS/FLI, an aberrant transcription factor fusion oncogene. Glioma-
associated oncogene homolog 1 (GLI1) is a critical target gene activated by EWS/FLI, but the mechanism by which GLI1 contrib-
utes to the transformed phenotype of Ewing sarcoma was unknown. In this work, we identify keratin 17 (KRT17) as a direct
downstream target gene upregulated by GLI1. We demonstrate that KRT17 regulates cellular adhesion by activating AKT/PKB
(protein kinase B) signaling. In addition, KRT17 is necessary for oncogenic transformation in Ewing sarcoma and accounts for
much of the GLI1-mediated transformation function but via a mechanism independent of AKT signaling. Taken together, our
data reveal previously unknown molecular functions for a cytoplasmic intermediate filament protein, KRT17, in coordinating
EWS/FLI- and GLI1-mediated oncogenic transformation and cellular adhesion in Ewing sarcoma.

Ewing sarcoma is a highly aggressive bone- and soft tissue-as-
sociated malignancy that affects children and young adults (1).

The vast majority of these tumors are characterized by a t(11;
22)(q24;q12) chromosomal translocation, which generates a fu-
sion oncogene, EWS/FLI (2). Persistent expression of EWS/FLI is
necessary for maintenance of the transformed phenotype in
Ewing sarcoma (3–5). Previous studies demonstrated that Ewing
sarcoma tumors have a relatively low frequency of mutations in
known oncogenes and tumor suppressors, supporting the concept
that EWS/FLI is largely responsible for oncogenic transformation
(6, 7). EWS/FLI functions as an aberrant transcription factor and
dysregulates the expression of a myriad of target genes (8–10).
Over the years, several critical EWS/FLI target genes have been
identified, which are all necessary for maintenance of oncogenic
transformation in Ewing sarcoma; however, no target gene alone
has proven to be sufficient for EWS/FLI-mediated oncogenic
transformation (3, 4). These findings highlight the unique biology
of Ewing sarcoma and its sole reliance on a single oncogenic tran-
scription factor, EWS/FLI, as the central regulator of a hierarchy of
transcriptional networks.

Hedgehog signaling is of critical importance during develop-
ment in regulating tissue patterning and stem cell maintenance
(11, 12). This signaling pathway is inappropriately activated in a
diversity of cancers (13–22). GLI1 is a zinc finger transcription
factor and is the principal effector of the Hedgehog signaling path-
way (11). Previous microarray studies and a recent RNA sequenc-
ing (RNA-seq) experiment have identified GLI1 as an EWS/FLI-
upregulated target gene in Ewing sarcoma (3, 10, 23). EWS/FLI
has been shown to bind and directly activate transcription from
the GLI1 promoter (24). Furthermore, loss-of-function ap-
proaches and pharmacological inhibition have demonstrated that
GLI1 is necessary for EWS/FLI-mediated oncogenic transforma-
tion (24–26). These studies highlight the importance of GLI1 in
Ewing sarcoma development.

However, the mechanism underlying GLI1-mediated onco-
genesis in Ewing sarcoma and the critical transcriptional network
of genes regulated by GLI1 to achieve this function were un-
known. Here we sought to define the mechanistic role of GLI1 in

Ewing sarcoma, and in doing so, we identified a unique target
gene, KRT17, that has novel functions in coordinating parallel
functions of cellular adhesion and oncogenic transformation.

MATERIALS AND METHODS
Ethics statement. Patient tumor specimens were used in a deidentified
way and were therefore deemed “nonhuman subject research” by
the University of Utah Institutional Review Board via protocol
IRB_00035414. Animal experiments were performed following ap-
proval from the University of Utah Institutional Animal Care and Use
Committee.

Constructs and retroviruses. The luciferase-RNA interference
(Luc-RNAi), EWS/FLI-RNAi (EF-2–RNAi), 3�FLAG-tagged EWS/FLI
(3�FLAG EWS/FLI), and 3�FLAG NKX2.2 cDNAs were described pre-
viously (3, 10, 27). The GLI1 and KRT17 short hairpin RNAs (shRNAs)
were designed to target the cDNA and 3= untranslated region (UTR),
respectively, and were cloned into the pMKO.1 retroviral vector. The
GLI1 and KRT17 shRNA sequences are provided in Table S1 in the sup-
plemental material. N-terminally 3�FLAG-tagged constructs for GLI1,
KRT17, and KRT17 S44A cDNAs were generated and subcloned into the
murine stem cell virus (MSCV) retroviral vector (Clontech). A 1-kb
KRT17 promoter including the 5= UTR was cloned into the pGL3 basic
vector (Promega), immediately upstream of the luciferase reporter gene.
The constitutively active (myristoylated) AKT in the MSCV retroviral
vector was described previously (28).

Cell culture. Ewing sarcoma cell lines (A673, TC-71, TC-32, SK-N-
MC, and EWS502) and HEK293 EBNA cells were infected with retrovirus,
and polyclonal populations were grown in the appropriate selection me-
dia, as previously described (4, 29). 3T5 growth assays were performed by
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plating 1 � 105 cells per 10-cm tissue culture plates and counting and
replating them at the same density every 3 days as previously described
(29).

Soft agar and methylcellulose assays. Soft agar assays were performed
as described previously (29). Methylcellulose assays were performed by
plating 1 � 105 cells in 2% methylcellulose mixed with an equal volume of
appropriate growth medium, as described previously (30).

Quantitative reverse transcriptase PCR. Total RNA was extracted by
using an RNeasy kit (Qiagen). Total RNA from cells was then amplified
and detected by using SYBR green fluorescence for quantitative analysis.
Normalized fold enrichment was calculated by determining the fold
change under each condition relative to the value for the control (either
Luc-RNAi or Luc-RNAi reexpressing an empty vector). The data under
each condition were then normalized to values for the internal house-
keeping control genes GAPDH (the gene for glyceraldehyde-3-phosphate
dehydrogenase) and RPL19. Primer sequences used to amplify target
genes by quantitative reverse transcriptase PCR (qRT-PCR) are provided
in Table S1 in the supplemental material.

Luciferase reporter assays. A 1-kb promoter region including the 5=
UTR of KRT17 was cloned into the pGL3 basic vector (Promega) imme-
diately upstream of the luciferase reporter gene. Luciferase reporter assays
were performed with HEK293 EBNA cells as previously described (31).

Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) was performed as previously described (32), by using anti-FLAG
M2 magnetic beads (catalog number M8823; Sigma). Briefly, A673 cells
expressing a GLI1-RNAi construct and reexpressing either an empty vec-
tor or a 3�FLAG GLI1 cDNA were used for the ChIP experiment. Quan-
titative PCR was performed with KRT17 gene primers that amplify a re-
gion �150 bp upstream of the transcription start site (TSS) that includes
three putative GLI1 binding sites. Primers that amplify regions 5 kb up-
stream and 5 kb downstream of the TSS were used as negative controls.
ALB (31) and gene desert (33) primers were used as normalization con-
trols. Primer sequences used to amplify the KRT17 promoter regions are
provided in the Table S1 in the supplemental material.

Xenograft and intratibial injection assays. A673 or SK-N-MC Ewing
sarcoma cells were infected, selected with a control ERG-RNAi or KRT17-
RNAi, and injected into the flanks of nude mice at 1 � 106 cells per flank
or 2.5 � 105 cells into the tibias of NOD/SCID mice. For the xenograft
tumor assay, five mice each were injected subcutaneously with control
knockdown cells or KRT17 knockdown cells. Both flanks of each mouse
was injected subcutaneously. Under the control conditions, one mouse
died due to the anesthesia and was censored from the analysis. Therefore,
8 control knockdown and 10 KRT17 knockdown tumors were measured.
For the intratibial tumor assay, five mice were each injected into the right
tibia with infected and selected A673 cells; therefore, 5 tumors were mea-
sured per group. Twelve mice were injected in the right tibia with infected
and selected SK-N-MC cells; therefore, 12 tumors were measured per
group. Tumors were measured by using digital calipers, and three-dimen-
sional (3D) tumor volumes were calculated by using the equation
(length � width � depth)/2. The mice in each group were sacrificed once
their tumors reached size limits of 2 cm for the subcutaneous injection
model and 1.5 cm for the intratibial injection model. The data from both
assays were plotted as Kaplan-Meier survival curves by using GraphPad
Prism.

Antibodies and reagents. The following antibodies were used for im-
munodetection: M2 anti-FLAG (horseradish peroxidase [HRP]) (catalog
number A8592; Sigma), anti-FLI-1 (catalog number sc-356�; Santa-
Cruz), anti-�-tubulin (catalog number CP06; Calbiochem), anti-KRT17
(catalog number ab-53707; Abcam), anti-phospho-AKT (S473) (catalog
number 9271S; Cell Signaling), anti-AKT (pan) (catalog number 4691S;
Cell Signaling), and anti-GLI1 (catalog number 2643S; Cell Signaling).
The isozyme-selective AKT inhibitor (Akti1/2) was obtained from Milli-
pore (catalog number 124017). The inhibitor was used at a final concen-
tration of 2 �M. At this concentration, it inhibits all three forms of AKT

(AKT1, AKT2, and AKT3). Cells were treated with the inhibitor for 24 h
before they were used for experiments.

Adhesion assay. Ewing sarcoma cells, infected and selected with dif-
ferent constructs, were seeded at 5 �105 cells per well in a non-extracel-
lular matrix-coated 24-well plate. Cells were allowed to adhere for 2 h at
37°C and were then processed as previously described (34). Cells that
adhered were stained with toluidine blue, and the optical density (OD)
was measured at 620 nm, as previously described (34).

Immunofluorescence assays. Sterile coverslips were coated with 10
�g/ml fibronectin in 12-well plates overnight at 4°C. A total of 75 � 103

cells/well were seeded, allowed to adhere for 24 h, and fixed with 3.7%
formaldehyde as described previously (34). Cells were stained with anti-
paxillin antibody (1:100) for 1 h at 37°C and then with Alexa Fluor-sec-
ondary antibody (1:200) and Alexa Fluor-phalloidin and were imaged by
using a Zeiss Axioskop2 Mot Plus microscope with a 40� objective, as
previously described (34).

RNA sequencing analysis, GSEA, and Venn overlaps. RNA from
A673 cells stably infected and selected for expression of a control Luc-
RNAi or the KRT17-RNAi was extracted by using the RNeasy kit (Qiagen)
with an on-column DNase digestion protocol. Libraries for deep sequenc-
ing were prepared according to the manufacturer’s instructions (Illu-
mina) and sequenced on an Illumina Hi-Seq instrument with 50 cycles of
single-end reads. Sequences were aligned to human genome build hg19.
The USeq analysis package was used to identify differentially expressed
genes (http://useq.sourceforge.net/). Significance parameters were set to a
2-fold or 4-fold change in expression and a false discovery rate (FDR) of
0.1 (10%) or 1.0 � 10�10.

Overlaps between the different gene sets were generated by using the
VennMaster program (http://www.informatik.uni-ulm.de/ni/mitarbeiter
/HKestler/vennm/doc.html). Statistical significance of the overlaps was deter-
mined by using chi-square analysis. Gene set enrichment analysis (GSEA) was
performed by using the GSEA v2.0.10 program (http://www.broad.mit.edu
/gsea/). Functional annotation analysis was performed by Database for An-
notation, Visualization, and Integrated Discovery (DAVID) analysis (http:
//david.abcc.ncifcrf.gov/). Identification of potential direct GLI1 target genes
was performed by using Find Individual Motif Occurrences (FIMO) (http:
//meme.nbcr.net/meme/doc/fimo.html).

RNA sequencing accession number. Raw data from the GLI1 RNA
sequencing experiment can be found under NCBI Short Reads Archive
number 121863.

RESULTS
GLI1 is a downstream target of EWS/FLI and is necessary for
oncogenic transformation. Previous studies using loss-of-func-
tion approaches identified GLI1 as an upregulated target of EWS/
FLI (25, 26). To further demonstrate that GLI1 is specifically reg-
ulated by EWS/FLI, we used a retroviral-based stable knockdown/
rescue approach in A673 cells (a patient-derived Ewing sarcoma
cell line). We found that reduction of EWS/FLI levels resulted in a
significant reduction in the GLI1 expression level, which was re-
stored by reexpression of an RNAi-resistant EWS/FLI cDNA (Fig.
1A; see also Fig. S1A in the supplemental material). This result
demonstrated that GLI1 is specifically upregulated by EWS/FLI
and is not an off-target or other nonspecific RNAi effect. EWS/FLI
did not regulate GLI2 or GLI3 (see Fig. S1B). GLI1 is not the sole
downstream effector of EWS/FLI-mediated oncogenic transfor-
mation because GLI1 expression (Fig. 1B) failed to rescue onco-
genic transformation following knockdown of EWS/FLI (Fig. 1C;
see also Fig. S1C in the supplemental material).

To test the necessity of GLI1 for Ewing sarcoma oncogenesis,
we performed GLI1 knockdown/rescue experiments (Fig. 1D; see
also Fig. S1D in the supplemental material). In comparison to a
control knockdown (Luc-RNAi), GLI1 knockdown did not affect
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monolayer growth of cells in tissue culture but significantly re-
duced colony growth in soft agar (Fig. 1E and F). This is not an
“off-target” effect because reexpression of GLI1 rescued the loss of
transformation induced by GLI1 knockdown (Fig. 1D to F). Im-
portantly, knockdown or reexpression of GLI1 did not affect
EWS/FLI expression (see Fig. S1E and F). These results demon-
strated that GLI1 is necessary for maintenance of oncogenic trans-
formation in Ewing sarcoma cells.

GLI1 has been shown to transcriptionally activate NKX2.2
(26). NKX2.2 is a critical target of EWS/FLI that is necessary for
oncogenic transformation in Ewing sarcoma (3). We therefore
asked if NKX2.2 could rescue GLI1 knockdown-mediated loss of
transformation. Interestingly, we found that NKX2.2 (see Fig. S1G
in the supplemental material) was unable to rescue the loss of
transformation mediated by GLI1 knockdown (Fig. 1F), indicat-
ing that other GLI1 target genes are necessary for full oncogenic
transformation in Ewing sarcoma.

Determining the transcriptional signature of GLI1 in Ewing
sarcoma. We next sought to identify the full complement of genes
regulated by GLI1 in Ewing sarcoma. We performed an RNA-seq
experiment in A673 cells, comparing genome-wide transcripts
from cells expressing control and GLI1-RNAi constructs (Fig. 2A;
see also Table S2 in the supplemental material). VennMaster anal-
ysis was used to generate overlaps of the upregulated and down-

regulated gene sets obtained from the GLI1 RNA-seq and the
EWS/FLI RNA-seq experiments (23). Of the 1,796 genes upregu-
lated by EWS/FLI, 327 genes were also upregulated by GLI1 (P �
3.19 � 10�162) (Fig. 2B), and of the 2,227 genes repressed by
EWS/FLI, 319 genes were also repressed by GLI1 (P � 1.01 �
10�170) (Fig. 2B), demonstrating that GLI1 contributes signifi-
cantly to the EWS/FLI transcriptional profile in Ewing sarcoma
cells. Using very stringent cutoffs of a 4-fold change and an FDR of
1.0 � 10�10, we limited the list to 86 genes upregulated and 55
genes downregulated by GLI1 (see Table S2). We used this strin-
gent set of genes to perform gene set enrichment analysis (GSEA)
against EWS/FLI-regulated genes to better determine the relation-
ship between the EWS/FLI and GLI1 transcriptional profiles. We
found that the GLI1-upregulated genes clustered strongly with the
most highly upregulated EWS/FLI genes (normalized enrichment
score [NES] � 2.0; P � 0.001) and vice versa (NES � �1.8; P �
0.001) (Fig. 2C; see also Fig. S2A in the supplemental material),
indicating that GLI1-regulated genes make up a significant por-
tion of the EWS/FLI transcriptional signature. We next performed
GSEA and VennMaster analysis of the RNA-seq-based GLI1-reg-
ulated genes identified in A673 cells against previously identified
microarray-based EWS/FLI-regulated genes in TC71 and EWS502
Ewing sarcoma cells (4) and again found significant correlations
and overlaps between GLI1 and EWS/FLI in gene regulation (see
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Fig. S2B to E). We also validated a subset of GLI1-regulated genes
identified in the RNA-seq data by quantitative reverse transcrip-
tase PCR (qRT-PCR) (see Fig. S2F).

To gain further insight into the functional significance of the
differentially expressed genes from the GLI1 RNA-seq analysis, we
used the functional annotation tools from the Database for Anno-
tation, Visualization, and Integrated Discovery (DAVID). We

found that the most significant classes among the GLI1-upregu-
lated genes corresponded to neuronal development and cell cycle
regulation (Fig. 2D), which is consistent with the well-studied role
of GLI1 in neuronal development (35) and its ability to transcrip-
tionally regulate cell cycle proteins (36). Interestingly, neuronal
features have previously been noted for Ewing sarcoma (37, 38),
and thus, the RNA-seq data suggest that GLI1 and its downstream
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target genes may contribute to the neuronal phenotype of Ewing
sarcoma. Among the downregulated gene set, the most significant
classes were related to signaling and membrane activity (Fig. 2D).

Identification of KRT17 as a direct downstream target of
GLI1. To further investigate the role of GLI1 target genes identi-
fied from the RNA-seq analysis, we focused on KRT17, which is
the second most upregulated GLI1 target gene (Fig. 2A) and is also
regulated by EWS/FLI (Fig. 2B and C; see also Fig. S2A to E in the
supplemental material). qRT-PCR analysis demonstrated that
both GLI1 and EWS/FLI upregulate KRT17 in multiple Ewing
sarcoma cell lines (Fig. 3A to C). These results demonstrate that
KRT17 is an upregulated target of GLI1 in Ewing sarcoma.

The GLI1 RNA-seq analysis does not distinguish direct from
indirect targets. GLI1 is a well-studied transcription factor, and
previous work identified and characterized a conserved 10-bp
motif as the preferred binding site (GACCACCCAC/A) for GLI1
on-target gene promoters (39, 40). To predict potential direct tar-
gets of GLI1, we used Find Individual Motif Occurrences (FIMO)
(41), by combining a previously reported weighted matrix for
binding affinity and a weighted matrix for the activation potential
of GLI1 at the 10-bp motif, to search for genes in our RNA-seq
data set that had a significant match (P value cutoff of 1.0 � 10�5)
to the known GLI1 binding motif. We identified 23 potential di-
rect upregulated and 12 direct downregulated targets of GLI1 (see
Fig. S3 in the supplemental material). Interestingly, KRT17 was
one of the potential direct targets of GLI1 (see Fig. S3). Directed
chromatin immunoprecipitation assays demonstrated significant
GLI1 binding to the KRT17 promoter-proximal region (Fig. 3D).
Luciferase reporter assays demonstrated a dose-dependent in-
crease in luciferase activity from a 1-kb KRT17 promoter region with
increasing concentrations of GLI1 cDNA (Fig. 3E). These data indi-
cate that KRT17 is likely a direct upregulated target of GLI1.

KRT17 is expressed in Ewing sarcoma cell lines and primary
tumor samples. Western blot analysis revealed that the KRT17
protein is expressed at detectable levels in all Ewing sarcoma cell
lines tested albeit at various levels (Fig. 4A). qRT-PCR analysis
revealed a significant positive correlation between GLI1 and
KRT17 expression in a panel of Ewing sarcoma cell lines (R2 �
0.9) (see Fig. S4A in the supplemental material). To validate this
finding in primary Ewing sarcoma tumor samples, we performed
maximum threshold cycle RT-PCR with five independent Ewing
sarcoma primary tumors, which revealed that KRT17 RNA is ex-
pressed in all tumor samples tested (Fig. 4B). We next performed
qRT-PCR analysis to correlate expression levels of EWS/FLI and
GLI1, and GLI1 and KRT17, in this limited set of primary tumor
samples (n � 5). Interestingly, we identified a significant correla-
tion between EWS/FLI and GLI1 expression (R2 � 0.984) (Fig.
4C) and between GLI1 and KRT17 expression (R2 � 0.975) (Fig.
4C), highlighting the significance of the hierarchy of transcrip-
tional regulation between EWS/FLI and GLI1 and between GLI1
and KRT17. To extend our findings further, we next analyzed the
expression levels of GLI1 and KRT17 in a publically available mi-
croarray data set (42) containing 20 EWS/FLI-positive Ewing sar-
coma tumor samples. Again, we identified a moderate correlation
(R2 � 0.577) between GLI1 and KRT17 expression in a larger
number of Ewing sarcoma tumors (Fig. 4D). These data indicate
that GLI1 positively regulates KRT17 expression in Ewing sar-
coma cell lines and primary tumors.

KRT17 is necessary for oncogenic transformation in vitro
and in vivo. KRT17 is a cytoplasmic intermediate filament protein

(43) that is overexpressed in several cancers (44–50). High KRT17
expression levels correlate with poor prognosis in breast, pancre-
atic, and gastric adenocarcinomas (51–53). Basal cell carcinomas,
which are associated with aberrant hedgehog signaling and, in
turn, high GLI levels, express high levels of KRT17, which pro-
motes tumor growth by modulating the immune response (44).
However, it is unknown whether KRT17 plays a more direct role
in oncogenic transformation.

To determine if KRT17 is involved in oncogenic transforma-
tion in Ewing sarcoma, we performed knockdown/rescue of
KRT17 in A673, EWS502, and SK-N-MC Ewing sarcoma cells. We
found that knockdown of KRT17 had no effect on cell growth in
tissue culture but significantly reduced colony formation in soft
agar (Fig. 5A to C; see also Fig. S5A to C in the supplemental
material). Furthermore, reexpression of KRT17 in knockdown
cells (see Fig. S5E) restored their ability to form colonies in soft
agar, demonstrating a specific function of KRT17 in maintaining
the transformed phenotype of Ewing sarcoma cells (Fig. 5C). Im-
portantly, qRT-PCR analysis of endogenous KRT17 transcript
levels demonstrated that the KRT17 knockdown was maintained
even in the KRT17 cDNA rescue samples (see Fig. S5F), suggesting
that the rescue of oncogenic transformation was not merely due to
a loss of KRT17-RNAi. KRT17 knockdown had no effect on on-
cogenic transformation in a non-Ewing sarcoma cell line, HEK293
EBNA (human embryonic kidney cells) (see Fig. S5D), suggesting
that KRT17 is specifically required for oncogenic transformation
in Ewing sarcoma.

We next used two in vivo tumor models, a subcutaneous model
and an orthotopic intratibial model, to evaluate the role of KRT17
in tumor growth in vivo. We noted a significant improvement in
overall survival of immunocompromised mice injected with
KRT17 knockdown A673 cells compared to those with control
(ERG) knockdown cells in both in vivo models (Fig. 5D and E).
We extended these findings using SK-N-MC Ewing sarcoma cells
in the orthotopic intratibial model and again noted a significant
improvement in overall survival in the KRT17 knockdown group
compared to the control (ERG) knockdown group (Fig. 5F). In
the tumors that did form in mice injected with KRT17 knockdown
cells, we noted that the knockdown effect was lost in tumors that
grew actively, while the slow-growing (indolent) tumors from the
opposite flanks of a few mice still maintained the KRT17 knock-
down (Fig. 5G; see also Fig. S5G in the supplemental material),
indicating that KRT17 is necessary for more aggressive tumor
growth in vivo.

To evaluate if KRT17 was a critical target gene downstream of
GLI1, we performed anchorage-independent colony-forming as-
says with A673 cells following control or GLI1 knockdown and
reexpression of an empty vector or the GLI1 or KRT17 cDNA
construct (see Fig. S5H in the supplemental material). Surpris-
ingly, expression of the KRT17 cDNA rescued the GLI1 knock-
down-mediated loss of transformation (Fig. 5H). In cells harbor-
ing GLI1-RNAi and reexpressing the KRT17 cDNA, maintenance
of GLI1 knockdown and a lack of rescue of GLI1 target genes were
demonstrated by qRT-PCR analysis (see Fig. S5I and J), indicating
that the rescue of oncogenic transformation was not due to reex-
pression of GLI1 when KRT17 was expressed. Importantly,
knockdown or reexpression of KRT17 did not have any effect on
EWS/FLI or GLI1 expression (see Fig. S5K to N in the supplemen-
tal material). Taken together, these results demonstrate that
KRT17 is necessary for maintaining the transformed phenotype of
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FIG 3 KRT17 is regulated by GLI1 in multiple Ewing sarcoma cell lines. (A) Validation of KRT17 as an EWS/FLI and GLI1 target gene. Shown are data for
qRT-PCR analysis of KRT17 in A673 cells infected with a control shRNA (Luc), an EWS/FLI shRNA, or a GLI1 shRNA, followed by rescue with an empty vector,
an RNAi-resistant EWS/FLI cDNA, or a GLI1 cDNA construct. Error bars indicate standard deviations. P values were determined by using Student’s t test,
comparing all conditions to the control knockdown/empty vector condition (��, P � 0.01; ���, P � 0.001). (B) Western blot analysis of cells described above for
panel A, using KRT17, EWS/FLI, and GLI1 antibodies. Tubulin was used as the loading control. The red asterisks indicate the 3�FLAG-tagged EWS/FLI and
GLI1 cDNAs. (C) qRT-PCR validation of KRT17 as a GLI1 target gene in multiple patient-derived Ewing sarcoma cell lines (TC71, TC32, SK-N-MC, and
EWS502). Cells were infected with a control shRNA (Luc) or a GLI1 shRNA. GLI1 and KRT17 mRNA levels were analyzed. Error bars indicate standard
deviations. P values were determined by using Student’s t test, comparing all conditions to the control knockdown (Luc-shRNA) (��, P � 0.01; ���, P � 0.001).
(D) ChIP of 3�FLAG GLI1 at the KRT17 promoter in A673 cells expressing a GLI1-RNAi and reexpressing an empty vector or 3�FLAG GLI1 cDNA. An
anti-FLAG antibody was used to chromatin immunoprecipitate 3�FLAG GLI1. The transcriptional start site (TSS) and a region �150 bp upstream of the TSS
with significant GLI1 binding are indicated. The level of enrichment for 3�FLAG GLI1 at the KRT17 promoter in cells reexpressing the 3�FLAG GLI1 cDNA is
plotted as normalized fold enrichment compared to the enrichment in the empty-vector-reexpressing cells, with the fold enrichment for each sample being
compared to the average enrichment at two negative-control genes, ALB and a gene desert region in the genome. Enrichment of 3�FLAG GLI1 at regions 5 kb
upstream and 5 kb downstream of the FIMO-identified binding sites were used as negative controls to further demonstrate binding specificity for GLI1 at the
KRT17 promoter. The error bars indicate standard deviations of a representative experiment. (E) Luciferase reporter assay with HEK293 EBNA cells cotrans-
fected with a 1-kb KRT17 promoter region upstream of luciferase or a control vector (that does not contain the KRT17 promoter) and an empty vector or
increasing concentrations of the GLI1 cDNA. Relative luciferase activity is the ratio of firefly luciferase activity to Renilla luciferase activity (to control for
transfection efficiency). The red asterisks indicate potential GLI1 binding sites in the KRT17 promoter. The error bars indicate standard deviations. P values were
determined by using Student’s t test, comparing all GLI1 cDNA-transfected conditions to the vector-transfected conditions (��, P � 0.01).
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Ewing sarcoma cells both in vitro and in vivo and that KRT17 is a
critical target gene downstream of GLI1 that contributes signifi-
cantly to GLI1-mediated maintenance of oncogenic transforma-
tion in Ewing sarcoma.

KRT17-mediated activation of AKT signaling is necessary
and sufficient to regulate cellular adhesion in Ewing sarcoma.
KRT17 is known to regulate protein synthesis and epithelial cell
growth by inducing phosphorylation and activation of the AKT
protein (54). We therefore asked whether KRT17 regulated AKT
phosphorylation downstream of GLI1 and if this genetic interac-
tion was necessary for KRT17 function in Ewing sarcoma. GLI1
knockdown significantly reduced AKT phosphorylation levels in
A673 cells, and this effect was rescued by GLI1 or KRT17 reexpres-
sion (Fig. 6A) but not by expression of the KRT17 S44A mutant
(Fig. 6B), a previously described mutant that fails to induce phos-
phorylation of AKT (54, 55), demonstrating that KRT17 is the
critical mediator of AKT phosphorylation downstream of GLI1.

To characterize the functional significance of KRT17-medi-
ated activation of AKT signaling, we performed immunofluores-
cence studies on A673 cells expressing reduced levels of KRT17.
The paxillin protein is a well-characterized marker of focal adhe-
sions in cells (34). We therefore used paxillin staining as a measure
of the adhesive capability of Ewing sarcoma cells. Interestingly, we
noted a significant decrease in staining for paxillin protein in cells
expressing reduced KRT17 levels in comparison to control cells
(Fig. 6C). As a control, EWS/FLI knockdown cells expressed
higher levels of paxillin (Fig. 6C), as noted previously (34). To test
if KRT17 is directly involved in regulating cellular adhesion in
Ewing sarcoma cells, we performed cellular adhesion assays with
KRT17 knockdown cells reexpressing wild-type KRT17 or the
S44A mutant. Interestingly, wild-type KRT17, but not the S44A
mutant, rescued basal levels of cellular adhesion in Ewing sarcoma
cells (Fig. 6D).

To directly test the contribution of active AKT signaling to
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(��, P � 0.01). (D to F) Survival curves for immunodeficient mice subjected to subcutaneous or intratibial injections with A673 cells or SK-N-MC cells expressing
a control shRNA (ERG) or a KRT17 shRNA. Five mice and 12 mice were used per condition for the A673 cells and the SK-N-MC cells, respectively. For the
subcutaneous model, both flanks of each mouse were injected subcutaneously. Under the control conditions, one mouse died due to the anesthesia and was
censored from the analysis. Therefore, 8 and 10 tumors were measured for the control knockdown and KRT17 knockdown groups, respectively. For the
intratibial model, the right tibia of each mouse was injected, and therefore, 5 tumors for the A673 group and 12 tumors for the SK-N-MC group were measured
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test (Mantel-Cox test) using GraphPad Prism are indicated. (G) Western blot analysis of control (ERG) shRNA- or KRT17 shRNA-expressing tumors from the
subcutaneous injection model described above for panel D. KRT17 levels in the tumors were compared to levels in the parental A673 cells expressing either the
control shRNA or KRT17 shRNA, used to inject mice. Tubulin was used as the loading control. (H) Quantification of colonies formed in methylcellulose by A673
cells expressing a control shRNA (Luc) or a GLI1 shRNA and reexpressing the empty vector, 3�FLAG-tagged GLI1, or 3�FLAG-tagged KRT17 cDNA
constructs. Error bars indicate standard deviations of duplicate assays. The P value was determined by using Student’s t test, comparing the GLI1 knockdown/
empty vector conditions to the control knockdown/empty vector conditions (���, P � 0.001).
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FIG 6 KRT17 is necessary and sufficient for AKT phosphorylation-mediated cellular adhesion in Ewing sarcoma cells. (A) Western blot analysis of A673 cells
infected with a control shRNA (Luc) or the GLI1 shRNA and reexpressing the empty vector, GLI1, or KRT17 cDNA constructs. The protein lysates from these
cells were probed with phosphorylated AKT (S473), total AKT, and FLAG antibodies. Tubulin was used as a loading control. (B) Western blot analysis of A673
cells infected with a control shRNA (Luc) or a KRT17 shRNA and reexpressing an empty vector, the KRT17 wild-type, or an S44A mutant KRT17 cDNA
construct. The protein lysates from these cells were probed with phosphorylated AKT (S473), total AKT, and KRT17 antibodies. The asterisks indicate
3�FLAG-tagged KRT17 and 3�FLAG-tagged S44A KRT17 cDNA constructs, which run slightly higher than endogenous KRT17. Tubulin was used as a loading
control. (C) Immunofluorescence images of A673 cells infected with control shRNA (Luc), KRT17 shRNA, or EWS/FLI shRNA stained for focal adhesions
(paxillin antibody) and for actin filaments (phalloidin). Arrowheads indicate paxillin-rich focal adhesions. (D) Adhesion assay with A673 cells infected with a
control shRNA (Luc) or a KRT17 shRNA and reexpressing the empty vector, KRT17 wild-type, or S44A mutant KRT17 cDNA constructs. Error bars indicate
standard deviations. P values were determined by using Student’s t test, comparing all conditions to the control knockdown/empty vector conditions (���, P �
0.001). (E) Western blot analysis of A673 cells infected with a control shRNA (Luc) or a KRT17 shRNA and reexpressing an empty vector, KRT17 cDNA, or a
constitutively active (myristoylated) form of AKT. The protein lysates from these cells were probed with KRT17, phosphorylated AKT (S473), and total AKT
antibodies. Tubulin was used as a loading control. (F) Adhesion assay with the A673 cells described above for panel E. Error bars indicate standard deviations. The
P value was determined by using Student’s t test, comparing the KRT17 knockdown/empty vector conditions to the control knockdown/empty vector conditions
(���, P � 0.001). (G) Adhesion assay with A673 cells treated with the selective AKT inhibitor or the vehicle control for 24 h. Error bars indicate standard
deviations. The P value was determined by using Student’s t test, comparing the inhibitor-treated conditions to the vehicle-treated conditions (���, P � 0.001).
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cellular adhesion mediated by KRT17, we took two complemen-
tary approaches: (i) a genetic approach by expressing a constitu-
tively active form of AKT (myristoylated AKT) (28) and (ii) a
pharmacological approach using a selective AKT inhibitor
(Akti1/2; Millipore). We found that expression of the constitu-
tively active AKT following knockdown of endogenous KRT17
(Fig. 6E) phenocopied KRT17-mediated cellular adhesion (Fig.
6F). We also found that selective inhibition of AKT by the phar-
macological inhibitor significantly decreased the basal levels of
cellular adhesion in Ewing sarcoma cells, similar to levels achieved
with KRT17 knockdown (Fig. 6G). These data clearly define the
genetic and functional interaction between GLI1, KRT17, and ac-
tive AKT signaling in regulating cellular adhesion in Ewing sar-
coma cells.

KRT17-mediated oncogenic transformation is independent
of the AKT pathway. AKT signaling is frequently activated in can-
cer (56). We therefore asked whether AKT phosphorylation was
necessary for KRT17-mediated oncogenic transformation in
Ewing sarcoma. Interestingly, the KRT17 S44A mutant, which
failed to phosphorylate AKT (Fig. 6B), retained the ability to res-
cue KRT17 knockdown-mediated loss of transformation to an
extent comparable to that of wild-type KRT17 (Fig. 7A), suggest-
ing that oncogenic transformation by KRT17 is independent of
the AKT pathway.

To directly test the contribution of active AKT signaling to
Ewing sarcoma oncogenesis, we used the constitutively active
form of AKT (myristoylated AKT) (28) and the selective AKT
inhibitor (Akti1/2; Millipore). The constitutively active form of
AKT failed to rescue the loss of oncogenic transformation follow-
ing KRT17 knockdown, even though high levels of AKT phos-
phorylation were achieved (Fig. 6E and 7B). Pharmacological in-
hibition of AKT phosphorylation also had no effect on oncogenic
transformation of Ewing sarcoma cells (Fig. 7C). Maintenance of
AKT inhibition in the anchorage-independent environment was
ensured by assessing the phosphorylation status of AKT in the
colonies that did form (Fig. 7D). These results suggest that AKT
signaling is completely dispensable for the anchorage-indepen-
dent colony-forming phenotype of Ewing sarcoma cells. Taken
together, our data highlight a central role for KRT17 downstream
of GLI1 in coordinating two important, but independent, pheno-
types of cancer cells, oncogenic transformation and cellular adhe-
sion.

DISCUSSION

In this work, we identified KRT17 as an upregulated target of
EWS/FLI and GLI1 in Ewing sarcoma. Furthermore, we unraveled
novel functional roles for KRT17 in regulating oncogenic trans-
formation and cellular adhesion in Ewing sarcoma: KRT17 in-
duces AKT signaling to mediate cellular adhesion, while KRT17
modulates oncogenic transformation (as measured by colony for-
mation under anchorage-independent conditions and by xeno-
graft tumor formation) independent of AKT signaling. To our
knowledge, this is the first demonstration of such a coordinating
function for an intermediate-filament protein for these cancer-
relevant phenotypes.

Hyperactive AKT signaling is characteristic of several cancers
(56). Interestingly, oncogenic transformation mediated by KRT17
is independent of the AKT signaling pathway in Ewing sarcoma.
Consequently, inhibition of the AKT signaling pathway had no
impact on growth or oncogenic transformation of Ewing sarcoma

cells. These observations suggest that cooperating molecules or
pathways necessary for AKT to mediate oncogenic transformation
in other cancers may be absent in Ewing sarcoma cells. Indeed,
polymerization of KRT17 with KRT5/6�/6� is required to form
stable cytoskeletal structures (43), and mutations in KRT17 or its
partner KRT5, -6�, or -6� result in human genetic diseases. We
inspected our global transcriptional profiling data sets and found
very low, if any, expression for KRT5, -6�, or -6� in Ewing sar-
coma cells, suggesting that KRT17 functions in a novel capacity to
regulate oncogenic transformation. This also indicates that in ad-
dition to regulating AKT signaling, KRT17 might impinge on
multiple critical growth factor signaling pathways in the context of
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Ewing sarcoma cells, all of which together contribute to the trans-
formed phenotype. Further studies are ongoing to identify the
precise mechanism by which KRT17 regulates oncogenic trans-
formation in Ewing sarcoma.

Importantly, we demonstrate in this report that KRT17-medi-
ated AKT phosphorylation is necessary and sufficient for regulat-
ing cellular adhesion. There is a growing body of evidence indicat-
ing that alterations in the adhesion properties of cells play a pivotal
role in the development and progression of cancer (57). Expres-
sion of EWS/FLI has profound effects on adhesion and cytoskel-
etal architecture of Ewing sarcoma cells (34). In support of this are
transcriptional profiling data for EWS/FLI in Ewing sarcoma cells
that reveal a significant downregulation of adhesion and cytoskel-
etal proteins, suggesting that Ewing sarcoma cells have low basal
levels of cellular adhesion (10). Therefore, EWS/FLI is necessary
for oncogenic transformation in Ewing sarcoma, and EWS/FLI
globally represses adhesion of Ewing sarcoma cells. In fact, cellular
adhesion is dramatically increased upon EWS/FLI knockdown in
Ewing sarcoma cells (34). GLI1 is a direct activated target of EWS/
FLI that is necessary for oncogenic transformation. Transcription
profiling data suggest that GLI1-regulated genes in Ewing sarcoma
function to both activate and repress cellular adhesion. Therefore,
as we move lower in the hierarchy of transcriptional regulation
away from EWS/FLI, we start segregating genes that differentially
regulate oncogenic transformation versus cellular adhesion. Our
data suggest that the direct GLI1 target gene KRT17 functions to
positively regulate oncogenic transformation in the same way as
EWS/FLI and GLI1. However, contrary to the role of EWS/FLI in
significantly repressing cellular adhesion or the role of GLI1 in
activating as well as repressing genes that regulate cellular adhe-
sion, KRT17 functions to positively regulate cellular adhesion in
Ewing sarcoma.

Ewing sarcoma is a highly metastatic tumor, and in the absence
of chemotherapy, the vast majority of patients die from metastatic
disease, suggesting that most patients have micrometastases at
presentation (58, 59). In support of this, circulating tumor cells
can be identified in Ewing sarcoma patients (60). These observa-
tions suggest that, in contrast to epithelial cell cancers, which are
thought to follow a multistep process for metastasis, a mesenchy-
mal tumor such as Ewing sarcoma may display metastatic dissem-
ination of tumor cells early in the disease process (34). The ability
of Ewing sarcoma tumor cells to readily disseminate clearly high-
lights the importance of regulating adhesion levels in these tu-
mors. Although EWS/FLI largely inhibits cellular adhesion
proteins likely to promote metastatic dissemination in Ewing sar-
coma, these tumor cells still need to maintain low basal levels of
adhesion to be able to form tumors and to adhere to and colonize
secondary sites of metastasis. Our data suggest that KRT17 is one
of the critical cytoskeletal proteins downstream of EWS/FLI and
GLI1 that is necessary to maintain basal levels of cellular adhesion
in Ewing sarcoma by activating the AKT signaling pathway. Inter-
estingly, the AKT signaling pathway was previously shown to ac-
tivate focal adhesion kinase (FAK)-dependent adhesion in cancer
(61), further supporting our finding that AKT signaling regulates
cellular adhesion in Ewing sarcoma.

Our data in this study suggest that AKT signaling uncouples
KRT17-mediated cellular adhesion and oncogenic transforma-
tion in Ewing sarcoma. A similar uncoupling of cellular adhesion
and oncogenic transformation was previously noted for activated
Src kinase signaling. Src kinase expression/activity is frequently

increased in various cancers, where it affects oncogenic transfor-
mation by activating RAS, phosphatidylinositol 3-kinase (PI3K),
and STAT signaling pathways (62). Activated mutants of Src play
a role in oncogenic transformation and affect morphological
changes, including cellular adhesion (63). Interestingly, it has
been shown that integrin �5�3 signaling regulates Src kinase-me-
diated oncogenic transformation, but this interaction does not
affect Src-mediated cellular adhesion (64). Our data suggest that
signaling downstream of KRT17 may occur through multiple in-
dependent pathways, one of which is AKT signaling, which is nec-
essary for cellular adhesion but dispensable for oncogenic trans-
formation.

Based on our findings, we hypothesize that inhibition of the
AKT signaling pathway alone would be an ineffective therapy for
Ewing sarcoma patients. In support of this are the findings that
insulin-like growth factor 1 receptor (IGF1R) antagonists that
have shown efficacy in phase I/II clinical trials for the treatment of
Ewing sarcoma patients (65, 66) inhibit not only PI3K-AKT sig-
naling but also the RAS–mitogen-activated protein kinase
(MAPK) and JAK-STAT pathways. Therefore, inhibition of mul-
tiple crucial signaling pathways may be necessary to inhibit
growth and transformation of Ewing sarcoma cells. Also, targeting
of pathways downstream of IGF1R with MEK/MAPK inhibitors
(PD98059 and U0126) and a PI3K inhibitor (LY294002) decreases
Ewing sarcoma cell survival and increases sensitivity to doxorubi-
cin (67). Interestingly, blocking of AKT activation alone did not
have any effect on survival or proliferation of Ewing sarcoma cells
(S. Sankar, unpublished observations). Our results demonstrate
that active AKT signaling is not required for proliferation or on-
cogenic transformation in Ewing sarcoma.

In conclusion, we have defined a new pathway downstream of
GLI1 in Ewing sarcoma that highlights the central role of KRT17
in coordinating both oncogenic transformation and cellular ad-
hesion in Ewing sarcoma. Future work will be required to identify
the critical factors and pathways downstream of KRT17 that affect
oncogenic transformation. These studies will be key to a better
understanding of the biology of Ewing sarcoma and may lead to
more effective targeted therapies for patients with this devastating
disease.
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